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1. Introduction 

The energy appetite of our global society is enormous. Most energy sources are insufficient to 
satisfy the growing global energy craving.[1,2] Sunlight is the preeminent energy source for the 
future as it has been well documented.[1,3,4] However, a major challenge of using solar energy 
on a large scale is its storage. Water electrolysis can potentially address the issues of storing 
solar energy in terms of hydrogen gas.[2] Integrated solar water-splitting devices that couple 
solar semiconductors with electrocatalysts to split water is a promising means of direct pro-
duction of fuels from sunlight.[5]  

Hydrogen has proven its potential as an ideal energy carrier towards the sustainable energy 
economy because of its high energy density and environmentally friendly production possibil-
ities.[6,7] The hydrogen economy is not a new idea. In 1874, Jules Verne, finding out the possi-
bilities of hydrogen derived from water electrolysis. Hydrogen can be generated from water, 
biomass, natural gas, or (after gasification) coal. Today, hydrogen is mainly produced from 
natural gas via steam methane reforming.  The hydrogen production pathway from water in-

cludes electrolysis of water (i.e., H2O → H2 +  O2).  

The energy required to split water can be obtained from a combination of heat and electricity. 
At 25°C, there is enough heat in the environment that the electricity requirement drops to 1.23 
V. [8] 

Water electrolysis proceeds via the following two half-cell reactions: reduction of  H+ ions at 
the cathode (the hydrogen evolution reaction (HER))[9–11] 2H+(aq) + 2e− → H2(g) (in acidic 
media) and 2H2O + 2 e- → H2 + 2OH (in alkaline media) and oxidation of water (2H2O(l) → 
O2(g) + 4H+(aq) + 4e−(in acidic media) and 2OH− → ½ O2 + H2O + 2e− (in alkaline media) the 
oxygen evolution reaction (OER) [12–14]). At first look, water electrolysis may pretend to be an 
easy and problem-free way to produce H2, but it is not. The practical applications of water 
splitting are very limited because the cathodic HER is strongly difficult with large overpoten-
tials.[15,16] On the other hand, OER is a critical reaction in electrochemical water splitting. The 
OER (water oxidation) is a kinetically sluggish reaction, which limits the efficiency of water 
electrolysis and increases the cell voltage for hydrogen production. Therefore, the development 
of electrocatalysts for OER to reduce the overpotential and accelerate the sluggish kinetics has 
received considerable attention in the past decade. [17–21]  

 

In practice, water electrolyzers require effective catalysts to facilitate both reactions. Currently, 
Pt-group[22–25] metals are the most effective catalysts for HER while the benchmark catalysts 
for OER are Ir/Ru-based[26–29] compounds. However, high cost and scarcity of these metals 
limit their widespread use. The price and efficiency of hydrogen production through water elec-
trolysis can be notably reduced by replacing noble metal electrocatalyst with more efficient and 
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cheaper electrocatalysts. For instance, if the operating voltage of electrolyzer is reduced as little 
as 0.1 V by only using more efficient catalyst materials for the HER and OER, the current elec-
tricity expenses for electrolysis can be decreased by about 0.3 billion Euros. [30,31] 

Several factors should be taken into account for constructing an ideal electrocatalyst, including 
cost, reproducibility, efficiency ability and long-term utilization. However, high cost and scar-
city of such materials have compromised the large-scale deployment in energy devices. To re-
place noble-metal catalysts with new alternatives, there are a few strategies, such as using 
metal-free carbon-based materials. Another alternative is using efficient, stable and earth-
abundant low-cost catalyst materials such as transition metals (TMs). Recently, materials de-
rived from earth-abundant elements for HER such as non-noble carbides [32–34] and TMs en-
capsulated in carbon shell[35–39] in the acidic medium; metal alloys and metal oxides/sulfides 
in neutral or alkaline media[40–42] has undergone rapid development and attracted attention. 
Moreover, in the modern polymer electrolyte membrane (PEM) electrolyzers, a relatively large 
loading of Pt is required to efficiently catalyze the HER (~0.5–1.0 mg cm-2).[31] Therefore, an-
other approach to reduce the use of noble metal for hydrogen production is to reduce the load-
ing of Pt in HER electrocatalysts by designing more efficient Pt nanocatalysts such as atomic-
scale Pt electrocatalysts. However, despite tremendous attempts in this field, the high metal 
consumption, sophisticated operation, and the poor durability are still challenged to overcome. 
To overcome such issues, new strategies have been developed in Publications I, II, III and 
IV in the present thesis. 

As was mentioned, enormous effort has been dedicated to the development of non-precious 
and highly efficient electrocatalysts for water splitting. However, it is more efficient if catalysts 
for both HER and OER operates in the same pH range for water splitting. To minimize the 
overpotentials of the electrolysis system, water splitting is mostly conducted in either strongly 
acidic or basic solutions.[43]  Nevertheless, this condition poses a challenge for most of the non-
precious electrocatalysts as an active catalyst in acidic media may be inactive or unstable in 
alkaline electrolyte. Hence, integrating the advantages of the HER and OER electrocatalysts to 
construct efficient and stable bifunctional HER–OER hetero-structures that tolerate both hy-
drogen and oxygen intermediates is of great benefit for improving the activity of overall water 
splitting. Besides, using the bifunctional HER–OER catalyst simplifies the overall system de-
sign and lowers the cost.[30,43] In this context, various efficient bifunctional catalysts based on 
transition-metal based compounds/nanoparticles (NPs) of Ni[44–49], Co[50–52] and doped het-
eroatoms[53–56] have been proposed. However, the transition metal oxide materials suffer from 
intrinsically low conductivity limiting their performance at high current densities. Further-
more, TMs NPs tend to agglomerate with neighbouring NPs to form larger particles, decreasing 
the efficiency of the catalyst.  

To circumvent mentioned issues, conductive materials such as carbon nanomaterials, gra-
phene, and carbon nanotubes (CNTs) are usually used as catalyst supports for transition metal 
oxide NPs.[39,57,58] To improve the performance and prevent the degradation of the metal NPs 
during catalysis, the metal NPs can be anchored onto the high surface area and robust sup-
ports, preventing aggregation and increasing the number of active sites on the catalyst sur-
face.[59,60] Such carbon supports are inactive toward most of the electrochemical reactions. 
However, carbonaceous materials can be doped by heteroatoms such as nitrogen [55,56,61] 
boron[62] or phosphorous[53] to form active metal-free electrocatalysts. Nitrogen-doped CNTs 
(NCNTs) have recently gained notable attention as low-cost metal-free catalysts with excellent 
durability, unique structure and earth-abundant element based active catalytic sites. NCNTs 
can be used either as metal-free electrocatalysts [56,63,64] or as catalyst supports[39,65] for active 
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metal NPs to get the advantage of synergistic catalytic activity. Mentioned strategies have been 
followed in the Publication I and II in the present thesis. 

In the case of the heteroatom-doped (such as nitrogen) CNTs as the metal-free electrocatalysts, 
there are multiple factors, including the electronic structure of heteroatoms, the content, and 
distribution of dopants, and the conductivity and architecture of resulting materials, that can 
affect the optimized performance of catalysts. Thus, an increase in the heteroatom- doping 
content may not always enhance carbon-based catalyst performance.[66] The type of heteroa-
tom dopant is of vital importance in the performance enhancement for metal-free carbon cat-
alysts. In particular, for nitrogen as a dopant in carbon catalyst which can exist in many differ-
ent forms such as pyridine-like, pyrrole-like, graphitic nitrogen, and pyridine-N-oxide.[67] 
Therefore, the understanding of the effects of N-dopant chemical nature on electrocatalytic 
performance is of great importance.[68]   

In Publication I,[56] we have developed a simple and up-scalable synthesize method to pro-
duce bifunctional metal-free electrocatalysts. Nitrogen functionalized carbon nanotubes 
(N.MWNTs) through post-treatment is synthesized with the control over the final nitrogen 
configurations in the electrocatalyst. In this method, high interaction with MWNTs and nitro-
gen source is achieved by using a polymer salt-containing positively charged nitrogen moieties 
through the intermolecular charge-transfer. By simply controlling the interaction time be-
tween polymer and MWNTs during the synthesize, specific nitrogen configuration is achieved. 
In this work, we were able to show that pyridinic nitrogen has an essential role in enhancing 
the OER and HER catalytic activity of nitrogen functionalized CNTs. Moreover, we have shown 
that different nitrogen configuration is achieved with different interaction time during material 
synthesis. The N.MWNT functions as an active and durable bifunctional metal-free electrocat-
alyst toward HER and OER under alkaline conditions, exhibiting a comparable activity to that 
of most active TMs-containing electrocatalysts (more comparison in Table 3). 

In Publication II,[39] we have shown the catalytic activity and durability of magnetic NPs can 
be significantly improved by using the proper catalyst support. Using suitable catalyst support 
can modify the binding energy of the reaction intermediates and further improve the activity 
and stability of the NPs. MWNTs with high surface area, high thermal and chemical stability, 
excellent electrical conductivity, and special electronic properties, was functionalized with the 
nitrogen-containing polymer (ES-MWNT) to immobilize magnetic NPs on the nitrogen sites. 
Resulting materials possess high catalyst/support interaction leading to a significant charge 
transfer which can modify the catalytic activity of the NPs. Furthermore, in this work, we have 
shown that the presence of the Ni-core is critical for producing magnetic γ-Fe2O3-shell via pulse 
laser ablation method (PLAL). Magnetic NPs further interacts with nitrogen sites in ES-MWNT 
resulting in self-assembled C-N encapsulated Ni@γ-Fe2O3 NPs. Ni@γ-Fe2O3/ES-MWNT 
shows promising catalytic activity and durability toward both HER and OER in alkaline media. 
The high activity of the Ni@γ-Fe2O3/ES-MWNT catalyst places this material among the most 
active bifunctional electrocatalysts reported to date (Table 3).  

Recently, 3d transition metals and their alloys encapsulated in carbon-based materials (metal-
carbide@C) have emerged as promising candidates for different applications such as energy 
storage.[35,37,69–72] The fundamental basis of this strategy relies on the electronic modification 
of the graphitic shell by a metallic core. Another prominent advantage of this strategy relies on 
providing a protective graphitic shell for the core, which significantly improves the durability 
of the NPs in harsh conditions.[73,74] Since electron transfer and adsorption of the reacting spe-
cies is affected by the work function of the metallic core and the thickness of the shell, it is 
predicted that the feasibility of such materials for any applications can be optimized by tuning 
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the physicochemical properties of the metallic core and the number of graphitic layers. Thus, 
the optimization of these unique materials through structural and electronic modulation ena-
bles the most advantageous promotion of the usage of such materials.  Recent density func-
tional theory (DFT) calculations[71,75,76] have shown that that the number of graphene layers 
exhibits a significant impact on the electronic structure of the metal@C nanostructures. How-
ever, in experimental studies, the prepared metal@C NPs entail a range of carbon shell thick-
nesses; yet it is technically challenging to make a thin carbon layer on metal NPs surface. This 
suggests that effective synthetic protocols should be developed so that these theoretical in-
sights can be directly compared with the experimental data and more importantly, to unravel 
the origin of the mechanism.  
 
In Publication III,[77] the facile and universal PLAL technique has been developed to synthe-
size earth-abundant 3d transition metal NPs, such as Fe, Ni and their alloys encapsulated in 
ultra-thin graphene shell (metal@UTG) as an efficient electrocatalyst for HER in both acidic 
and alkaline media. Through a comprehensive and systematic investigation and characteriza-
tions, we have shown that metal-core composition has a crucial role in producing graphitic 
carbon as a shell in PLAL. In this work, we have shown that the optimal ratio between metals 
in the alloy NPs results in producing metal NPs encapsulated in the most efficient carbon shell. 
The encapsulated metal NPs immensely optimize the structure of the graphene shell and en-
hance the HER activity of the NPs. Phase diagram calculations and experimental results in this 
work; provide the possible insight for the origin of the formation such an optimal structure.    
 
In Publication IV, we have developed a readily up-scalable electroplating method to immo-
bilize atomic-scale Pt, on the metal encapsulated in ultra-thin carbon shell (metal@UTG) to 
design an efficient electrocatalyst for HER. The atomic-scale catalysts are not stable because 
of their high surface energy unless they are decorated on a proper supports providing strong 
metal-support interactions to prevent agglomeration of atoms. NiFe@UTG have been sug-
gested as promising support to stabilize Pt atoms and form atomic-scale Pt catalysts. The 
Ptat/NiFe@UTG catalyst with very low Pt atoms (0.02 at%) shows the activity toward HER in 
acidic media same as that of commercial Pt/C with a significantly higher (∼66−333-fold) Pt 
loading. Furthermore, with DFT calculation we have shown that the key role in achieving such 
high activity and stability with such low Pt atoms is originated from the strong bond between 
Pt and metal-core which is not observed in the DFT results for carbon shell without metal-core 
(Fullerene, section 6.4). However, our results reveal that the carbon-shell thickness also plays 
a critical role to achieve such high activity and stability with only a few Pt atoms. 
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2. Novel Nanomaterials: introduction and 
application in electrocatalysis 

2.1 Carbon nanomaterials 

Carbon can form many allotropes, including such well-known forms as graphene, graphite, 
fullerene, nanotubes, and diamond. These allotropes have different properties, and they are 
utilized in a variety of applications. The fundamental structure of these allotropes has been 
summarized in Figure 1. In this thesis, two allotropes of carbon, CNTs, and fullerene-like struc-
tures, have been used to make novel active catalyst materials. CNTs have been used in Publi-
cations I to make metal-free electrocatalyst. In Publication II, CNTs were employed as the 
catalyst support. Fullerene-like structures have been used in Publications III and IV to en-
capsulate active metal NPs (NiFe@C core-shell nanostructures). Also, in Publication IV, 
NiFe@C core-shell nanostructures have been used to isolate the single Pt atoms. 

2.1.1 Graphene 

In simple terms, graphene is a sheet of a single layer (monolayer) of carbon atoms, tightly 
bound in a hexagonal honeycomb lattice (Figure 1) which was found in 2004. It is the basic 
structural element of many other allotropes of carbon, such as graphite, diamond, charcoal, 
carbon nanotubes and fullerenes. The separate layers of graphene in graphite are held together 
by van der Waals forces.  

2.1.2 Fullerene 

Fullerene was discovered in 1985 and referred to a form of carbon having a large spheroidal 
molecule consisting of a hollow cage of sixty or more atoms.[78] In General, any type of closed 
hollow carbon molecules that forms a sphere-like or cylinder is considered as Fullerene shape. 
The smallest member of the fullerene family is C20, and the most stable (C60) contains 60 
carbon atoms forming 20 hexagons and 12 pentagons[79,80] as shown in Figure 1. Spherical full-
erenes are sometimes called buckyballs; the C60 variant is often compared to a typical white 
and black soccer football.[78] Fullerenes are similar in structure to graphite, which is composed 
of a sheet of linked hexagonal rings, but they contain pentagonal (or sometimes heptagonal) 
rings that prevent the sheet from being planar. 
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Figure 1. Schematic illustration of allotropes of carbon and their crystal structure (Reprinted with permission from 
ref.[60]). 

2.1.3 Carbon nanotubes 

Carbon nanotubes (CNTs) are cylinder-shaped macromolecules with a radius as small as a few 
nanometers, which can be grown up to 20 cm in length.[81] The walls of these tubes are made 
up of a hexagonal lattice of carbon atoms analogous to the atomic planes of graphite. They are 
capped at their ends by one half of a fullerene-like molecule. In the most general case, a CNT 
is composed of a concentric arrangement of many cylinders. Such multi-walled nanotubes 
(MWCNTs) can reach diameters of up to 100 nm. A special case of these multi-walled tubes is 
the double-walled CNT composed of just two concentric cylinders. Single-walled nanotubes 
(SWCNTs) possess the simplest geometry and have been observed with diameters ranging 
from 0.4 to 3 nm. The formation of an SWCNT can be visualized through the rolling of a gra-
phene sheet (Figure 2). Based on the orientation of the tube axis concerning the hexagonal 
lattice, the structure of a nanotube can be completely specified through its chiral vector (Figure 
2), which is denoted by the chiral indices (n, m). Historically the multi-walled nanotubes were 
the first to be discovered (1991)[81] followed by their single-walled counterparts (1993).[82] In 
the meantime, CNTs have emerged to be one of the most intensively investigated nanostruc-
tured materials.[83] CNTs have attracted great interest due to their unique optical, electronic, 
thermal and mechanical properties that make them useful for various applications.[84] 

 

Figure 2. a) Schematic representation of a graphene sheet rolled into an SWNT; b) A flat graphene sheet defined 
by unit cell vectors of a1 and a2. Chiral vector Ch defines the roll-up vector and translation vector T is along the 
nanotube axis (Reproduced with permission from ref.[85]). 

θ 

a) b) 

graphene sheet SWNT 
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2.1.3.1 Carbon nanotubes functionalization 

Usually, Produces CNTs consist of large quantities bundles, which are composed of up to hun-
dreds of single nanotubes. However, to benefit CNTs properties, it is advantageous to have 
individually dispersed nanotubes instead of bundles. In this view, surface functionalization of 
CNTs is effective, which leads to the put other molecules on the sidewalls of the individual 
tubes.[86] 

CNTs discovered by Iijima,[81] has attracted attention because of their extraordinary properties 
such as excellent Young’s modulus, good flexibility, and high electrical and thermal conductiv-
ity.[87] On top of their above-mentioned excellent properties, carbon nanotubes possess high 
mechanical and chemical stability. While the latter is certainly advantageous from an applica-
tion point of view, this characteristic also imposes obstacles for the development of CNTs.[86] 

Functionalization of CNTs is a promising method to overcome such issues. Functionalized-MWCNTs 
are not modified in their characteristic properties such as electronic structure, but new prop-
erties can be added using functionalization.  

Nanotubes can be functionalized by both covalent and non-covalent methods. Covalent func-
tionalization, of CNTs, can be achieved either by oxidation to develop carboxylic groups on 
their surface or by the attachment of hydrophilic moieties using addition reactions. The cova-
lent bond provides the stability of the moieties during manipulation as well as allows further 
modification by different molecules. 

Non-covalent functionalization is based on van der Waals, hydrophobic or 𝜋 − 𝜋  interactions, 
and it is particularly interesting because it does not perturb the electronic structure of CNTs 
and of single-walled carbon nanotubes (SWCNTs) in particular. This functionalization involves 
weak forces, and so some applications are prevented. There are many examples of non-cova-
lent interactions including: surfactants which are widely used to exfoliate bundles of CNTs, as 
well as ionic liquids in order to facilitate CNTs manipulation and further reactions. CNTs wrap-
ping by polymers, such as conductive polymers have been also studied. Furthermore, modify-
ing the surface of the individual carbon nanotubes by decorating the surface with OH, COOH, 
NH2, or other groups promotes dispersion in a wide variety of solvents enabling the use of 
nanotubes in many more applications. CNTs are also functionalized by not reversible attach-
ment sidewalls and on the defects. Figure 3 represents different CNTs functionalization path-
ways. 

 

 

 

 

 

 

 

 

Figure 3. Different methods for functionalization of CNTs with polymers. 
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2.2 Carbon nanotubes functionalization with polymers 

CNTs are recognized as reinforcements for high performance, multifunctional composites.[87] 
The first report of the preparation of a CNT-polymer composite by Ajayan et al.,[88] considera-
ble achievements have been made in CNT-polymer composites, which show remarkable en-
hancement in electrical and mechanical properties compared to those of monolithic poly-
mers.[89]  

Conductive polymers or, more precisely, intrinsically conducting polymers (ICPs) are organic 
polymers that conduct electricity.[90] ICPs are a new class of materials, which exhibit highly 
reversible redox behaviour and the unusual combination of properties of metal and plastics. 
The prospective utility of conductive polymers with a potential application ina number of grow-
ing technologies such as electrochemical storage systems has further enhanced the interest of 
researchers in this novel area. There is no singular method for synthesizing polymers that can 
be transformed into conductive polymers; the incorporation of extended p-electron conjuga-
tion is of foremost importance.[91] 

Among ICPs, polyaniline (PANI) is found to be an excellent ICP because of its low-cost mono-
mer, ease of synthesis, the presence of reactive NH– groups, better stability, and tunable prop-
erties.[92] PANI has three idealized oxidation states: the fully oxidized state (pernigraniline), 
the fully reduced state (leucoemeraldine), and the partially oxidized state (emeraldine base or 
emeraldine salt).[92,93]  The desired quantity of dopants such as HCl and H2SO4 can be added 
until half of the total nitrogens (all imine nitrogens) are doped. This process takes place by 
controlling the pH of the dopant acid solution.[93] The process of doping and dedoping of PANI 
affects the electrical conductivity as well as the morphology of the polymer.[93,94] The electrical 
conductivity of PANI in emeraldine salt (ES) form is close to the value of common semicon-
ductors (conductivity 10-4 to 102 S cm-1) which exceeds the value of common polymers (con-
ductivity < 10-12 S cm-1).[92] Figure 4 shows PANI with different oxidation states. 

 

Figure 4. The basic structure of PANI and different redox forms of PANI with its doped states. 

 

Recently, extensive efforts have been made to prepare functional CNT-PANI composites, 
which are expected to exhibit useful electrical and optical properties and superior mechanical 
strength compared to unprocessed PANI. [95] 

To use CNTs-PANI in actual devices, two important factors must be considered, functionality 
and processability.[96] These properties are related to (i) the effective aspect ratio, largely de-
termined by the state of dispersion, and (ii) the interfacial adhesion between CNT and the 
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PANI. Good interfacial bonding is essential to ensure efficient transfer (charge or stress) from 
the PANI to the nanotube lattice and is one of the critical issues related to the functionality of 
CNT-PANI composites. To enhancing this interaction, two efficient methods have recently 
been studied more intensively, namely, preparing CNT-PANI composites by direct mixing and 
dispersal of PANI solutions with CNTs and preparing CNT-PANI composites based on the 
polymerization of the corresponding aniline monomer in the presence of CNTs in a solution 
(in situ process). The two routes have shown the existence of effective site-selective interac-
tions between the quinoid ring of the PANI and the MWNTs facilitating transfer processes be-
tween the two components.[95] However, in both cases, CNTs required extra functional group 
such as carboxylic acids to attain high interaction between CNTs and PANI. Nevertheless, to 
benefit from the electrical conductivity of CNTs (because of introducing defects onto the side-
walls of CNTs) MWNTs should be used. 

In the present thesis, to enhance the CNTs and PANI interaction also to preserve the charac-
teristic properties of CNTs such as electrical conductivity we have introduced a new strategy to 
functionalize CNTs with PANI in Publication I. The strategy comprises of using the PANI-
ES instead of base form (PANI-EB), the method relies on interacting positively charged nitro-
gen moieties in the backbone of the PANI with carbon atoms on the sidewalls of the CNTs to 
withdraw electrons. This interaction provides charge distribution and makes the materials ac-
tive for different application such as electrocatalysts (Figure 5).  

 

Figure 5. Electrostatic interaction between positively charged nitrogen moieties in the PANI-ES and CNT. 

 

2.3 Heteroatoms doped-carbon nanotubes 

As was mentioned earlier in this chapter, the performance of carbon nanostructures can be 
improved by altering their physio-chemical properties. One approach to tailor the physio-
chemical properties of CNTs is to introduce heteroatoms such as nitrogen into the carbon 
structures. This phenomenon is defined as doping. Doping can adjust the intrinsic properties 
of carbon nanostructures to enable their use in different applications such as energy conver-
sion systems.[97,98] A modification of the crystalline nanotube properties by controllably placing 
defects or foreign atoms (heteroatoms) brings along tremendous technological implications. 
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On the other hand, achieving electrochemical reactivity of the tubes gains major importance 
via heteroatoms incorporation because pure CNTs are chemically inert.  

As was mentioned in the previous chapter, the properties of nanoscopic objects depend cru-
cially on the position of each atom.[99–101] Bearing in mind that N contains one additional elec-
tron as compared to C, novel electronic properties can be expected if N atoms directly substi-
tute C atoms in the graphitic lattice and to generate either an n-type or p-type materials.[97,102–

105]  Incorporation of the nitrogen atoms in the CNTs generates a defect in the tube structure 
keeping the heteroatoms on the walls, hence, requiring a rearrangement of the neighbouring 
C atoms.[103] This alters the local electron density in CNTs, and can thereby lead to significant 
change of materials properties.  

Nitrogen can be present in CNTs in different forms based on the neighboring environmental 
including the replacement of a carbon by nitrogen in either a 6-membered ring or a defective 
5-membered ring, in bulk or at the edge of the graphitic structure as shown in Figure 6. Mainly 
there are three well-known nitrogen functionalities in the graphitic carbon framework.[67,103] 
Graphitic-N is a member of the quaternary nitrogen (N-Q) group (shown by red in the figure). 
Graphitic-N form when nitrogen replaces a carbon in the bulk of graphitic frameworks. Pyri-
dinic-N replaces a carbon in a 6-membered ring at the edge of a vacancy in the structure. Pyr-
idinic-N contributes one p-electron to the aromatic 𝜋-system while having a lone electron pair. 
Pyrrolic-N refers to the nitrogen which shares two p-electron to the 𝜋-system and hence it can 
replace a carbon in a 5-membered ring or carbon bonded to hydrogen in a 6-membered ring at 
the edge of vacancy. Understanding the properties of different nitrogen functionalities is of 
interest due to dissimilar behavior of each functionality regarding electrocatalytic activity, and 
chemical stability. One of the main obstacles in such study is difficulty to control a certain 
amount of specific type of nitrogen in the carbon framework. However, in Publication I, we 
have developed a facile strategy to precisely control nitrogen configuration in order to use it as 
an active metal-free bifunctional electrocatalyst. Our detailed study on different configuration 
of the members of this group based on the X-ray photoelectron spectroscopy (XPS) is pre-
sented in the Publication I and is described later in chapter 5 and 6. 

It is worth noting that, although some work has reported the doping of MWNTs, little work has 
addressed the doping of single- and double-wall carbon nanotubes (SWNTs and DWNTs, re-
spectively). There are numerous challenges that we must overcome before producing in a con-
trolled way different types of N-doped CNTs, but it is clear that these materials will be im-
portant in the fabrication of nanotube composites, electronic devices as well as the energy con-
version and storage devices. The strategy that we have used in Publication I addresses this 
issue to be able to make N-dope SWNTs and DWNTs.  

 

 
 
Figure 6. Different nitrogen configurations in the carbon plane. 
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2.4 Carbon nanotubes stability in electrocatalysts and as a catalyst support 

Carbon nanotubes (CNTs) have high surface area, high thermal and chemical stability, excel-
lent electrical conductivity, and special electronic properties, suggesting them as a suitable 
support for electrocatalysts.[106] Moreover, the MWNTs have shown greater electrochemical 
stability than the SWNTs based on potentiostatic oxidation measurements at a fixed potential 
of 1.2 V in acidic media.[107] In MWNTs, when the outer graphitic layer is damaged the intact 
inner tubes still can serve as highly conductive pathways, which significantly promote the 
charge transfer process at the active sites on the surface of the outer layer.[108] This special fea-
ture of MWNTs allows their use as interesting supports even in conditions where their outer 
surfaces are damaged by electrochemical degradation or by covalent functionalization. It is 
also reported that few-walled CNTs (FWNTs) are electrochemically more active for OER than 
SWNTs in alkaline media.[108] Therefore, in Publications I and II which have been reported 
for OER in alkaline media, we have used thin MWNTs, which can also be denoted as FWNTs, 
instead of SWNTs to ensure long-term stability and to improve catalytic activity. Also, CNTs 
can strongly interact with nanoparticulate[109] and even subnanometer [110] catalysts for the fab-
rication of highly active and durable catalysts. CNTs can also be utilized as the support for 
active TMs NPs, to facilitate charge transfer and increase the number of active catalytic 
sites.[39,111,112] Besides, CNTs are highly stable in the harsh conditions of the water splitting in 
alkaline media, and hence they are interesting catalyst supports for both the OER and the 
HER.[112,113]  

In Publication II, we have shown the vital role of functionalized CNTs as catalyst support in 
terms of both catalytic and stability of TM NPs. We have shown in Publication II, that the 
unique structure of ES-MWNT in the Ni@γ-Fe2O3/ES-MWNT catalyst serves as catalyst sup-
port for Ni@γ-Fe2O3 NPs to significantly improve the catalytic activity and stability of NPs as 
a bifunctional electrocatalyst for full water splitting. It is worth noting that nitrogen in the ES 
has a crucial role in the ES-MWNT as it has been recently shown that a nitrogen-doped graph-
itized carbon (NC) shell with a spherical morphology encapsulating NiFe NPs has remarkable 
stability during the OER in alkaline media.[114] 

 

2.5 Core-shell materials in energy conversion systems 

Core-shell NPs are a class of nanostructured materials that have recently received increased 
attention due to their fascinating properties and a broad range of applications. By rationally 
tuning both the cores and the shells of such materials, a range of NPs can be designed with 
tailorable properties that can play vital roles in various catalytic processes.[115] As was men-
tioned many times in the present thesis, one important challenge in the area of catalysis is the 
development of highly active and selective, robust, low-cost and environmentally friendly ma-
terials. This issue, as a whole or in part, could be addressed by developing catalytic systems 
with core-shell structural features.  The interaction between the core and the shell is caused by 
their atomic vicinity, inducing charge transfer between the species, and this alters the elec-
tronic properties of the shell.[116] For instance, it has been shown that Au@metal-oxide[117] core-
shell NPs has also been introduced as highly active OER electrocatalyst in which the Au core is 
surrounded by an active transition metal-oxide shell improving the catalytic activity of a sur-
rounding active transition metal shell. Geometric effects, originating from different three-di-
mensional structural construction, is another main impact of the core-shell nanostructures. 
The electronic and geometric effects,[118,119] caused by the formation of core-shell structures, 
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can modify the adsorption energies of the reactants and reaction intermediates for different 
catalytic sites located at the surface to improve the catalytic activity. Depending on the compo-
sitions and arrangements of the two components in the materials, core-shell nanostructures 
can be divided into several classes. Metal@metal-oxide NPs and metal@carbon NPs that are 
the focuses in this thesis have recently shown unique properties as electrocatalysts. 

There are various synthetic methods for preparing different classes of core-shell NPs. In this 
thesis, pulse laser ablation in liquid (PLAL) has been chosen to produce core-shell nanomateri-
als due to the simplicity and controllability of this method. A detailed discussion about the 
PLAL synthesis method is provided in Chapter 5.  

 

2.5.1 Metal@metal-oxide core-shell nanoparticles  and catalyst support 

Among various systems, transition metal-containing core-shell NPs are particularly interesting 
because these systems can have multiple functions that do not exist in single-component com-
pounds and unique properties that exist only in nm-sized materials. Metal@metal-oxide core-
shell configuration is believed to be the contributing factor for the high catalytic behaviours. 
[117] Besides, due to the low chemical resistance of TMs the catalytic activity and durability of 
these materials can be significantly improved by modifying the catalyst structure and the elec-
tronic properties of the catalyst surface.[120,121]  

Moreover, in catalysis, the local electronic structure of an active site or facets affect the catalytic 
properties of the site.[31,122] Catalyst-support interaction can alter the electronic properties of 
the catalyst and modify the binding energy of reaction intermediates [123]. Therefore, in CNT-
supported NPs catalysts, catalytic behaviour of the metallic, active sites can be modified be-
cause of charge transfer between the CNT and the NP.[124] Catalyst support can also directly 
participate in the catalytic reaction and enable the existence of certain geometries of active 
sites.[123] Therefore, for an active metal NPs supported on the CNTs hybrid electrocatalyst, the 
final electrochemical activity depends on few parameters including the strength of the interac-
tion between the NP and the CNT support, the structure of the NP, and the structure of the 
support. 
 
In Publication II, we have shown that magnetic γ-Fe2O3 is formed in the presence of the Ni 
NP core (Ni@γ-Fe2O3 core-shell NPs) with a facile one-pot sequential synthetic method using 
PLAL. We further show that emeraldine salt functionalized MWNT (ES-MWNT) composite as 
support significantly improve the catalytic activity of the Ni@γ-Fe2O3 NPs.   

 

2.5.2 Metal@carbon core-shell nanoparticles in electrocatalysis 

Carbon is an ideal candidate as a coating material due to its unique properties such as stability 
in the hash condition that effectively protect the core materials against environmental degra-
dation and hindering aggregation of neighbouring particles. Also, carbon is known as a great 
electric conductor, which can overcome the limitation of insulator coating.  However, it is very 
difficult to rationalize the synthesize of carbon-encapsulated transition metals because of 
harsh growth conditions, mostly involving high energy consumption, poor controllability, im-
purity phases accompanying byproducts, and highly toxic gases.  
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Moreover, it is also a great challenge to encapsulate transition metal with the graphene shell 
possesses improved thermal and chemical stability and good catalytic properties. Another 
challenge for synthesizing metal@carbon NPs for the electrocatalyst application is to control 
the number of carbon shell (addressed in Publication III).[71,125] Since electron transfer is 
affected by the work function of metallic core and thickness of the shell, it is predicted that the 
activity of metal@carbon materials can be rationalized by tuning the structure of metal-core 
and the number of graphitic layers. Metal NPs encapsulated in multiple graphitic layers have 
been reported to catalyze the oxygen reduction reaction (ORR) [126,127] and hydrogen evolution 
reaction (HER).[35,128] The electronic structure of the outermost carbon layer in the metal@C 
NPs can be only modulated, by electron transfer from the encapsulated metal, when less than 
three to four carbon layers surround the metal-core.26,27 In Publication III, we have pre-
sented a controllable, simple and efficient method based on the PLAL to produce NiFe alloy 
NPs encapsulated in an ultra-thin layer of graphene (1-3 layer) (NiFe@UTG) with remarkable 
catalytic performance toward the HER in acidic electrolytes. Furthermore, the structure of the 
NiFe@UTG NPs is shown as promising support for anchoring Pt atoms to make efficient and 
stable electrocatalyst in both acidic and alkaline media.  (Publication IV). 

 

2.5.3 Synthesize of core-shell NPs through PLAL 

A huge number of innovative strategies has been developed to produce core-shell NPs. How-
ever, most of these new routes are not only based on using hazardous chemicals but also usu-
ally generate byproducts. Among the physical synthesis routes, pulsed laser ablation in liquids 
(PLAL) is one of the most promising methods for NP synthesis, as it produces pure and uni-
form alloy NPs and may efficiently overcome some of the problems arising during chemical 
synthesis.[131] This method allows a safe in situ and highly controllable synthesis of metallic 
particles without any further purification step.[132,133]  PLAL consists in focusing a pulsed laser 
beam on a metallic target immersed in a liquid (Figure 7). The interaction between the laser 
beam and the metallic target induces the formation of a plasma plume with high temperature 
and pressure which contains highly ionized and excited species from both the target and the 
solvent.[133] The NPs growth occurs in this environment and more specifically during the cool-
ing down step of the plasma phase. The mechanisms involved are mainly based on nucleation 
and growth, ejection of a liquid droplet, and solid fragmentation or aggregation. The liquid 
environment exposed to the plasma plume during the generation of NPs has been reported to 
have a significant influence on the structure of the final products.[134] PLAL has been exploited 
earlier to prepare different alloy NPs without toxic precursors in different solutions with tun-
able structure and properties in terms of both metal-core and shell.[19,134–136] 

 

Figure 7. Top view of the chamber for NPs synthesis via pulsed laser ablation in the liquid (PLAL).  



14 

3. Main concepts of electrochemical reactions 

The elementary electrochemical reactions differ by the degree of their complexity. The simplest 
class of reactions is represented by the outer-sphere electron transfer reactions.[137]  An exam-
ple of this type is the electron transfer reactions of complex ions in the bulk solution. [138] In 
electrochemical reactions, the electron transfer does not result in a change of the composition 
of the reactants. Even a change in the intramolecular structure (inner-sphere reorganization*) 
may be neglected in many cases. [138] The only result of the electron transfer is then the change 
in the outer-sphere solvation of the reactants. Therefore the microscopic mechanism of this 
type of reaction is very close to that for the outer-sphere electron transfer in the bulk solution.  

*(Outer sphere refers to an electron transfer that occurs between chemical species that remain 
separate before, during, and after electron transfer. Whereas, in inner sphere electron transfer, 
a ligand bridges the two metal centers during the electron transfer.) 

3.1 Electron transfer at the electrode-electrolyte interface  

In the case of electron transfer between two rigid metal ions located some distance from each 
other in the bulk of the solution, if one of them is considered as an electron donor and the other 
one electron acceptor, it is assumed that the inner sphere reorganization of the donor and ac-
ceptor does not take place. Likewise, in electrochemistry, reactions take place in the electrolyte. 
Thus, electron transfer is considered at the electrode-electrolyte interface.  

If we consider the following redox reaction takes place at the electrode-electrolyte interface, 
where n = electrons that are transferred to the oxidized species ’O’, forming the reduced species 
’R’.  

𝑂(𝑎𝑞) + 𝑛𝑒(𝑠) ↔ 𝑅 (𝑎𝑞)           (1) 

 

 

Figure 8. A representative of the simple electrode reaction. 
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As can be seen in Figure 8, the microscopic mechanism of these reactions is closely related to 
the interaction of the reactants with the medium.  

The role of the electron donor is played here by the metal electrode. The specific feature of this 
donor consists of the fact that its electron energy spectrum is practically continuous in the con-
duction band depicted in Figure 9a. The electrons occupy practically all energy levels almost 
up to the Fermi level (εF) (the Fermi level is the maximum energy level occupied by an elec-
tron.), whereas the levels above εF are practically empty. In contrast, a molecule or ion in the 
electrolyte solution (O) has discrete orbital energies of lowest unoccupied molecular orbital 
(LUMO) and highest occupied molecular orbital (HOMO), Figure 9b. 

Here, the question to be answered is: Why does the electron exchange between identical ions 
in the solution require activation?  

The electron transfer process between the electrode (metal) and the O (aq) species in the elec-
trolyte occurs between the electrode and the reactant close to the electrode.  The energy differ-
ence between the εF of the electrode and the LUMO of the acceptor is the driving force for 
electron transfer.[138–141] If the εF of the electrode is higher than the LUMO of the O, it is ener-
getically favourable to transfer electrons from the donor to the acceptor species to reduce the 
O (Figure 9b) and form R in Eq. 1.[138–141]  

εF of the electrode can be altered by supplying electrical energy in the form of applying or 
driving a voltage, as shown in Figure 9a. In Figure 9b (left image), the εF energy is lower than 
that of the LUMO of the reactant, and as such, it is thermodynamically unfavourable for an 
electron to jump/transfer from the electrode to the molecule. If the εF of the electrode is not 
energetically favourable to reduce the O, by applying a potential on the electrode the energy of 
the electrons within the metal electrode, and thus the εF, can be altered until the reaction oc-
curs. Applied positive potentials lower the εF while negative potentials raise the εF (Figure 
9b).[138–141] 

However, as shown in Figure 9b (right image), when the εF of the electrode is above the LUMO 
of the reactant it is then thermodynamically favourable for the electron transfer process to oc-
cur, that is, the electrochemical reduction of the reactant can proceed.[140] After electron trans-
fer, the εF in the electrode is lowered. This change in the energy levels continues until the εF 
of the electrode lies in between the energy levels of the two species (O and R) in the solution. 
[138–141] In this situation, dynamic equilibrium is attained in which the rate of the electron trans-
fer from the electrode to O (to form R) equals the rate of the electron transfer from R to the 
electrode (to form O). 
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Figure 9. An overview of deriving and electrochemical reaction, (a) Different band diagram. (b) Effect of applied 
voltage on the Fermi level. 

 

In addition to the change in the thermodynamic aspects of the reaction, the applied potential 
can also change the overall barrier height of the reaction, which is considered as activation 
energy (Figure 10). 

Elementary chemical reaction: 

𝐴 + 𝐵 → 𝐴𝐵                  (2) 

 

 

Figure 10. Schematic of typical reaction pathway with and without a catalyst. 
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3.2 The electrochemistry of the water-splitting reaction  

Splitting water to produce hydrogen in an electrolyzer (Figure 11) is an application that may 
have great importance in the hydrogen economy in the future. The splitting of water into hy-
drogen and oxygen is a vital component of promising renewable energy infrastructure.[142] 

In general, the overall water splitting process can be represented as follows, with molecular 
hydrogen and oxygen generated individually at the cathode and anode, respectively: 

2H2O + Energy → 2H2 + O2
           (3) 

Water electrolysis can occur in acidic or alkaline media as depicted in Figure 11 with the asso-
ciated HER and OER half-reactions (Table 1). Therefore, Eq. (3) can be divided into two half-
reactions for each electrolyte. Table 1 represents two half-reactions for water electrolysis for 
both acid and alkaline condition, including thermodynamic potentials (E0). 

 

Figure 11. Schemes of the operating principles of (a) acidic (PEM) and (b) alkaline water electrolysis cells. 

 

Table 1. A summary of electrochemical HER and OER with their associated thermodynamic potentials (E0) 
categorized based on the condition of the electrolyte. 

Electrolyte HER OER Overall  reaction 

Acidic aqueous 

solution 

2H+ + 2e- → H2 

E0 = 0.00 V vs. NHE 

H2O → 2H+ + 2e- + ½ O2 

E0 = 1.23 V vs. NHE 

H2O → H2 + ½ O2 

Ecell = 1.23 V 

Alkaline aqueous 
solution 

2H2O + 2 e- → H2 + 2OH- 

E0 = −0.83 V vs. NHE 

2OH- → ½ O2 + H2O + 2e- 

E0 = 0.40 V vs. NHE 

H2O → H2 + ½O2 

Ecell = 1.23 V 

 

Based on equations in Table 1, in theory in order to split water we would only need a voltage 
difference of 1.23 V between the anode and the cathode, but in practice it is necessary to apply 
a higher potential due to the resistances present in the cell as well as the need to surpass kinetic 
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barriers at each electrode.  Moreover, in an operating cell, mass transfer losses are significant. 
For water electrolysis, this operational voltage depends on the kinetics of the water-splitting 
reactions and the design of the electrolyzer unit. The difference between the potential that we 
need to split water and the theoretical potential is called the overpotential (η), and the voltage 
we need to apply becomes: 

E applied = 1.23+ ηanode + ηcathode +  iR        (4) 

The resistance loss can be minimized by optimizing the cell design, and to deal with the acti-
vation barriers at each of the electrodes (Figure 11), we add catalysts to these, with the target 
being to decrease the overpotential as much as possible to reduce the energy input needed to 
drive the reaction. 

As it is shown in Table 1 the potential required to drive each of the half-reactions changes with 
the pH. While the pH on the electrodes cancel each other in the overall equation and therefore 
do not matter for an electrolyzer, they do matter when we study the performance of a catalyst 
for one of the two half-reactions with a potentiostat. In this case, we are applying a potential 
for that half-reaction only, and the value we need to apply will vary depending on the pH, as 
reflected by the diagram in Figure 12. This is why we often give the potentials referred to the 
Reversible Hydrogen Electrode (RHE), which is a sub-type of the Normal Hydrogen Electrode 
(NHE). The formula to convert from one to another is 

E RHE = E NHE + 0.059× pH            (5) 

For example, if we apply a potential of 1 V vs RHE, this will be 1.41 V vs NHE at pH 7 and 1.83 
V at pH 14.[143] 

 

Figure 12. E/PH diagram of the water half-reactions in an aqueous medium. 

 

In this thesis, there are several parameters and terms that we will constantly be using. There-
fore, in the following sections, their significance and application within the context of water 
splitting will be explained. 

 

3.3 Overpotential (η) and  onset potential  

To compare different catalysts, we refer to the “overpotential (η)” required to achieve a given 
current density, usually ten mA cm−2 for HER and OER electrocatalyst (ηOER10 and ηHER10). 
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Many researchers also use the “onset overpotential” phrase which would be the potential at 
which activity for the half-reaction under study starts to manifest. However, this is not a very 
useful term unless accompanied by a value of the current density, since there is not a clear 
consensus in what exactly is considered the “onset.” Figure 13 shows the phrases mentioned 
above in a typical polarization curve for electrochemical measurements. 

 

Figure 13. The plot is representing overpotential (η) and onset potential in electrochemical polarization curves. 

 

3.4 Tafel slope and exchange current density 

The Tafel slope is probably the parameter that best gives an idea of the performance of an 
electrocatalyst. We are going to briefly explain where the equation comes from before talking 
of its meaning and utility.  

In any electrochemical reaction, the fundamental observables are the current (i) and the po-
tential (V). For a given interfacial process, the current is an indicator of the rate of the interfa-
cial reaction and can be shown to be dependent on the applied potential.[144] In essence, varying 
the potential is equivalent to changing the driving force for the electrode process.[145] Thus, the 
relationship between the current and potential is a primary concern in electrocatalysis.  

Theoretically, the current-potential dependence on an electrode in a simple electrochemical 
redox reaction, can be described by Butler-Volmer equation, considering that in the absence 
of mass transport limitations both cathodic (reduction) and anodic (oxidation) reactions occur 
on the same electrode:[146,147] 

    𝑗 =  𝑗  .  [exp (𝛼 𝑓𝜂) –  exp (– 𝛼 𝑓𝜂)]                (6) 

 
where j = current density of the electrode, j0 = exchange current density, αa and αc are the 
dimensionless anodic and cathodic transfer coefficients respectively, and 𝑓 = nF/RT where n 
is the number of electrons involved in the electrode reaction and F = 96500 C 𝑚𝑜𝑙  is the 
Faraday’s constant, R = 8.314 J 𝑚𝑜𝑙 𝐾  is the universal gas constant, and T is the absolute 
temperature. η is the overpotential which is defined as 𝜂 = 𝐸 − 𝐸 , where E is the electrode 
potential and E0 is the equilibrium (standard) potential. 
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If we assume that at the electrode, one of the anodic or cathodic reactions is the dominant 
reaction, either cathodic or anodic reaction rate is negligible in Eq. 1, and thus the Butler-
Volmer equation can be derived as the following equation: 

𝜂 =   ln  (𝑗 ) − ln  (𝑗)                              (7) 

Where α is an anodic or cathodic transfer coefficient. Note that sign in Eq. 7 depends on the 
reaction direction (i.e. differs for anodic and cathodic reactions). Eq. 7 can correspond to the 
following Tafel equation: 

        η = a + b log (j)                                                (8) 

where a is a constant and b is the Tafel slope given by:  

        𝑏 = =
.

                                                (9) 

If we record the steady-state current density given by our catalyst at different values of poten-
tial and plot it as the logarithm of the current density versus the overpotential, we should find 
a linear region. Now regardless of the meaning of a and b, this kind of plot is very useful because 
the slope shows how the electrocatalytic performance of the catalyst under examination 
changes over a given potential range. Because we are using logarithms and the slope is ex-
pressed in units of mV decade−1, we can see at a glance the overpotential increment needed to 
increase the current density by order of magnitude, for example, to change from 1 to 10 mA 
cm−2. The Tafel equation is widely accepted and applied to any heterogeneous electrocata-
lysts.[143]  

The other parameter that we can calculate with a Tafel plot, this time from the intercept value, 
is the exchange current density (j0), which represents the rate of reaction at the equilibrium 
potential. It reflects the intrinsic rate of electron transfer between an analyte in solution and 
the electrode. It can thus be viewed as a measure of the effectiveness of a catalyst for a partic-
ular electrochemical reaction under a particular set of conditions (the greater the magnitude 
of the exchange current density, the greater the activity of the catalyst). The Tafel slope and 
exchange current density cannot be well defined if the Tafel plot is not linear. There might be 
a variety of reasons for the nonlinearity of Tafel plots, such as potential dependence of the 
transfer coefficients or activation energies as well as diffusion and concentration gradient ef-
fects.[146] The Tafel slope provides an insight into the reaction mechanism and the rate-deter-
mining step (RDS) in an electrochemical half-reaction. In chemical kinetics, the RDS is the 
slowest intermediate step of a chemical reaction, which approximately determines the overall 
speed (rate) of the reaction. 

 

3.5 Hydrogen evolution reaction 

Hydrogen evolution probably is the most studied electrochemical reaction due to its immense 
industrial importance. However, at present hydrogen evolution is not the main concern in elec-
trocatalysis. Indeed, HER kinetics is fast as compared to the more sluggish OER.  

The mechanisms of the overall reaction depend on the nature of the electrode and solution. 
However, all of them involve the transfer of a proton from a donor molecule in the solution to 
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the adsorbed state on the electrode surface as the first step. The mechanism of the elementary 
act of proton transfer from the hydroxonium ion to the adsorbed state on the metal surface is 
discussed in this section.[138] 

Hydrogen evolution reaction HER is reported in Eq. 10 shows the way that hydrogen ions are 
oxidized to produce H2 in an acidic environment. 

                                                        2H+ + 2e- → H2                                  (10) 

In the alkaline environment, the HER takes the form of Eq. (11): 

2H2O + 2 e- → H2 + 2OH-                         (11) 

A glance at the HER reactions immediately reveals that the reduction potential of hydrogen 
reduction depends on the pH. 

Both hydrogen evolution pathways show charge transfer, adsorption and desorption steps. The 
search for good catalysts for such reactions need to account for all these elements, but adsorp-
tion and desorption play the major role. The interaction of adsorbed hydrogen with the catalyst 
has to be strong enough to guarantee a sufficient adsorption rate, while on the other hand, has 
not to be too strong to allow fast desorption of the product. The most widely accepted figure to 
elucidate the relationships between fundamental material properties and its activity is the so-
called volcano plot. 

 

Hydrogen evolution is traditionally analyzed via the following elementary reactions (Figure 
14):  

              Volmer reaction: 𝐻∗  + 1e- → 𝐻∗                             (12) 

followed either by:  

                Tafel reaction: 𝐻∗ + 𝐻∗ → H2(g)                                       (13) 

or: 

                                              Heyrovsky reaction: 𝐻∗ + 𝐻∗   + e- → H2            (14) 
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Figure 14. Hydrogen evolution reaction mechanisms, Volmer-Tafel mechanism (left side) and Volmer-Heyrovsky 
mechanism (right side). 

 

If we go back to Eq. 9, where we have the slope (𝑏 = =
.

) and on the other hand for 

a multistep reaction that comprises a series of elementary steps,[148] the transfer coefficient is: 

𝛼 =
𝑛𝑓

𝜗
+ 𝑛𝛤𝛽                 (15) 

where 

𝑛𝑓 = number of electrons transferred before the rate-determining step 

𝜗= number of times the rate-determining reaction takes place in the overall reaction 

𝑛𝛤 = number of electrons transferred during the rate-determining step 

𝛽 = symmetry factor (related to the activation energy barrier and assumed to be 0.5) 

 

If the RDS is the “Heyrovsky” reaction then 𝑛𝑓 = 1 (because it happens after a Volmer step), 
𝜗 = 1 (there is only 1 Heyrovsky step per overall reaction), 𝑛𝛤 = 1 1 (the Heyrovsky reaction 
involves the transfer of 1 electron) and we have said that 𝛽 = 0.5. It follows that 

𝛼 =
𝑛𝑓

𝜗
+ 𝑛𝛤𝛽 = 1 + 1.5 = 2.5            (16) 

𝑏 = 2.303𝑅𝑇
𝛼𝑛𝐹 = 𝟒𝟎 𝒎𝑽 𝒅𝒆𝒄𝒂𝒅𝒆 𝟏           

 

If the RDS is the “Tafel” reaction then 𝑛𝑓 = 2 (because it happens after a Volmer step), 𝜗 = 1 
(there is only 1 Heyrovsky step per overall reaction), 𝑛𝛤 = 0 (the Heyrovsky reaction involves 
the transfer of 1 electron) and we have said that 𝛽 = 0.5. It follows that 

𝛼 =
𝑛𝑓

𝜗
+ 𝑛𝛤𝛽 = 2 + 0 = 2             (17) 
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𝑏 = 𝟑𝟎 𝒎𝑽 𝒅𝒆𝒄𝒂𝒅𝒆 𝟏 

 

Finally, if the RDS is the “Volmer” reaction, even though 𝜗 will be 1 or 2 depending on the 
subsequent step, because this is the first step in the reaction, 𝑛𝑓 = 0 and therefore 𝛼 = 0.5 in 
both cases, resulting in a slope of 𝟏𝟐𝟎 𝒎𝑽 𝒅𝒆𝒄𝒂𝒅𝒆 𝟏. 

 

When the Heyrovsky is the RDS, a Tafel slope of 120mV dec−1 can be also observed if the cov-
erage of the electrode surface by intermediates, θH, is high (θH> 0.6).[149] Therefore, a Tafel 
slope of 120mV dec−1 can be due to either the Volmer RDS or the Heyrovsky RDS with high 
coverage of adsorbed hydrogen atoms on the electrode surface. Tafel slope and exchange cur-
rent density for a specific material can change significantly based on the material structure. 
For example, for the HER on a platinum surface Tafel slope and exchange current density 
strongly depend on the structure and the crystallographic orientation of the platinum surface 
atoms.[150] 

Thus depending on the Tafel slope we have obtained we can know which of these three steps is 
the rate-limiting one and therefore which is the mechanism of reaction (except in the case in 
which the rate-limiting step is the Volmer reaction, in which we cannot know from the Tafel 
slope which is the subsequent step). We see now the importance of the Tafel slope in elucidat-
ing the mechanism of an electrode process. 

3.6 Oxygen evolution reaction 

 
Oxygen Evolution Reaction (OER) is the anode reactions in electrolyzers. The mechanism of 
such a reaction is indeed very complex and involves many steps with high energy intermediates 
explaining the need for large overpotentials. Consequently, the OER is the reaction absorbing 
most of the overpotentials required for water electrolysis.[151] 

Because of the complexity of OER, a scientist named Bockris has described a method for eval-
uating the kinetic expression of electrode reactions, where several intermediate steps are in-
volved. This method was applied to study different paths of the OER, and many different pos-
sible paths and rate expressions for the OER have been listed within this reference. Among 
them, three common paths have been suggested, chemical oxide pathway, electrochemical 
pathway and Krasil'shchikov path the last one is well established in the literature and we are 
going to explain in detail in this thesis.[152] More detailed discussion on the oxygen evolution 
mechanism can be found in several literatures. [152–157] 

It is generally accepted that the first step of OER is the discharge of water molecule (in acid) or 
OH (in alkaline) on a surface-active site. The first step of the OER for the acidic and the alkaline 
environment is as follows: 

Step I in acid: H2O → OHads + H+ + e-
                  (18) 

 Step I in alkaline: OH- → OHads + e-                  (19) 

These reactions are the rate-determining steps for the OER on materials where the affinity 
toward the hydroxyl adsorption is weak. Materials with this characteristic are unpractical for 
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application in electrolysis. On the other hand, materials are strongly adsorbing OH; the RDS 
may become OHads desorption. 

One of the proposed reaction pathways for oxygen evolution is the Krasil'shchikov path.[158–160] 
The Krasil'shchikov path involves a negatively charged oxygen atom attached to the active site 
where the following intermediate steps occur in acid (Equations 20-22): 
 

 
(Step I in acid: H2O → OHads + H+ + e-)                                                             

Step II: 𝑂𝐻  → 𝑂   + H+                                                                                 (20) 

Step III: 𝑂    → 𝑂  + e-                                                                                                                                  (21) 

Step IV: 2𝑂  → 2 O2                                                                                           (22) 

Tafel slopes of ≈ 120, 60, 40, and 30 mV dec-1 can be predicted if step I, II, III, or IV is RDS.[161]  
Under alkaline mechanism with the assumption of a single-site mechanism, the following ox-
ygen evolution pathway can also be proposed based on the literature: 
 
(Step I in alkaline: OH− → 𝑂𝐻  + e-)                                     

Step II: 𝑂𝐻 + OH- → 𝑂  + H2O + e-                                                               (23) 

Step III: 𝑂  + OH- → 𝑂𝑂𝐻  + e-                                                                                                           (24) 

Step IV: 𝑂𝑂𝐻  + OH- → 𝑂𝑂   - + H2O                                                           (25) 

Step V: 𝑂𝑂  → O2 + e-                                                                                          (26) 

In all proposed mechanisms (in acid and alkaline), the oxide surface is initially covered by a 
layer of 𝑂𝐻  groups (Step I) following by discharge of water molecule (in acid) or OH (in 
alkaline), which are further oxidized by the ejection of (𝐻 ) and electrons along with an 
increase of the valence state of the metal ion. This creates an unstable higher valence oxide 
which decomposes with liberation oxygen gas and may require rearrangement of the surface. 

In general, those oxides which are hardy oxidized further adsorb the intermediate too weakly 
and water discharge become the RDS. Oxides which are oxidized too easily absorb the inter-
mediate too strongly and removal of oxygenated species become a limiting step. As the affinity 
towards oxygenated species increase (increasing valence of the metal ion), the RDS moves fur-
ther down the route and the Tafel slope decreases accordingly. Too high affinity towards oxy-
genated species will cause the release of oxygen gas to become rate-determining, and a limiting 
current density will be observed. For metal oxides, depending on the electrode material and 
the electrolyte, a broad range of  Tafel slopes have been observed in the literature. [64,162–170] 
 

For the HER is quite easy to rationalize Tafel slop, in the sense that as we have seen, there are 
only two possible pathways. But if we think of the oxygen evolution reaction, we will realize 
that it involves the transfer of 4 electrons, giving rise to many possible pathways and involving 
the formation of a range of adsorbed intermediates (𝑂 , 𝑂𝐻 , 𝑂𝑂𝐻 , …) and many differ-
ent reactions. This is why one cannot find a Tafel slope classification in the literature for the 
OER such as the one we have described for the HER. This does not mean that the Tafel slope 
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is therefore useless: in addition to giving us a measure of how good our catalyst is it can help 
us, confirm or rule out a mechanism we are proposing based on complementary data (e.g. spec-
troscopic measurements or DFT calculations).  
 

3.7 The general principle of electrocatalysts 

In chemistry, the concept of a catalyst is defined as a substance that can alter the rate of a 
certain chemical reaction without any chemical change (Figure 10). This definition can be di-
rectly extrapolated for electrocatalysis. The main difference is in an electrocatalyst, an electron 
is transferred between the catalyst and reacting species. 

Similar to chemical reactions, many electrochemical reactions occur only at high overpoten-
tials because of unfavourable kinetics (ex. Equations in section 3.5 and section 3.6). For such 
electrochemical reactions to be useful, it is necessary to find an electrocatalyst that will lower 
the overpotential and speed up the rate of reaction. The objective of electrocatalysis is therefore 
to find an alternative, lower energy activation pathways which allow such electrochemical re-
actions to occur at a high current density and low overpotential. 

Electrocatalysis is important for many energy applications since the energy efficiency of any 
electrochemical cell such as fuel cell and electrolyzer is determined in part, by the potential of 
the anode and cathode. There are two different main types of electrocatalysis: including heter-
ogeneous and homogeneous. The heterogeneous electrocatalytic process involves the immobi-
lization of the electrocatalysts on the electrode surface. While in homogeneous electrocatalysis 
the substrate does not exchange electrons with the electrode directly, but with some interme-
diates or mediators. Electron transfers and chemical reactions can then take place in the bulk 
solution.[171] Therefore, in general, an electrocatalyst is an electrode material that interacts with 
some certain species during a Faradaic reaction but remains unaltered. In other words, the 
reactions take place on the surfaces of catalysts, and there exist adsorption/desorption steps 
on the surfaces of electrocatalysts. 

 

Figure 15.  Schematic diagram of the heterogeneous electrocatalyst. 

 

To compare the catalytic activity of different electrode materials, one can compare the current 
density at a constant overpotential, or measure the overpotential at a constant current density. 
A good electrocatalyst should show high current density at low overpotential. 
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It is worth nothing; many redox reactions are catalyzed by different materials such as transi-
tion metal complexes. When these redox reactions are coupled with an electrochemical cell, 
the electrode can act as an oxidant or reductant to generate an active species from the transi-
tion metal complex, which then catalyzes the oxidation or reduction of the specific substrate 
(Figure 15). The electrode potential at which the redox reaction occurs can be tuned by chang-
ing the electrocatalyst. Thus the oxidation or reduction of substrates can be carried out at a 
modest potential with high efficiency. Moreover, the selectivity of the reaction can also be mod-
ified by changing the spectator materials, and it is viable to provide active centers with high 
selectivity for the electrochemical reaction. 
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4. Characterization Methods 

In this section, we will briefly explain the main techniques used throughout this thesis focus-
ing on the information we can get from them and in which cases we use one or another within 
the context of the study of electrocatalysts for water splitting. 

4.1 Electron microscopy characterization  

An optical microscope cannot go beyond the limits of the visible range of the spectrum since 
our eyes cannot detect photons with wavelengths smaller than ≈ 400 nm. In contrast, we can 
generate a beam of highly energetic and fast-moving electrons that behave like waves of much 
less than 1 Å wavelength which makes electrons giving electron microscopes the capability to 
resolve nanoscale objects. Therefore, by using incident radiation with a smaller wavelength 
than visible light, the resolution can be improved. The wavelength of the electrons depends on 
their speed, and this on the accelerating voltage we apply to them, which is a parameter we can 
control.[172] If electrons are accelerated to some hundreds kV, the electron beam has a wave-
length about one million times shorter than light waves which is much smaller than atoms size, 
so that it is at least theoretically possible to see details well below the atomic level by using an 
electron beam for imaging. As a result of this, while optical microscopes have their resolution 
limited to about 200 nm, most EMs can go down to 10 nm nowadays. If more resolution is 
required, a Transmission Electron Microscope (TEM) can go down even further, to about 0.2 
nm.[173] 

The first electron microscope was constructed in 1932 by Ernst Ruska. For his research, he was 
awarded in 1986 the Nobel price. The invention of the electron microscope opened new hori-
zons to visualize materials structures far below the resolution reached in light microscopy. 

 

4.1.1 Mechanisms of an Electron Microscope 

In an electron microscope beam of electrons is generated by a suitable source (a tungsten fila-
ment for instance) and then it is accelerated through a high voltage so that they acquire enough 
kinetic energy. Here the lenses that focus the electron beam are magnetic fields, resulting in 
all the electrons converging in a highly-focused beam. All this happens inside a vacuum cham-
ber since otherwise, any particles carried by air could interact with the electrons. When the 
electron beam hits the sample it penetrates to a depth of a few microns producing a variety of 
signals and scattered electrons from the specimen are detected to form an image (Figure 16).   
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Depending on the mode of operation, sophisticated information can be gained. The diffraction 
mode displays the local crystal structure, and the analytical mode gives information on the 
elemental composition.  

Specimens intended for high-resolution Image formation in the electron microscope occurs in 
two stages. Electrons of the incident beam interacting with the specimen, undergoing both 
elastic and inelastic scattering. For elastic and inelastic scattering no loss and some detectable 
loss of incident electron energy is resulted, respectively. The electron wave function emerging 
from the exit surface of the specimen passes through the objective lens, and further magnifying 
lenses are used to form the final image. Electrons that are elastically scattered mainly contrib-
ute to the high-resolution bright-field image. Note that the inelastically scattered electrons can 
provide valuable information about sample composition via the technique of electron-energy-
loss spectroscopy (EELS), while electrons scattered to very large angles can be used for Z-con-
trast annular-dark-field (ADF) imaging in the scanning transmission electron microscope 
(STEM). 

For elastic and inelastic scattering no loss and some detectable loss of incident electron energy 
are resulted, respectively. Electrons, as one type of ionizing radiation, are capable of removing 
the tightly bound inner-shell electrons of the specimen to produce characteristic X-ray signals 
revealing chemical information about the specimen. These signals are used in energy-disper-
sive X-ray spectrometry (EDX) and electron energy-loss spectrometry (EELS) to identify the 
various elements present in different regions. 

In this research two different transmission electron microscopes were used, a JEOL 4000 
EX/II (LaB, 400 kV) for atomic structure observations and a JEOL 2010F (FEG, 200kV) for 
EDS analysis and in-situ heating experiments.  

 

Figure 16. Types of interactions between the incident electron beam and a specimen. The directions shown for 
each signal indicate where the signal is detected but do not show necessarily the physical direction of the signal. 

 

4.1.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) is an electron microscopy technique that employs a 
beam of high-energy electrons to transmit through a specimen of nanometer thickness. Be-
cause the TEM has an unparalleled ability to provide structural and chemical information over 
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a range of length scales down to the level of atomic dimensions, it has developed into an indis-
pensable tool for scientists who are interested in understanding the properties of nanostruc-
tured materials and manipulating their behaviour. 

In the technique of high-resolution transmission electron microscopy (HRTEM), a much larger 
objective aperture is used. The directly transmitted beam can then interfere with one or more 
diffracted beams, and the contrast across the image will depend on the relative phases of the 
various beams.  

TEM technology can tell us about the structure, crystallization, morphology, and stress of a 
substance whereas scanning electron microscopy (next section) can only provide information 
about the morphology of a specimen. However, TEM requires very thin specimens that are 
semi-transparent to electrons, which can mean sample preparation takes longer. 

4.1.3 Scanning electron microscopy (SEM) and EDS Mapping  

In Scanning electron microscopy (SEM) similar to TEM high energy electrons are used but 
here usually the secondary (SEs), and the backscattered electrons (BSEs) ejected from the 
specimen by elastic scattering of the material are detected and analyzed. Hence, the SEM tech-
nique gives a high magnification image with a good depth of field. The BSE signal is strongly 
related to the atomic number of the specimen, providing a composition contrast in BSE images. 

SEM signal does not only give information about the surface morphology in 3D but also the 
chemical composition. The chemical composition of the material can also be investigated sim-
ultaneously by EDX in SEM devices equipped with an X-ray detector. EDX spectroscopy is a 
chemical characterization method used for the elemental analysis of materials commonly used 
to obtain qualitative and quantitative data on the chemical composition of a sample. [174] 

The kinetic energy of backscattered electrons holds information about the binding energy of 
the electrons to the nucleus and will, therefore, lead to an image which gives composition con-
trast. The morphology and composition of the materials in the present thesis (Publication 
II) were characterized using a field emission SEM and EDX (FESEM/EDX) at acceleration 
voltages of 5-10 kV. 

 

4.2 Raman spectroscopy  

In general Raman spectroscopy is a non-destructive, structure-sensitive spectroscopic 
characterization method that relies on the inelastic scattering of monochromatic radiation 
interacting with the material. When photons are scattered from an atom or molecule, most 
photons are elastically scattered (Rayleigh scattering), such that the scattered photons have 
the same energy as the incident photons. The scattered photons have energies different from 
that of the incident photons because of interacting with optical phonons. There are two 
distinguishable Raman scattering processes, known as Stokes and anti-Stokes scattering. 

Inelastic scattering can occur when part of the incident electromagnetic radiation is absorbed 
by the material and is re-emitted at a lower frequency, increasing the energy level of molecular 
vibrations in the material. This phenomenon is commonly referred to as Stokes scattering.[175] 
Similarly, if inelastic scattering results in an increase in photon energy of the electromagnetic 
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radiation upon interaction with the material, the energy level of molecular vibrations decreases 
(anti-Stokes scattering).[175]  

Since the phonon energies of atoms and molecules vibrating in a structure differ depending on 
their chemical environment, Raman spectroscopy is a very powerful tool to investigate binding 
configurations and structural phases of materials. In the present thesis, we have used Raman 
spectroscopy mainly to gain information on the configuration of the synthesized material 
directly after being synthesized and then to track the phase deformation after a different type 
of treatment (functionalization and electrochemical measurements). 

Raman spectroscopy was also used to gain information on the local structure in carbon 
nanostructured materials. Raman scattering has become one of the main characterization tools 
for carbon nanotubes. It tells us about the quality of the material, the microscopic structure of 
the tube, and phonon and electron quantum confinement. The most prominent Raman 
features in CNTs are the higher frequency D (disordered), G (graphite), and G' (second-order 
Raman scattering from D-band variation) modes.  The dominant peak in the Raman spectrum 
of CNTs is G-band which is located at ~ 1590 cm-1.  It corresponds to the in-plane tangential 
optical phonon that involves the stretching of the bond between the two atoms in the graphene 
unit cell. The scattering process associated with G band excitation is a first-order process in 
which there is just one scattering event. 

Raman spectroscopy is also a powerful method to investigate changes in the structure and 
properties of carbon nanotubes. Raman studies in doped CNTs have shown that the disorder-
induced D band and the G′-band are the modes most affected by the doping of CNTs. The D 
band is originated from the presence of sp3 defects, and thus, the covalent functionalization of 
CNTs, which induces re-hybridization of sidewall C atoms, increases the ID/IG. [176,177] The G´-
mode is the most sensitive band to charge transfer between the dopants and the nanotubes,[178] 
and is used to assign p- and n-type doping in CNTs.[179]  

In this thesis, The Raman spectroscopy measurements were carried out with a JY LabRam 300 
using 1.96 eV (633nm) laser excitation. The spectrum resolution was 1 cm-1. Raman 
spectroscopy was used to determine the quality of the CNTs, the doping effect of the functional 
groups on the CNTs, the type of the iron oxide crystals (Publication II and III), and generally 
the structural changes in the CNTs after the functionalization or electrochemical 
measurements. 

 

4.3 X-ray photoelectron spectroscopy (XPS) 

Photoelectron spectroscopy is a general term that refers to all those techniques based on the 
application of the photoelectric effect. In the present thesis, we will show how the photoelectric 
effect can be used to explore chemical composition and quantum states of a material surface 
by X-ray photoelectron spectroscopy (XPS) technique. 
 
Regarding applications, XPS is most often used for surface scanning of solid materials, provid-
ing the elemental composition of it (up to depths of 10 nm usually), the electronic state of each 
element and the distribution of these elements across the surface, allowing therefore to map 
the composition of the surface which gives information about its uniformity. It can also show 
contamination of trace elements on the material. It is often preferred to plot the data in terms 
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of binding energy, already accounting for the energy of the X-ray photons. The energy values 
of the different possible transitions for each element are tabulated so that the presence of peaks 
at particular energies suggest the identity of the element and its oxidation state and their in-
tensity allows to quantify that element in the sample. 
 
The binding energy of the core electrons is also influenced by the chemical environment to 
which the atom is bound. This enables XPS to determine the chemical environment around the 
atoms, as well as charge states of the atoms and ions in the structure. To derive such infor-
mation, the resolution in energy needs to be fine-tuned around the energy of the element of 
interest, and therefore this technique is often referred to as high-resolution XPS. 
In this thesis, XPS from the materials was performed using a Kratos Axis Ultra or a Surface 
Science Instruments SSX-100 ESCA spectrometer with monochromated Al Kα radiation, using 
a pass energy of 40 eV and an X-ray power of 150 W. The samples were measured with an 
analysis area of roughly 700 μm × 300 μm. The binding energy scale for the CNT samples was 
referenced to the graphitic C 1s peak at 284.4 eV. The peak fitting of the nitrogen 1s region 
(Publication I and II) was done using Gaussian peaks with positions fixed to within ± 0.1 eV 
of given values and with the full width at half maximum (FWHM) restricted to below 3 eV. The 
XPS analysis was utilized to measure the atomic percentages and charge states of the elements 
at the surface of our materials, as well as to monitor the change in the chemical environment 
of the atoms after the functionalization or modification. The XPS measurements were also 
performed to estimate the chemical structure of the materials and to determine the chemical 
environment around the atoms. 

 

4.4 X-ray absorption near edge structure (XANES) 

X-Ray Absorption Near-Edge Structure (XANES) spectroscopy refers to the fine absorption 
structure close to an absorption edge, about the first 30eV above the actual edge. This region 
usually shows the largest variations in the x-ray absorption coefficient and is often dominated 
by intense and narrow resonances. In general, the spectrum produced due to metal K-edge 
XAS originates from electronic transitions of excited 1s electrons to either valence orbitals and 
into a continuum state. The produced spectrum has two distinct regions: XANES region, and 
an extended X-ray absorption fine structure (EXAFS) region. [180] In this work we are only fo-
cusing on the former region, and it comprises two distinguishable absorption features: a pre-
edge absorption feature, assigned to 1s 3d transitions, and an intense absorption edge, in-
volving 1s 4p transitions and/or 1s  4p + ligand-to-metal charge transfer (LMCT) transi-
tions. [180] 

Opposite to XPS technique, where the photon energy is fixed, and the electron intensity is 
measured as a function of electron kinetic energy, in XANES the x-ray energy is scanned, and 
the absorbed x-ray intensity is measured.  

XANES is also very sensitive to the bonding environment of the absorbing atom. The NEXAFS 
spectrum exhibits considerable fine structure above each elemental absorption edge. Often one 
can use a spectral "fingerprint" technique to identify the local bonding environment. The 
XANES spectra for materials exhibit chemical shifts within each group similar to XPS spectra 
but more importantly considerably different fine structure for the element in different molec-
ular groups. This clearly illustrates the power of NEXAFS to distinguish chemical bonds and 
local bonding. 
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X-ray absorption experiments in this thesis were carried out at the Department of Physics of 
the University of Helsinki (Finland) using a low-cost laboratory X-ray absorption spectrometer 
designed for XAS studies in the 4-20 keV photon energy range.[181,182]  Experiments were per-
formed at the Fe K-edge (7112 eV) and the Ni K-edge (8333 eV). The experimental setup con-
sisted of a fixed Ag-tube as the X-ray source, with a moving bent Johan-type crystal mono-
chromator and a moving NaI scintillator detector. Samples were mounted to a sample ex-
changer positioned at the exit of the X-ray tube. Both powder references (Fe2O3, Fe3O4) and 
the NP samples were stored beforehand in an exicator and were measured in atmospheric con-
ditions.  

For the experiments at the Fe K-edge, an X-ray tube acceleration voltage of 20 kV and a tube 
current of 4 mA was used. For the experiments at the Ni K-edge, the X-ray tube acceleration 
voltage was set to 10 kV and the current to 2 mA. Two different spherically bent crystal mono-
chromators were employed: a Si (531) for the Fe K-edge measurements and a Si (551) for the 
Ni K-edge measurements. Both Si monochromators had a bending radius of 0.5 m. All obtained 
spectra were collected continuously in transmission mode and were calibrated and aligned us-
ing the corresponding Fe and Ni metal foils. Further details about the laboratory-based XAS 
setup and operation are found in the previous work.[181] The spectra were collected in a three-
part scanning sequence. For the Fe K-edge measurements the scanning sequence was per-
formed as follows: 7000 - 7089 eV (total of 101 points; 5 seconds per point), 7090 – 7190 eV 
(total of 201 points; 5 seconds per point), 7191 – 7280 eV (total of 101 points; 5 seconds per 
point). For the Ni K-edge measurements, the scanning sequence was performed as 8240 - 8319 
eV (total of 80 points; 5 seconds per point), 8320 – 8420 eV (total of 201 points; 5 seconds per 
point), 8421 – 8510 eV (total of 90 points; 5 seconds per point). Data reduction and data anal-
ysis were performed using the ATHENA software package.  

Only the XANES analysis is presented in this work. Standard data for the Fe3C, FeO, Ni2O3 and 
Ni(OH)2 references was obtained from the online XAFS Database. [183] For the Ni3C [184,185] and 
NiO [185] references the standard data was extracted from the other works. [184,185] 

 

4.5 Powder X-ray diffraction 

X-ray powder diffraction is an analytical method primarily used to obtain information on the 
phase and cell dimensions of crystalline materials. When an X-ray travels through a crystalline 
sample, its electric component interacts with the electronic density of the ions in the lattice, 
and as a result, it is diffracted.  

The XRD spectra create a diffraction pattern unique to material and can be used to identify its 
chemical composition. The main application of XRD is to identify and quantify components in 
a sample by search/match procedure thanks to the extensive databases available since, in a 
mixture of crystalline compounds/phases, each will produce a pattern that is characteristic and 
independent of the others: the powder X-ray diffraction pattern is like its fingerprint.  
 
On the other hand, it does not give enough information to characterize a new compound, since 
we can only obtain the distances between layers and get an idea of what the unit cell looks like, 
but cannot localize the individual position of each atom. In the present thesis, XRD has been 
used for Publication III to illustrate different phases in the NiFe NPs. In Publication III, 
XRD shows the presence of nickel carbide (Ni3C) which is further confirmed as the origin of 
carbon shell formation in the NiFe NPs encapsulated in the graphene.  
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4.6 Phase diagram calculation 

Almost all materials have more than one phase in them. A phase can be defined as a homoge-
neous portion of a system that has uniform physical and chemical characteristics, i.e. it is a 
physically distinct from other phases, chemically homogeneous and mechanically separable 
portion of a system. A diagram that depicts the existence of different phases of a system under 
equilibrium is termed as a phase diagram. Phase diagrams are classified according to the num-
ber of the component present in a particular system. 

In a system consisting of three compounds an equilateral triangle is used to represent the 
composition of a ternary alloy, the diagram is called ternary phase diagram. In Publication 
III, Ni-Fe-C ternary, Ni-C and Fe-C binary phase diagram have been calculated to elucidate 
the origin of each phase in the NPs and the source of graphitic carbon shell in the produced 
NPs through PLAL. 

 

4.7 Electrochemical characterization Techniques 

As it was discussed in chapter 3, electrochemistry focuses on chemical reactions in which elec-
tron transfer between species is involved. Phenomena occurring at the electrochemical inter-
face may be investigated by the most common electrochemical set-up of the so-called three-
electrode cell or half-cell. The electric current at the electrode can be experimentally measured 
by applying a potential to the electrode. The applied potential is in a potential range close to 
the equilibrium potential of the reaction under study. 

A typical three-electrode cell consists of an electrochemical cell (Figure 17) that has three elec-
trodes, i.e.,  
 

i. The working electrode (WE), the working electrode is the one where the interface sub-
ject of the investigation is located. The most commonly used are inlaid disc electrodes 
(Pt, Au, graphite, glassy carbon, etc.) of the well-defined area. Other geometries may be 
employed beneficially in appropriate circumstances with the appropriate modification 
to the data analysis. In this thesis, we have mainly used GC substrate since for the stud-
ied reactions of HER and OER it is almost inactive in the applied potential range and 
possesses a high electrical conductivity required to study the electrochemical reactions.  
 

ii. Counter or auxiliary electrode (CE), The counter is where reactions necessary to close 
the circuit occur which is non-reactive high surface area electrode, commonly platinum 
gauze. When a half-reaction is carried out on the WE, the counter redox reaction is 
happening on the CE. The CE provides the current required for the electrochemical 
reaction at WE and operates as an anode whenever the WE is functioning as a cathode 
and vice versa. The surface area of the CE should be much larger than that of the WE 
to ensure that the half-reaction taking place on the WE is not limited by the CE. The CE 
is made of electrochemically inert materials, and in this thesis, carbon, Pt, IrO2 or Ti 
were used as the CE based on the solution in which reaction takes place. 

iii. The reference electrode (RE), the reference is indeed a kind of spectator which allows 
only a negligible current flow, keeping its potential constant during the measurement 
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(usually this condition is referred to as nonpolarized). The applied potential at the WE 
corresponds to the RE. The RE should have a stable and well-known electrode poten-
tial. As it has been mentioned in chapter 3, examples of common reference electrodes 
are normal hydrogen electrode (NHE), silver-silver chloride electrode (Ag/AgCl) with 
a potential of 0.197 V vs NHE, saturated calomel electrode (SCE) with a potential of 
0.242 V vs NHE, and reversible hydrogen electrode (RHE). 

All electrodes are immersed in a liquid and connected to a potentiostat. With the potentiostat, 
the operator is allowed to directly control the potential difference between the RE and WE to 
be controlled with minimal interference from IR (ohmic) drop (further discussion later in sec-
tion 4.7.5). Once this potential has been set, the instrument adjusts the potential between the 
working and the counter electrode so that the potential difference between the reference elec-
trode and the working electrode sticks to the value set by the operator.[186] It is worth mention-
ing, placing the reference electrode close to the working electrode further helps to minimize 
the IR drop between the reference and working electrode due to the resistivity of the solution 
phase.  
 
The liquid phase in an electrochemical experiment typically consists of a solvent containing 
the dissolved material to be studied and a supporting electrolyte salt to achieve the required 
conductivity and hence minimize the IR drop.  
In the present thesis, 0.5 M H2SO4, 0.1 or 1 M NaOH were utilized as the electrolyte solutions 
for acidic and alkaline electrochemical measurements, respectively, which are among common 
electrolyte choices in electrocatalyst.  

Through above-discussed three-electrode setup, the electrochemical behaviour of the electrode 
materials can be then analyzed by different voltammetry techniques such as linear sweep volt-
ammetry (LSV) and cyclic voltammetry (CV) as explained in the following sections. 

 

Figure 17. A typical three-electrode cell consists of an electrochemical cell. Photo by Azovskaya Valeria. 

 

4.7.1 Linear sweep voltammetry  

Voltammetry is one of the major experiments in dynamic electrochemistry. In a voltammetric 
experiment, three-electrode cell arrangement and a potentiostat are used.  If the potential at 
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the working electrode which is scanned linearly with the time and just in one direction from a 
lower limit to an upper limit (anodic sweep) or vice versa (cathodic sweep) while recording the 
current passing through the cell, the experiment is Linear Sweep Voltammetry (LSV).  
 
The shape of the voltammogram depends on several factors such as the rate of the electron 
transfer at the electrode-electrolyte interface, the chemical reactivity of the electroactive spe-
cies, and the potential scan rate.  If the LSV is performed at very low scan rate (e.g., 1 mV s-1 
this condition is usually referred to as potentiostatic), it may allow the acquisition of Tafel 
plots, described in chapter 3, section 3.4 devoted to mass transport.  
 
Via the application of the theory, data quantifying the rate of the heterogeneous electron trans-
fer or homogeneous chemical processes accompanying the charge transfer step could be deter-
mined based simply on the measurement of peak potential and peak current data as a function 
of scan rate.[148] Moreover, from the current-voltage plot extracted from LSV measurement, it 
is possible to determine the onset potential (mentioned in chapter 3) of reactions and hence, 
the overpotential needed for the reaction to occur. If the potential is scanned slowly (less than 
5 mV/s), the data can be used to generate Tafel plot which enables to derive the exchange cur-
rent density as explained in section 3.4. The later give valuable information about the kinetics 
of the reaction.  
 

4.7.2 Cyclic voltammetry  

As it was mentioned in the previous section, in LSV, the potential is linearly swept at a constant 
rate from a potential E1 to a potential E2. If at this point the scan is reversed back to E1 keeping 
the same scan rate, then it makes a whole cycle, and the technique is called cyclic voltammetry 
(CV) (see Figure 18).[187,188]  More commonly, CV is performed both in the forward and back-
ward directions and eventually repeated many times. CV can be used directly to establish the 
initial redox state of a compound if data analysis is applied in a careful manner.[189]  
 
CV is the most widely used technique for acquiring qualitative information about electrochem-
ical reactions, and it is possibly the most widespread experiment for evaluating the effective-
ness of an electrocatalyst. At least is the first performed by electrochemists when they want to 
have a preliminary understanding of the electrochemical behaviour of systems. Although one 
of the more complex electrochemical techniques,[148,190] cyclic voltammetry is very frequently 
used because it offers a wealth of experimental information and insights into both the kinetic 
and thermodynamic details of many chemical systems.[148,191]  

 
Figure 18. The waveform of the cyclic voltammogram. 
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Both techniques (CV and LSV) are used to first evaluate the activity of material for the HER or 
the OER, comparing its voltammogram to that of the substrate on its own and with those of 
reported catalysts. It is also used to see whether the activity of the catalyst changes with cycling: 
sometimes the catalyst undergoes a conditioning over the first scans upon testing in a specific 
media, which can be due for example to a structural rearrangement, or a change in the oxida-
tion number of some of the metal centers in the material. Often, multiple cycling (> 1000 cy-
cles) is used to evaluate the stability of a catalyst, although this is better demonstrated with 
continuous electrolysis keeping a specific current density.[143] 

It is worth mentioning a few concepts in cyclic voltammetry since it is a powerful analytical 
technique that provides information about the characteristic electrochemical processes an an-
alyte undergoes in solution. 

We will develop a quantitative model for the influence of the electrode voltage on the rate of 
electron transfer as is discussed more in chapter 3. For simplicity, we will consider a single 
electron transfer reaction between two species (O) and (R). If we consider the same equation 
in chapter 3 (Eq. 27) as follow: 

                                                       𝑂 + 𝑒 → 𝑅                        (27) 

                                                       𝑅 → 𝑂 + 𝑒                         (28)      

When the potential is swept to more positive values, the oxidation reaction of the species R, 
takes place on the WE to form the oxidized species O. Reversing the direction of the potential 
sweep causes the reduction of the oxidized species O, into species R. These redox reactions 
appear as the peak currents in the voltammogram. The peak position depends on the reduction 
potential of the reaction in interest.[192] The peak height depends on the square root of the volt-
age scan rate for reversible reactions.[192] In reversible reactions, the rate of the reaction is fast 
enough so that the concentrations of the oxidized and reduced species at the electrode are in 
equilibrium with each other. The reduction potential,𝐸 , will control the concentration of the 
two redox forms (oxidized (𝑂 ) and reduced (Red) analyte) and to the half-cell reaction (𝐸 ) 
at non-standard conditions can be related to its standard half-cell reduction potential (𝐸 ) at 
equilibrium in accordance with the Nernst equation: 

𝐸 = 𝐸 −
𝑅𝑇

𝑛𝐹
ln 

[𝑅]

[𝑂]
                          (29) 

Where 
[ ]

[ ]
 is the equilibrium ratio between the reduced R and oxidized O species, R is the 

universal gas constant, F  is the Faraday’s constant, T is the absolute temperature, and n is the 
number of electrons transferred per molecule. 

During the reducing scan, the surface concentration of species 𝑂  progressively decreases, re-
sulting in an increased concentration gradient and a larger current. As reduction continues, 
the concentration of 𝑂  at the electrode surface is depleted, and the current peak will decay if 
fresh 𝑂  from the bulk solution does not have enough time to be transferred to the electrode 
surface. When the direction of the potential scan is reversed, a peak resulting from the re-oxi-
dation of reduced Red is observed. 

Currents generated by the oxidation and reduction reactions at the working electrode are 
measured and plotted against applied potential on a CV. Figure 19 shows the shape of experi-
mental cyclic voltammograms of PANI due to its main contribution in the present thesis.  From 



Characterization Methods 

37 

the shape, position, and time-behaviour of the experimental voltammograms, we can explore 
the electrochemical behaviour of the materials/electrode.[188] 
 
The CV and LSV voltammograms can be affected by changing the potential scan rate. When 
the electron transfer processes are slow relative to the potential scan rate, the reactions are 
called quasi-reversible or irreversible in which the equilibria are not established. In this 
condition, the Nernst equation cannot be applied and, unlike the reversible reactions, the 
position of the maximum current in the voltammogram is shifted by changing the scan rate. 
For the Tafel analysis and calculation of the exchange current density, as were discussed in 
section 3.4, low scan rates (usually 2-10  mV/s) are used, however for the normal CV 
measurements a higher scan rate (usually around 50 mV/s) might be applied.[192]  

 

Figure 19. A typical cyclic voltammetry (CV) curve of polyaniline in HCl (pH 1) showing two sets of redox cou-
ples. The direction of the potential scan is shown with the arrows. (reprinted with permission from Ref. [193]) 

 

4.7.3 Rotating Disc electrode (RDE) and Rotating Ring Disc electrode (RRDE)  

As also discussed in chapter 3, an electrochemical reaction involving solution species will de-
pend on mass transport of reactants and products to/from the electrode. When studying elec-
trochemical reactions that require mass transport, forced convection can be convenient for ob-
taining controlled conditions. A common way to obtain this is to rotate the electrode used.  
Rotating disk electrodes (RDE) can be employed to give a well-defined and steady-state mass-
transport regime. Controlled convection can also be employed for studying by-products of elec-
trode reactions by the ring-disk electrode (RRDE), where the flow from the disk to the ring is 
essential. The principles behind both the RDE and the RRDE with controlled convection is 
described in this section.  
 
 

4.7.3.1 Rotating Disc Electrode (RDE) 
 

RDE technique is an electrochemical technique in which the electrode (the working electrode 
in Figure 17) is itself in motion and rotates in the solution during voltammetry measurements. 
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This kind of electrochemical technique, which involves convective mass transport of reactants 
and products, is sometimes called the hydrodynamic method. In the hydrodynamic methods, 
a steady state is obtained rather quickly, and double-layer charging does not affect the electro-
chemical measurements, resulting in the measurements with high precision.[194] When a reac-
tion rate is under mass-transport control, a diffusion layer will arise in the electrolyte closest 
to the electrode surface. Inside this layer, the concentration of the species taking part in the 
electrode reaction varies.  
 
Rotating an electrode is an efficient method to remove products from the reaction, including 
gas. The RDE is the classical hydrodynamic electroanalytical technique used to limit the diffu-
sion layer thickness.[195] RDE is constructed from a polished disc material embedded in a rod 
of insulating material substantially larger diameter (Figure 20a). Insulating material: Teflon, 
epoxy resin or other plastic. The RDE is attached to a motor and rotated about an axis perpen-
dicular to the surface of the disc electrode at a certain frequency. This movement of rotation 
leads to a very well defined solution flow pattern, as can be seen in Figure 20b. The rotating 
structure acts as a pump, pulling the solution upward and then throwing it outward.  

s  

Figure 20. Rotating disk electrode (RDE). Photo by Azovskaya Valeria. 

 

In this thesis, RDE measurements were done for obtaining HER and OER polarization curves. 
The rates of HER and OER are not affected significantly by the mass transfer, and thus, the 
change in the rotation rate of the electrode does not change the polarization curves 
significantly. However, a suitable rotation rate is applied to remove the formed hydrogen and 
oxygen bubbles from the electrode surface and to get more precise measurements as discussed 
above. In a conventional RDE experiment, the electrode surface is facing downwards in the 
electrolyte (WE in Figure 17), and when the electrode starts to rotate, the electrolyte is pulled 
up to the center of the electrode and flushed radially outwards across the surface of the disk.  

 

4.7.3.2 Rotating disk electrode (RRDE) 
 

Rotating ring-disk electrodes (RRDE) are well-known and commonly used devices of investi-
gating electrode reaction mechanisms. RRDE set-up consists of two electrodes, an inner disk 
electrode, and an outer ring electrode, as shown schematically in Figure 21. These electrodes 
are electrically insulated from each other, and can thus be controlled independently.  
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Conventionally, RRDE electrodes are used with the same set-up as the RDE to obtain con-
trolled mass transport as well as to provide transport of products from the disk to the ring 
electrode. If on the generator (disk) electrode some electroactive species are formed as a result 
of an electrode reaction, these species will be swept away by the convection arising from the 
rotation of the electrode to the collector (the ring). At the ring electrode, if its potential is suit-
ably chosen, the arriving electroactive species can be collected and undergo another electrode 
reaction, thereby causing changes in the measured ring current.  
 
RRDE technique will ensure that products and intermediates from the reaction occurring at 
the disk will flow towards the ring. If the products or intermediates are electrochemically ac-
tive, these species can be detected electrochemically at the ring by oxidation or reduction. 
RRDE can thus be used to obtain information about reaction intermediates from the disk elec-
trode reaction very shortly after the reaction at the disk is taking place. 
 
The RRDE is a very powerful tool of studying homogeneous and heterogeneous kinetics,[56,111] 
determining diffusion coefficients,[196] investigating corrosion[197] and many other phenomena. 

 

 

 

 

 

 

 

 

Figure 21.  Rotating ring-disk electrode. Photo by Azovskaya Valeria. 

 

There are different techniques for using an RRDE. In the present thesis, RRDE is used to 
determine the produced oxygen from OER. Produced oxygen is reduced on the ring at the 
constant potential the reaction is called ORR. In this method, a current-potential curve is 
recorded at the disk while the ring potential is held at a constant value where the oxygen is 
reduced. This allows the identification of the exact potential range over which the products 
(oxygen) are formed. For example, when we consider OER on an electrocatalyst, the origin of 
the measured anodic current on the electrode can be investigated with an RRDE.[198–200]  

In such RRDE measurements, the evolved oxygen at the disk is subsequently reduced at the 
surrounding Pt ring electrode that is held at, for example, 0.4 V vs RHE which is the potential 
at which the oxygen is reduced to water (ORR) on the Pt ring. In such measurements, the 
current attributed to ORR at the Pt ring electrode is detected when the disk electrode is swept 
to more positive potentials from the onset of OER. Likewise, to monitor if the H2O2 is also 
produced during OER, the Pt ring is held at, for example, 1.4 V which is the potential at which 
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any produced H2O2 on the disk is subsequently oxidized on the ring and results in an oxidation 
current on the ring.[198,199] Like many other surveys based on the use of two working electrodes, 
RRDE experiments involve the examination of two potentials (𝐸  and 𝐸 ) and two 
currents (𝐼  and 𝐼 ). 

 

4.7.4 Collection efficiency for the ring-disk electrodes 
 

Not all of the species produced at the ring electrode will pass close to the surface of the ring. If 
species formed at the disk are completely stable, the fraction of the species that reaches the 
ring electrode and undergoes an electrochemical reaction there depends on the characteristics 
of the electrode geometry and the electrolyte flow.[201] A measure of this fraction is the collec-
tion efficiency, N, which is defined as the fraction of the completely stable species formed at 
the disk that can be detected at the ring.[201] This corresponds to the ratio between the current 
at the ring electrode, 𝐼 , and the current at the disk electrode, 𝐼 :   

𝑁 = −
𝐼

𝐼
                 (30) 

In principle, the collection efficiency can be calculated analytically for a rotating ring-disk elec-
trode with perfect geometry.[202] Ideally, N is not a function of rotation rate for an RRDE since 
an increase in the rotation speed will increase the rate of transport both to the disc as well as 
to the ring.[201] However, the geometry of all electrodes are not completely identical, and the 
collection efficiency is often determined experimentally. A typical value for N of a rotating ring-
disk electrode is 25 %. 
 
RRDE measurements can also be used for quick screening the approximate Faradaic efficiency 
(𝜀). For example, in the case of oxygen evolution reaction (OER), 𝜀 can be calculated by the 
following equation:  

𝜀 =
.

×
                            (31) 

where 𝑗  and 𝑗  are current densities measured on the Pt ring and the disc electrodes 
respectively, and N is the collection efficiency of the RRDE.[198–200] It should be noted that small 
errors in the ring current and collection efficiency can lead to relatively large errors in ε. [198] 
There are also a number of other effective parameters on this measured faradaic efficiency by 
RRDE, such as the O2 bubble formation on the disc (hindering O2 dissolution into the 
electrolyte) and the error in the measured geometric surface area of the disc (resulting from 
inhomogeneous catalyst dispersion on the disk). However, RRDE measurements are still 
useful for fast screening the approximate Faradaic efficiency. [29] 

 

4.7.5 Electrochemical Impedance Spectroscopy 

All mentioned electrochemical techniques using a three-electrode set-up can be affected by the 
presence of uncompensated resistance in the solution phase between the reference and the 
working electrode (Ru).  The separation between the reference and the working electrode as 
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well as the cell geometry has a considerable effect on the IRu drop present between the refer-
ence and the working electrode.[148] Ohmic electrolyte losses (Ru) arise between two electrodes 
when current is flowing, and increases linearly with the current, according to Ohm’s law: [195] 

𝐴𝑉 = 𝐼𝑅                           ( 32) 
 
In principle, the ohmic losses arise both in the electrolyte and in the electrical conductors, but 
in practice, the latter is negligible compared to the ohmic drop in the electrolyte.  
Since there always will be some distance between the reference electrode and the working elec-
trode, ohmic losses will result in a measured potential value that differs from the actual poten-
tial value at the working electrode. To avoid errors due to ohmic losses, it is important to place 
the two electrodes as close as possible.  However, it is often essential to correct for the ohmic 
losses by other methods also. 
 
A commonly used method is electrical impedance spectroscopy (EIS), where the ohmic re-
sistance between the reference and working electrodes is measured before the experiment. In 
EIS, the electrochemical impedance is measured by applying a small AC voltage excitation to 
the system, and the current response is measured to determine the impedance through the cell. 
EIS is a powerful tool to identify the sources of losses in the system. 
 
In this thesis (Publications I and II) the EIS was utilized to measure the Ru, which affects the 
shape of polarization curves, especially in the electrolyte solution with high resistance. Using 
the Ru value obtained from EIS can also be applied after the polarisation curve is obtained. For 
the Tafel analysis in the high resistance solutions, the iRu compensation in the voltammogram 
is required; otherwise, the analysis might result in the wrong data interpretation. The uncom-
pensated Ru was determined by equating Ru to the minimum total impedance in a non-Faradaic 
region measured between 10 Hz and 100 kHz, where the capacitive and inductive impedances 
are negligible, and the phase angle was near zero. 
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5. Synthesis and characterization of the novel 
electrocatalysts: results and discussion 

 

5.1 Straightforward synthesis of nitrogen-doped carbon nanotubes as highly 
active bifunctional electrocatalysts for full water splitting 

As discussed in Chapter 1, carbonaceous doped materials can be used either as metal-free elec-

trocatalysts[63,64] or as catalyst supports[65] for active metal NPs to get the advantage of syner-

gistic catalytic activity. The chemical and electronic properties of these doped materials can 

significantly alter their electrochemical performance because of the induced changes in the 

local charge density and asymmetry spin density of the carbon lattice.[18,55,61,203–206] N-CNTs can 

be produced by “in-situ” or “post-treatment” doping methods. In-situ doping methods incor-

porate nitrogen atoms into the carbon network simultaneously as CNTs grow. Chemical vapour 

deposition (CVD) is a well-known method requiring the aid of a metal catalyst (Fe, Co, Ni com-

pounds), and compatible with different types of carbon precursors and nitrogen-containing 

reagents. Nitrogen precursors can be supplied as gas mixtures such as CO/NH3 [207], liquid or-

ganic precursors like pyridine [208], acetonitrile [209] or nitrogen-containing polymers [210]. 

Any metal residues can also disturb the characterization and lead to misidentification of the 

effect of nitrogen catalytic sites. Moreover, any acid leaching to remove metal residues can 

easily damage the nitrogen functionalities due to their relatively high reactivity. In this regard, 

some researchers synthesized N-CNTs by detonation-assisted CVD using melamine without 

any metal catalysts [211]. However, the resulted bamboo-like N-CNTs did not show good cata-

lytic activity, despite very high nitrogen content (~20 at.%). High catalytic activity in hetero-

geneous reactions is expected to come from the accessibility and exposure of active sites to the 

reactant molecules. In in-situ doping methods, usually N atoms are incorporated inside the 

inner CNT walls, so they are not accessible for reactant molecules. In some cases, nitrogen gas 

is trapped in the inner compartments which hinder the conductivity of N-CNT and not render-

ing any catalytic activity. In this regard, an efficient N-CNT should be obtained by incorporat-

ing accessible N-atoms at the surface while preserving the inner CNT structure for an efficient 

electron transfer and conductivity. N-doped CNTs have also been prepared by various post-
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treatment methods [212,213]. However, the post-synthesis treatments [214] normally require high 

temperature (800−1200 °C) and toxic N precursors which limit their practical application. 

Among nitrogen precursors used for post-treatment doping, PANI has received considerable 

attention. It is a conducting polymer with low price, good processability, stable and controlla-

ble conductivity over a wide potential range [95,96]. Its electrical conductivity is strongly influ-

enced by the synthetic method and conditions. Moreover, PANI can strongly interact with CNT 

walls due to the π-π conjugation of quinoid rings of PANI and the benzenoid rings of CNTs [215]. 

In this thesis, we used emeraldine salt (ES) form with conductivity close to the value of com-

mon semiconductors (conductivity 10-4 to 102 S cm-1) which exceeds the value of common pol-

ymers (conductivity < 10-12 S cm-1) [92]. Also, we used few walled carbon nanotubes (FWNTs) 

as starting carbon material for the post-treatment doping method, which is rarely reported in 

the literature. Nitrogen doping of SWCNTs (with only a single carbon layer), dramatically de-

creases the conductivity, and in turn impacts the catalytic activity. On the other hand, 

MWCNTs with large diameter contains a lot of inactive inner layers which are not contributing 

to the reaction. Using FWCNTs with intermediate conductivity and structural perfection (be-

tween SWNCTs and MWCNTs) minimizes the volume and mass of inactive parts, meaning that 

higher heterocatalytic activity per mass of catalyst can be obtained. In addition, through in-

situ growth of PANI on the sidewall of the CNT there is no control on the interaction between 

nitrogen precursor and the tubes, hence using the salt form of PANI containing positively 

charged nitrogen moieties through wet chemistry provide an opportunity to control the mor-

phology and nitrogen configuration on the final product as it is shown in Publication I. More-

over, in Publication II we have shown that such materials (CNT-ES) can be considered as 

promising catalyst support for magnetic nanoparticles and such properties we cannot achieve 

with conventional N-doped CNTs. In general, it is difficult to control the type and amount of 

different N dopants without affecting by the synthesis condition on the CNT properties (degree 

of graphitization, for example). Hence, the importance of our work is in using the same heat-

treatment procedure which really enables us to achieve electrochemical information on the 

effect of the different N sites on the electrochemical activity. 

5.1.1 Synthesize of carbon nanotube/emeraldine salt hybrid material via electrostatic adsorp-
tion in aqueous colloids (MWNT/ES) 

In a typical experiment for making ex-situ N.MWNTs in Publication I, a fresh sample of 
MWNTs (40.0 mg) and 100 mg of ES (Figure 22) were separately dispersed in 100 mL of 2.5 
mM aqueous HCl solution (pH 2.6) and sonicated for 30 min. Because the size of commercially 
prepared ES is on the nanoscale, a stable colloid can be formed through electrostatic repulsion 
of the ES backbone by dispersion in an acidic aqueous solution. Kaner et al.,[216] reported that 
the stability of the ES colloid is strongly dependent on the pH value and pH of 2.6 is the most 
optimal. In our experiments, to eliminate the influence of changing the pH value, the pH of 
both the MWNT and ES aqueous colloids were similar (~ 2.6). Then, four separate aliquots 
mixture of  MWNTs colloids and ES were sonicated in an ultrasonic bath for 5, 10, 20 and 30 
hours. By centrifugation (10 min, 4000 rpm) and drying in a vacuum oven at 40 °C, MWNT/ES 
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hybrid materials with different sonication times were obtained. The products were later de-
noted as 5-N.MWNT, 10-N.MWNT, 20-N.MWNT, 30-N.MWNT. It is worth mentioning that 
different sonication times were utilized to control the type of nitrogen moieties and conse-
quently, the OER and HER activity of N.MWNTs. However, later in section 4.3, the XPS char-
acterization method reveals the effect of the sonication time on the type of different nitrogen 
configurations. Following by electrochemical characterizations (section 4.7), it has been shown 
in Publication I that 20-N.MWNT is the most active metal-free electrocatalyst toward both 
OER and HER. 

 

Figure 22. The chemical structure of Emeraldine salt (Publication I). 

 

5.1.2 Post-synthesis nitrogen functionalized MWNT (N.MWNT) 

As prepared MWNT/ES powders (5-MWNT/ES, 10-MWNT/ES, 20-MWNT/ES, 30-
MWNT/ES) were later pyrolyzed at 800oC for 1 h under N2 flow. The final products denoted as 
5-N.MWNT, 10-N.MWNT, 20-N.MWNT, 30-N.MWNT. The synthesize The synthesis method 
of N.MWNT is illustrated in Figure 23. 

 

Figure 23. Schematic illustration of the synthesis procedure of the NMWNT materials. Steps: (a) dispersing em-
eraldine salt and MWNTs in 0.0025 M HCl; (b) preparing MWNT/ES with electrostatic interaction; and (c) pyro-
lyzing MWNT/ES to form NMWNT (Publication I). 
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5.1.3 Characterization of N-MWNT electrocatalyst 

TEM observations of the N.MWNT material show a thin layer of residue polymer wrapped on 
the surface of the MWNT in 20-MWNT/ES sample before and after pyrolysis (Figure 24a and 
25b, respectively). Moreover, as shown in Figure 24 the graphite structure of the MWNTs still 
exhibits a relatively high degree of crystallinity indicating that the sonication and pyrolysis 
processes do not significantly affect the quality of the nanotubes (see also Figure S1 in the Pub-
lication I).  

 

Figure 24. HRTEM images of (a) before pyrolysis (20-MWNT/ES), (b) after pyrolysis 20-N.MWNT, and (c) Ra-
man spectra for pristine MWNT (red line) and 20-NMWNT (black line). (Publication I).  

 

Raman spectra for 20-N.MWNT (Figure 24c) shows that the ID/IG ratio is increased from ~ 
1.35 for the pristine MWNT to ~ 1.7 for the 20-N.MWNT materials. This change is attributed 
to the incorporation of N atoms in the carbon lattice of MWNT which causes more defects on 
the surface of the MWNTs. [217]  

Furthermore, the functionalization of MWNTs with ES induces a down-shift of MWNT from 
1603 to 1598 cm–1 (Figure 24c) in the G band. The change in the electronic structure of 
N.MWNT, relative to the MWNT, may be associated directly to the amount and type of incor-
porated nitrogen.[218] Here, the down-shift of the G-band may imply an enhanced electron 
transfer between valance and conduction bands, which is in accordance with the earlier re-
ported results.[219,220]  

 
The 20-N.MWNT has been characterized in detail by XPS ( Publication I). Figure 25 shows 
the XPS N1s spectra of the materials with different nitrogen configurations in pristine ES, 20, 
10 and 5-N.MWNT materials before and after pyrolysis. Table 2 shows the atomic concentra-
tions of the different nitrogen functionalities derived from the peak deconvolution of the nitro-
gen region of XPS. From the N1s spectra and Table 2, the formation of graphitic and pyridinic 
nitrogen as dominant nitrogen configuration can be characterized after pyrolysis. The pyridinic 
N content is significantly increased from ~0.7 at% in the 5-N.MWNT to ~1.3 at% in the 20-
N.MWNT. The presence of the pyridinic-N is observed at 398.9 eV in N1s spectra (Figure 25b).  
 
Depending on the N dopant configurations, electron transfer mechanism in N-doped carbon 
nanomaterials can be either p- or n-type[18,67,221–224]. Pyridinic N can accept electrons (p-type 
doping) from adjacent C atoms, facilitating the adsorption of water oxidation intermediates 
(OH−, OOH−) as the RDS for OER in alkaline solution.[223,225] On the other hand, n-type doping 
has been found for quaternary/pyrrolic N.[226]  
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Therefore, the pyridinic nitrogen sites in the N.MWNTs catalyst are the active sites for OER 
and HER, consistent with the recent studies.[18,223] Besides, the further characterization in the 
Publication I reveals that longer sonication time also results in less amount of the nitrogen 
in the MWNT/ES. (from 1.2 % in 5-N.MWNT to 0.5 % 20-N.MWNT). This shows that the 
amount of ES on MWNT is decreased with the increasing sonication time so that only the ES 
with a strong interaction with MWNT remains on the nanotube surface and the excess and 
non-reactive polymers are removed after centrifugation.  
 
These results show the longer sonication time for 20-MWNT/ES induces intimate contact be-
tween ES and MWNT, leading to better integration of the nitrogen moieties into the surface of 
the MWNT. In addition, long-time sonication can open MWNTs bundles helping the polymer 
to have better access to the surface of the MWNTs and provides more active nitrogen sites 
toward both OER and HER. 
 

 

Figure 25. High-resolution N 1s XPS spectra for 20-NMWNT, 10-NMWNT and 5-NMWNT materials (a) before 
pyrolysis and (b) after pyrolysis and at 800°C (Publication I). 

 

Table 2. The relative ratio of pyridinic, benzoid amine, graphitic, oxidized amine, and protonized imine nitrogen 
to the whole nitrogen content for the emeraldine salt, 5-MWNT/ES,  20-MWNT/ES, 5-NMWNT, 10-NMWNT, and 
20-NMWNT materials. 
 
 

 
catalyst 

Pyridinic 
nitrogen 

=N- 
~398.4 

eV 

Benzoin    
amine 

or -NH- 
~399.4 

eV 

Graphitic 
nitrogen 

 
~400.7 

eV 

Oxidized 
amine 

N+ 
~401.2 

eV 

Protonized imine 
N+ 

~402.6 
eV 

Emeraldine salt - 55 % - 37 % 8 % 
5-MWNT/ES - 60 % - 33 % 7 % 
20-MWNT/ES - 68 % - 25 % 7 % 
5-NMWNT 27 % - 55 % - 18 % 
10-NMWNT 31 %  54 %  15 % 
20-NMWNT 45 % - 45 % - 10 % 
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5.2 Ni@γ-Fe2O3 core-shell nanoparticles supported on MWNTs functionalized 
with emeraldine salt (Ni@γ-Fe2O3/ES-MWNT) as a bifunctional electrocat-
alyst for full water splitting 

 

As was discussed in the previous Chapter 1 among the carbon nanomaterials, MWNTs are ex-
cellent supports which can also be utilized as the conductive support even after covalent func-
tionalization. This special property of the MWNTs motivated us in Publication II to improve 
the electrocatalytic activity of magnetic core-shell NPs (Ni@γ-Fe2O3 NPs made by PLAL) by 
immobilization onto the sidewalls of nitrogen functionalized MWNTs. To make such catalysts, 
we firstly functionalized MWNTs covalently with ES with the same procedure as in Publica-
tion I to obtain ES/MWNT composite. 

Because of the positively charged nitrogen presence in the ES and later in the composite 
(ES/MWNT), adding NPs to the composite leading to a strong interaction between the mag-
netic NPs (NiFe@γ-Fe2O3) shell and nitrogen sites in the ES. Consequently, nitrogen-rich ES 
wraps around the NPs which modifies the catalyst surface and creates a highly durable catalyst.  

 

5.2.1 Synthesize of Ni@ƴ-Fe2O3 core-shell nanoparticles via PLAL 

 
All NPs in this thesis have been synthesized via the facile one-pot sequential synthetic method 
using pulsed laser ablation (PLAL) from alloy targets in acetone as explained in the synthesis 
process section in Publication II, III and IV supporting information. PLAL which is a well-
known technique in the field of electrocatalysts [227–229] has been selected to use in the present 
thesis as it is one of the most simple and tunable methods for the synthesis of NPs.[19,134,136,230,231] 
The preparation of NPs followed previous reports.[232] Briefly, NiFe NPs were synthesized by 
ultrashort-pulsed laser ablation in liquids as a facile technique for the synthesis of NPs de-
scribed in detail elsewhere. [232] For this process an Nd: YAG laser (Ekspla, Atlantic) with a 
fundamental wavelength of 1064 nm, a pulse duration of 10 ps and a repetition rate of 100 kHz 
were used. A scanner (SCANcube10, Scanlab) moved the laser beam in a spiral pattern, and it 
was focused on the target with an f-theta lens (focal lens of 100 mm). The actual pulse energy 
applied, after the scanner and all optics, was 95 µJ.  

To synthesize NPs in Publication II, a NiFe (50%-50%, Sekels) or Fe (for the synthesis of Fe 
NPs) foil (Aldrich Chemicals) was placed in a self-constructed stirred 100 mL aluminium batch 
chamber. The chamber was filled with acetone (analytical reagent grade, Fisher Chemical), and 
the ablation was carried out for 20 minutes. PLAL produces a  plasma plume with high tem-
perature and pressure which contains highly ionized and excited species from both the target 
and the solvent. The liquid environment exposed to the plasma plume during the generation 
of NPs has been reported to have a significant influence on the structure of the final prod-
ucts.[134] This aspect has been exploited earlier to prepare different M@MOx NPs.[19,131,231,233,234]  
 
In the further synthesis step, the Ni@γ-Fe2O3 NPs are decorated on the ES-MWNT simply by 
mixing them on the magnetic stirrer for 30 min and sonicated for 15 min to obtain a homoge-
neously dispersed ink (Figure 26). In this step, the interaction between ES and the NPs induces 
the formation of another core-shell structure, comprising of polymer shell and NP core deco-
rated on the conductive MWNTs, via self-assembly.   
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Figure 26. The schematic illustration for the synthesize of Ni@γ-Fe2O3 NPs and Ni@γ-Fe2O3/ES-MWNT hybrid 
materials. Two steps along the direction of arrows (from left to right) illustrate the corresponding sequent synthesis 
stages (Publication II). 

 

5.2.2 Characterization of Ni@ƴ-Fe2O3 /ES-MWNT core-shell nanoparticles 

HRTEM observations of the Ni@γ-Fe2O3 NPs (Figure 27a) and EDS mapping (Figure 27b) in-
dicate Ni@γ-Fe2O3 with a clear core-shell structure containing Ni-rich core and Fe-rich shell. 
A thin layer of polymer surrounding Ni@γ-Fe2O3 NPs are also observed in HRTEM images 
(Figure 27d).  

 

Figure 27. (a)  The HRTEM image of the Ni@γ-Fe2O3 core-shell NPs and (b) the corresponding EDS elemental 
mapping overlay where Fe and Ni are shown by red and green colours, respectively. (c)  The HRTEM image of 
crystalline γ-Fe2O3-shell (d) A HRTEM image of the Ni@γ-Fe2O3 NPs decorated on ES functionalized MWNTs 
(Ni@γ-Fe2O3/ES-MWNT) (Publication II). 

 

It is worth noting, detailed microscopic characterizations in Publication II (Figure S2 and 
Figure S3) reveal that the amount of dispersed Ni@γ-Fe2O3 NPs on MWNTs (without ES) is 
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significantly decreased in the absence of ES. Whereas, in the presence of only ES, a thick layer 
of the ES covers the NPs (Ni@γ-Fe2O3/ES). The formation of a thick polymer layer around the 
NPs hinders mass transfer to the NPs, resulting in much lower catalytic activity. These show 
the crucial role of the importance of the optimum ratio between polymer and MWNTs to design 
efficient catalyst support.  

Moreover, it has been reported that the presence of the N sites on the carbon support can im-
mobilize active metallic centers to form metal−nitrogen−carbon (M−N−C) species and facili-
tate the electrocatalytic process.[235,236]  In Publication II we show that nitrogen in the ES 
tends to interact with magnetic shell and wrap around the NPs. Figure 27f shows the EDS over-
lay of Fe, Ni, and Ni, indicating nitrogen around the NPs. 

Raman spectrum at the low-frequency region (Figure 28) for Ni@γ-Fe2O3/ES-MWNT displays 
the appearance of new features including a most strong peak in this region at ~690 cm-1 and 
two weaker peaks at ~572 and ~461 cm-1. The strongest peak at ~690 cm-1 is attributed to γ-
Fe2O3 since only this phase of iron oxide shows its most pronounce Raman peak at this position 
[237,238], and for the small-sized maghemite, this is almost the only observable Raman band.[238] 
Moreover, Raman spectra of the samples at the high-frequency region (Figure 28) display three 
major modes of D-band, G-band and  G´ of CNTs at around 1200 cm-1, 1600 cm-1 and ~2500–
2800 cm-1, respectively.  

As shown in Figure 28, decorating the Ni@γ-Fe2O3 NPs on ES-MWNT causes redshifts of 7 cm-

1  and 8 cm-1 in G and G´ bands, respectively, indicating that the Ni@γ-Fe2O3 NPs act as electron 
donor (n-type doping) dopants for the ES-MWNT support.  

 

Figure 28. Raman spectra obtained from the ES-MWNT (black line) and Ni@γ-Fe2O3/ES-MWNT (red line) ma-
terials. (Publication II) 

 

To show the intimate interaction between Ni@γ-Fe2O3  and nitrogen sites in ES-MWNT the 
Ni@γ-Fe2O3/ES-MWNT at different stages of sample preparation and after electrochemical 
measurements, XPS was used to compared ES-MWNT composite and pristine ES (more infor-
mation in Publication II). The most informative XPS data was obtained from the XPS N1s 
spectra of the materials (Figure 29c). The N 1s spectrum in Figure 29c consists of different 
nitrogen species: imine (=N–) at 398.5 eV, amine (–NH–) at 399.5 eV, protonated amine (–
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NH2
+) at 401.1 eV, protonated imine (=NH+) at 402.2 eV and one broader peak representing 

different nitrogen oxides (N-oxide) at 404–406 eV.[239]  

Within the ES sample, no imine bonds were found as would be expected to indicate their full 
protonation. For ES-MWNT slightly less protonated species, 38% in ES compared to 27% in 
ES-MWNT, are observed. After the incorporation of the Ni@γ-Fe2O3 NPs, the percentage of 
protonated species increases to 34% together with a clear increase in the amount of protonated 
imine bonds. These, results further indicate the intimate interaction between NPs and ES-
MWNT support. 

 

Figure 29. Photoelectron spectra of (a) Fe 2p, (b) Ni 2p, and N 1s obtained from (c)  Ni@γ-Fe2O3/ES-MWNT and 
ES-MWNT (d) Emeraldine salt and ES-MWNT. Deconvoluted components are shown: amine (green line), proto-
nated amine (purple line), protonated imine (yellow line) and N-oxide (light blue line). 

 

5.3 Core-shell nanoparticles with tuneable structures by PLAL method 

As was discussed in Chapter 1, transition metals and their alloys encapsulated in carbon-based 
materials have been attracted attention in recent years because of the versatile capability in 
different application such as electrocatalysts.[35,70–72]   

 

5.3.1 NiFe@UTG NPs synthesis procedure 

 
NiFe@UTG was synthesized with PLAL through the same procedure in section 5.2.1. We fol-
lowed subsequent steps to achieve a systematic and reproducible synthesize method for mak-
ing metal@UTG in Publication III.  
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Initially, different NPs including Ni, Ni36Fe64, Ni50Fe50, Ni80Fe20 and Fe were synthesized in 
“acetone” with “pico-second laser” (Figure 30) to elucidate the role of metal-core to produce 
metal encapsulated in a thin layer of graphene. Among all five samples, only Ni80Fe20 showed 
a uniform metal encapsulated in ultra-thin graphed layer (Figure 31), which is denoted as 
NiFe@UTG in Publication III and the present thesis. In further investigations in, to show 
the role of solvent in terms of carbon and oxygen content, also the laser parameters other NPs 
were synthesized. NPs were synthesized with the same ratio as NiFe@UTG (Ni80Fe20) but in 
different solvents, including ethanol, toluene, and water (Publication III Figure 2). In addi-
tion to NPs mentioned above, other NPs were synthesized in acetone with nanosecond laser 
(ns-pulses). The pulse duration has an influence on the electron cooling time on the target.[19] 
The slower cooling rate of ns-pulses results in the formation of a thicker graphite shell due to 
longer exposure to high temperatures enabling decomposition of the solvent (Publication 
III, Figure 2). Publication III includes useful information related to synthesizing procedure 
and chemistry behind producing metal encapsulated in the most efficient carbon shell in terms 
of both activity and durability through a facile and reproducible method. 

 

Figure 30. Synthesize procedure of NiFe@UTG NPs (Publication III).  

 

5.3.2 Characterization of NiFe@UTG 

HRTEM images of NiFe@UTG (Figure 31) show that all NPs are completely encapsulated by 
an ultra-thin graphene shell; roughly >90% NPs are encapsulated in a graphene layer consist-
ing 1-2 layers (Figure 31c). Also, a comparison in HRTEM images for NPs produced with ns-
laser and in other solvents also show pronounce structural difference (Publication III Figure 
2). Detailed investigation and discussion have been carried out in Publication III.  
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Figure 31. (a)  HRTEM images of NiFe@UTG, showing the graphene shell and encapsulated metal NPs with dif-
ferent sizes. The inset indicates the full encapsulation of an individual NPs (arrows demonstrate the graphene layer).  
(b) EDX maps for NiFe@UTG for Ni (blue), Fe (brown) and pink colour is from overlying Ni and Fe. (c) Statistical 
analysis of the number of layers in the graphene shells encapsulating the metal NPs in NiFe@UTG. XPS spectrum 
of NiFe@UTG. (d) High-resolution Fe 2p spectrum. (e) Ni 2p spectrum (Publication III). 

 

XPS analysis of the NiFe@UTG material (Figure 31d and e) confirmed that almost all the NiFe 
alloy NPs were completely covered by the carbon cage since clear peaks at 707 eV and 853 eV 
related to metallic Fe and Ni are observed.  

It is worth mentioning, the interaction of NiFe clusters with an oxidizing medium, and the 
extreme conditions in the PLAL-induced plasma (such as drastically increasing of temperature 
to a high level, high-pressure) results in the formation of mixed metal oxide and metallic NPs. 
Thus the presence of FeOx species (Figure 31d) can be related to the interaction of the iron 
atoms with reactive oxygen species which can be formed in the plasma during laser ablation, 
and this reactive species can oxidize the particles.[229] Reactive oxygen in the synthesizing con-
dition of NiFe@UTG NPs can be originated from bonded oxygen or H2O impurities in the sol-
vent or the dissolved atmospheric oxygen in the liquid.  

As was mentioned before, to further elucidate the role of metal-core in producing ultra-thin 
carbon-shell in PLAL method, the best solvent (acetone) and the best laser (pico-second laser) 
were chosen to produce NPs with different metal compositions including Fe, Ni, Ni34Fe64 and 
Ni50Fe50.  Figure 32 indicates that NPs structure significantly differs along changing Ni content. 
Fe-rich NPs show metal@FeOx structure while Ni-rich samples show NPs surrounded by a 
thick layer of carbon. Preferential oxidation of Fe in NiFe is described in literature both for 
bulk and NiFe NPs [240,241]. Also, a Fe segregation at the surface of the Fe rich NiFe alloys is 
expected.[242] Hence, to find the origin of phase segregation in different NPs structure and the 
structure of our interest (NiFe@UTG) phase diagram calculations, XANES, XRD and Raman 
characterization have been carried out and discussed in detail in Publication III and here in 
the thesis.  
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Figure 32. The HRTEM image of NPs synthesized from (a) Fe, (b) Ni, (c) Ni50Fe50 and (d) Ni34Fe64 with pico-
second laser in acetone. 

 

Based on previous observations, it is expected that Ni-carbide and Fe-carbide in the NPs play 
an important role in the formation of the graphene-shell around the NPs.[243,244] To elucidate 
the existence and the type of carbides in the samples, the phase composition of the samples 
was studied by GIXRD. This was carried out with structural models and simulations of possible 
compounds and the program FullProf.[245]  

The XRD patterns reveal the presence of multiple phases in all the samples changing along 
with the Ni-Fe ratio (Figure 33). The results show that the Ni sample is a mixture of a hexagonal 
(rhombohedric) phase of Ni3C (h-Ni3C), and a cubic phase. The same phase composition has 
been reported in a previous study[246], where the cubic portion is suggested to be an interme-
diate phase (c-Ni3C) in the formation of h-Ni3C. The remaining reflections match evidently to 
FexCy (mainly Fe7C3), and metal oxides (NiO and Fe3O4/-Fe2O3). Ni50Fe50 and Ni36Fe64 samples 
have very similar phase composition; thus, only the diffractogram of the former is included in 
Figure 33. The Fe sample can be seen to compose of FexCy and a Fe phase that has a small 
amount of dissolved carbon in the iron lattice. 

In summary, our analysis indicates that the presence of Ni3C plays a predominant role in the 
formation of graphite layers, as also suggested by other studies.[243,247] Moreover, comparison 
of the XRD results for all the samples reveals that despite the uncertainty of the intensity ratios, 
the amount of h-Ni3C appears to increase along increasing Ni content in the measurement se-
ries whereas the amount of FexCy goes to the opposite direction. (More detail in Publication 
III) 

Figure 33b shows that Raman spectra for all the NPs comprise the dominant Raman modes of 
the defect-induced D mode at 1300–1360 cm-1 and the graphitic mode (G mode) at around 
1600 cm-1. Here, the ID/IG is the intensity ratio of the D band to the G band. The peak intensity 
ratios of ID/IG are calculated to be 14.74, 1.63, 2.05, 0.96 and 0.72 for the Fe, Ni36Fe64, Ni50Fe50, 

Ni80Fe20 (NiFe@UTG) and Ni samples, respectively. These values of ID/IG show increase of the 
graphitic carbon share as a function of Ni ratio in the metal-core.  
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Figure 33. (a) Measured and simulated XRD patterns and (b) Raman spectra for Fe, Ni36Fe64, Ni50Fe50, Ni80Fe20 
(NiFe@UTG) and Ni. (Publication III) 

 

The Fe K-edge normalized XANES spectra for NPs comparing with standards are shown in 
Figure 34a showing that the absorption edges of the NPs (an indication of average oxidation 
state (AOS)) are located in between the reference Fe foil and that of the powder oxides stand-
ards (i.e., Fe2O3 and Fe3O4). On the other hand, the XANES derivative spectra in Figure 34b 
confirms the presence of not only metallic iron in the NPs but also other iron species such as 
Fe2+ and Fe3+, which further indicates the possible existence of Fe carbides[248].  
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Figure 34. Normalized XANES spectra at the Fe K-edge of the NPs in comparison to (a) the bulk oxide powder 
standards, Fe foil, and the Fe3C standard. The inset 1 and 2 correspond to an enlarged half-height of the absorption 
edge, and edge crest maxima regions, respectively. (b) Normalized first derivate XANES spectra of the NPs in com-
parison to the bulk oxide powder standards and the Fe3C standard obtained. The inset shows the normalized first 
derivative XANES spectra of different Fe species, i.e., Fe0 (Fe Foil), Fe 2+, Fe 3+ (Std. Fe2O3), and Fe 2+, Fe 3+ (Std. 
Fe3O4). (c) Normalized XANES spectra at the Ni K-edge of the NPs samples in comparison to Ni3C and Ni oxide 
standards. The insets 1 and 2 correspond to the half-height of the absorption edge and edge crest maxima regions, 
respectively. The Std. Ni3C (I), and the NiO standard were extracted from Ref. [185] The Std. Ni3C, was extracted from 
the Ref. [184] All other standards were obtained from the online XAFS Database.[183] (Publication III).  

 

Moreover, Figure 34b shows that along with increasing Ni content in the NPs, iron metallic 
component increases while a decrease in iron oxide component is observed. In the case of 
Ni80Fe20 (NiFe@UTG) NPs the highest metallic Fe contribution and the lowest Fe-oxide con-
tribution amongst the NiFe NPs is observed. In addition, upon more careful observation of the 
NPs’ spectra of the Ni K-edge normalized XANES spectra in Figure 34c, NPs can be divided 
into two groups that yield almost the same absorption features. The first group involves the Ni 
NPs and the Ni80Fe20 (NiFe@UTG) samples, whereas Ni36Fe64 NPs and the Ni50Fe50 NPs com-
prise the same feature as the second group. By analyzing and comparing the position and 
height of the peaks in the normalized first derivate spectra of the NPs can reveal the presence 
of Ni3C in the samples[249].  Likewise, our NPs have the greatest height magnitude peak close 
to 8343 eV, which serves as a possible indicator of the presence of Ni3C in the NPs. It can be 
concluded that once the NPs share a similar local structure, Ni-rich NPs contain more Ni3C. 
Hence they would show a bigger height difference between the two peak heights of the first 
derivative XANES spectrum (Figure 5, Publication III). 

 

Figure 35. Binary Phased diagram for (a) Fe-C system and (b) Ni-C system and (c) Ternary phase diagram for Ni-
Fe-C at the equilibrium temperature.  
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The Fe-C binary subsystem in Figure 35a shows the formation of Fe3C (red circle) which is 
stable from room temperature to the decomposition point (≈1150 °C) while dissolves some Ni 
and forms a continuous FCC_A1 solution phase (Figure 35b). Whereas the Ni-C binary subsys-
tem (Figure 35b) has a similar carbide (red circle) but it is only stable in a small temperature 
range in atmospheric pressure and is decomposed to diamond-like carbon, and metallic Ni also 
does not dissolve iron.[250] Binary phase diagrams indicate that the formation and stability of 
Fe3C and Ni3C at room temperature is a key parameter in the formation of graphene. Although, 
ternary phase diagram (Figure 35c) shows that NPs with a different ratio (Ni50Fe50, Ni80Fe20 

and Ni36Fe64) are in the same phase domains. The precise characterizations and discussion in 
Publication III show that the final structure of the NPs is created in the secondary phase, 
which in summary is as follow and in Figure 36:  

NPs structures are not stable when they reach the room temperature since the cooling rate is 
very quick in the PLAL synthesis method (less than a second). Based on Figure 35a, Fe3C is 
stable in room temperature. Hence, in pure Fe-rich NPs, it is assumed that Fe3C/Fe3C with 
some dissolved Ni is formed as the core. On the other hand, as the Fe is more reactive toward 
oxidation,[251] in Fe-rich NPs FeOx-shell is observed is later formed in the second phase (after 
NPs formation). In contrary, in Ni-rich samples in which more Ni3C is formed, in the cooling 
process Ni3C is decomposed to Ni and graphene and some dissolved Fe. Hence, in such condi-
tions in the NPs Fe oxidation and carbon solubility are competing for processes and the satu-
ration is not reached which leads to the formation of a Fe3C/Ni3C core and Fe oxide shell (for 
Fe, Ni36Fe64 and Ni50Fe50).  

 

Figure 36. The proposed thermodynamic mechanism of NiFe@UTG and metal@FexO core-shell nanoparticles 

formation. 
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5.4 Ultra-low Pt Utilization through Atomic-Scale Immobilization on the 
Metal@C Support with Remarkable Performance for Hydrogen Evolution 
Reaction in Acidic Media (Ptat/NiFe@UTG) with activity same as commercial 
Pt/C catalyst. 

As was discussed in Chapter 1, platinum-based catalysts currently have shown the most effi-
cient electrocatalytic activity for HER in the acidic media compare to transition metals. How-
ever, because of the high price and scarcity of Pt, we need to replace or reduce the amount of 
Pt used in electrocatalytic materials.[252] A promising strategy to reduce the use of Pt is the 
synthesis of atomic-scale catalysts. In Publication IV, we have developed a new and efficient 
strategy to immobilize only a very low amount of Pt atom on the “non-precious metal@C” cat-
alyst support and achieve the activity comparable to that of bulk Pt/C.  

 

5.4.1 Electrochemically immobilization of single-atom Pt on the surface of the NiFe@UTG 
(Ptat/NiFe@UTG) 

The atomic-scale immobilization of Pt (Ptat) on the NiFe@UTG sample (and other samples in 
Publication IV) was performed in 0.5 M H2SO4.  The facile and reproducible electroplating 
technique was done either by a three-electrode cell setup where Pt and NiFe@UTG were coun-
ter and working electrodes (CE and WE) respectively or by a two-electrode setup. In such a 
system, Pt and NiFe@UTG were positive and negative electrodes, respectively. In the three-
electrode setup, Pt electrodeposition was carried out through cycling the potential of 
NiFe@UTG-coated GC electrode between -0.55 V and 0.25 V vs RHE. The cathodic sweep of 
the NiFe@ULG WE induces an anodic sweep on the Pt CE. When the WE potential is decreased 
to -0.55 V, the CE potential is increased to ~ 2.2 V. The dissolution onset potential for Pt in 
sulfuric acid is ca. 1.1 V vs. RHE [253–258] and thus above this potential the Pt CE starts dissolving 
as Pt ions (Pt2+ or Pt4+) into the solution. Subsequently, the Pt ions are reduced on the 
NiFe@UTG WE. Likewise, in two-electrode setup, the Ptat is immobilized on the NiFe@UTG 
support by an external power source applying a voltage of 2.5 V between the NiFe@UTG and 
the Pt electrodes. The NiFe@UTG electrodes activated by the three-electrode setup and with 
only three potential cycles. Figure 37 shows the facile and quick Ptat immobilization method on 
the NiFe@UTG electrode.  
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Figure 37.  The synthesis procedure of (a) NiFe@UTG NPs and (b) Ptat/NiFe@UTG electrocatalyst. (Publication 
IV)  

5.4.2 Characterization of the Ptat/NiFe@UTG hybrid nanomaterials 

The XPS analysis of the Ptat/NiFe@UTG sample revealed the presence of 0.02 at % Pt, at the 
surface of the NiFe@UTG supports after the Pt immobilization (Table S1, Publication IV). 
This loading is notably lower in comparison to the Pt/C reference material. Therefore, these 
catalysts show the highest utilization of Pt atoms reported so far since Pt is here located at the 
outermost surface of the catalyst. Figure 38 shows the Pt 4f doublet spectrum in 
Ptat/NiFe@UTG sample, with a Pt 4f7/2 binding energy of 71.1 ± 0.1 eV, which corresponds well 
to metallic Pt. 

 

Figure 38. Pt 4f XPS spectra of Ptat/NiFe@UTG. 
 

 
The Ptat detected by XPS is significantly low, which is extremely difficult to be detected by even 
high-resolution microscopes. Field emission scanning electron microscopy and energy-disper-
sive X-ray spectrometry (FESEM/EDX) were utilized to detect the possibility of Pt atoms. 
However, in the case of immobilizing Pt single atoms on the NiFe@UTG support which have a 
significant amount of Ni and Fe metals make the detection of Pt single atoms more difficult 
from HAADF images. As it is seen in Figure 39, only one two-dimensional Pt (confirmed by 
EDS in Figure 39e) is observed on the Ptat/NiFe@UTG sample. These results show that ultra-
low amount of Pt atoms in Ptat/NiFe@UTG, are very scattered and the sample mostly contains 
individual Pt atoms, and we should be lucky to detect them in the presence of the Ni and Fe 
heavy metals. 
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Figure 39. STEM images of the purified Ptat/NiFe@UTG sample: (a) bright field and (b) corresponding HAADF 
images of a large area of the sample; (c) bright field and (d and e) corresponding HAADF images from an area 
containing a pseudo-atomic-scale Pt and (f) its corresponding EDS analysis. The HAADF images show the very 
scattered atomic dispersion of Pt atoms (probably mainly single atoms and rare pseudo-single-atoms Pt) on the 
NiFe@UTG support. 
 
 

We have also tried electrochemical characterization to demonstrate the presence of the Pt in-
dividual atoms. It has been reported that single-atom electrocatalysts are passivated by the 
adsorption of the possible impurities from the electrolyte solution in the constant measure-
ment, which is one way to detect atomic-scale catalysts.[259–261] Therefore, we have carried out 
chronoamperometry measurements shown in Figure 40. Typical behaviour for a single atom 
catalyst is observed in Figure 40 in which the surface of the Ptat/NiFe@UTG electrode is pas-
sivated by the adsorption of the possible impurities from the electrolyte solution (for example, 
alkali metal cations [259–261]) resulting in decreasing current density. However, sweeping the 
WE potential to more than 1.1 V vs RHE could completely remove the adsorbed impurities and 
restore the current density to the initial value. A similar technique has also been utilized in the 
literatures[260,262] to clean the surface of Pt and restore its activity sufficiently. 
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Figure 40. Chronoamperometric measurements of the Ptat/NiFe@UTG sample at constant potentials of - 0.03 V 
vs RHE. After every 10 min HER the electrode was kept at a potential of 1.1 V vs RHE to remove the species phy-
sisorbed from the electrolyte, resulting in a complete restoration of the catalyst. This shows that the reduction in 
the current under the chronoamperometric measurements is not induced by the irreversible structural reformation 
of the catalyst. (Publication IV)  
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6. Development of novel bifunctional 
nanomaterials for water electrolysis: results 
and discussion 

Introducing new electrocatalysts with a lower price while improving their activity is the key 
approach to design efficient electrocatalysts. One promising approach to develop such catalysts 
is to use highly active non-precious materials. Transition metal (TM)-based catalysts as earth-
abundant, and low-cost electrocatalysts are one of the best alternatives. However, metal-based 
catalysts that are currently widely used suffer from multiple competitive disadvantages, such 
as low selectivity, poor durability, and negative environmental impacts [68,263,264]. Recently, 
nanostructured carbon materials have emerged as low-cost, metal-free catalysts with good per-
formance for the electrochemical reactions such as HER and OER.[56,265–267] Although, above 
mentioned alternatives are versatile and widely investigated, there is another approach for re-
ducing the price of electrocatalysts while using precious and scarce materials such as Pt, is to 
reduce the loading of the noble metal by designing catalysts with an enhanced number of active 
surface atoms. Single-atom catalysis is highly desirable for application in renewable energy 
technologies [141,268–272] 
 
Noble metals and their oxides, such as Pt, Pd, and IrO2, are regarded as state-of-the-art cata-
lysts for the HER and OER. Substantial research efforts have focused on the development of 
electrocatalysts based on relatively inexpensive transition metals and their compounds, such 
as transition metal oxides, metal oxide-based hybrids for alkaline media and molybdenum sul-
fide for HER in acidic media [273] more of which are listed in Table 3. The electrochemical per-
formance of such non-precious catalysts has been improved significantly in the last decade so 
that considerable research has been devoted to designing non-precious catalysts with activity 
approaching that observed for platinum [273,274] 
 
In this thesis, we have introduced two types of new bifunctional electrocatalyst for water split-
ting in alkaline media, including metal-free N-functionalized CNTs and TM/CNT nanohybrid 
materials with improved stability and activity as a bifunctional electrocatalyst. Furthermore, 
we have addressed the two challenging questions for HER electrocatalysts in an acidic envi-
ronment, i.e. the use of non-precious electrocatalysts with high activity and stability and de-
signing single atom loading noble catalysts. Table 3 at the end of this chapter show the detailed 
comparison of the activity of our electrocatalysts in Publications I-IV to some of the most 
active electrocatalysts recently reported for OER and HER in both alkaline and acidic media.  

All hybrid nanomaterials in this thesis have shown interesting electrochemical properties (Ta-
ble 3), introducing them as promising electrocatalysts in both alkaline and acidic media. 
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6.1 Development of bifunctional catalyst materials for oxygen evolution and 
hydrogen evolution in alkaline media 

As was discussed in Chapter 1, designing bifunctional electrocatalysts that operate in the same 
electrolyte is one promising method to increase the efficiency of the Fuel cell and Electrolyzer.  

In the Publication I, we have introduced a new strategy to synthesize an efficient bifunctional 
electrocatalyst based on nitrogen-functionalized CNTs.  

 

6.1.1 Designing metal-free carbon-based nanomaterials as an active bifunctional electrocatalyst 
for full water splitting in alkaline media 

In the case of the heteroatom-doped (such as nitrogen) CNTs as the metal-free electrocatalysts, 
there are multiple factors, including the electronic structure of heteroatoms, the content, and 
distribution of dopants, and the structure of resulting materials, that can affect the final per-
formance of catalysts. Hence, an increase in the heteroatom/doping content may not always 
enhance carbon-based catalyst performance [68,267]. In fact, the type of heteroatom dopant is of 
vital importance in the catalytic enhancement for metal-free carbon catalysts. Even with the 
same doping elements and types, heteroatom-doped carbon catalyst performances vary with 
dopant locations. In particular, for nitrogen as a dopant in carbon catalyst which can exist in 
many different forms such as pyridine-like, pyrrole-like, graphitic nitrogen, and pyridine-N-
oxide.[275] The configuration of doped nitrogen depends on the chemical environment and can 
affect the electronic structure of neighbouring carbon atoms, leading to different catalytic 
properties. Besides, the hydrothermal or solvothermal products experienced post-heating an-
nealing are often used to optimize the catalytic activity due to the enhancement of their elec-
tronic conductivity for the catalysts and removal of extra impurities.[276] Therefore, the under-
standing of the effects of N-dopant chemical nature on electrocatalytic performance is of great 
importance.[68]  
 

6.1.2 Identification of catalytic sites for OER in N.MWNT materials to develop efficient metal-
free bifunctional electrocatalyst 

It is still controversial whether the pyridinic, graphitic or pyrrolic nitrogen is mainly responsi-
ble for the active sites for different electrochemical reactions such as OER and HER.[275] It has 
been shown that the mechanism of the OER on metal-free carbon catalysts is sensitive to the 
structure of the materials [277], and it has been anticipated that the armchair carbon near the 
nitrogen in graphene favours the OER.[225,278] For surface-oxidized multiwall CNTs [200], oxy-
gen-containing functional groups (C=O) on the outer layer change the electronic structure of 
the adjacent carbon atoms, facilitating the adsorption of OER intermediates and hence the 
OER process.[267] It has also been reported that pyridinic nitrogens serve as the active sites for 
OER. [223] 
 
The observed influences of the graphitic N and pyridinic N on OER can also be understood 
from the doping-induced charge redistribution. The quaternary N atoms in graphene could 
provide electrons to the p-conjugated system (n-type doping), leading to an increased nucleo-
phile strength for the adjacent carbon rings to enhance the O2 adsorption (because O2 has high 
densities of O lone pair electrons), and hence accelerating the oxygen reduction reaction 
(ORR).[279] A similar situation applies to the pyrrolic N atoms. As a result, carbon atoms near 
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the quaternary N and pyrrolic N are not energetically favourable for adsorption of water oxi-
dation intermediates (OH− and OOH−) in alkaline solution and are thereby unfavourable for 
OER.  
 
However, pyridinic N (an electron-withdrawing group with the lone pair electrons involved in 
the resonance to delocalize electrons to make the N atoms electron-deficient) can accept elec-
trons (p-type doping) from adjacent C atoms, facilitating the adsorption of water oxidation 
intermediates (OH−, OOH−) the RDS for OER in alkaline solution[13,280] . Besides, the p-type 
domains of graphene can accept electrons from the adsorbed OH− to the catalyst surface to 
further accelerate the intermediate step of OH− → OHads + e−. A similar effect on OER has been 
revealed for the electron-withdrawing ketonic C=O group[170]. Because the N-GRW sample con-
tains higher amounts of the pyridinic N and ketonic (C=O) group (1.45 and 0.55 at %) than 
those of the N-HGS (0.95 and 0.28 at %) and N-GS (1.34 and 0.52 at %), the N-GRW exhibited 
a higher OER activity than that of the N-HGS and N-GS. 
 
However, the vast challenge in the N-doped CNTs electrocatalysts is to find a synthesis process 
enabling control of the final nitrogen types for specific reactions. Despite tremendous efforts, 
great challenges still exist for developing metal-free electrocatalysts for full water. Hence, only 
a few successful materials have been achieved so far.[223,281] 

In the Publication I, we were able to show that pyridinic nitrogen has an essential role in 
enhancing the OER and HER catalytic activity of nitrogen functionalized CNTs (N.MWNT). As 
was discussed in section 5.1.3 different nitrogen configuration was achieved with different son-
ication time during material synthesis. Materials with 20-hours sonication time showed the 
best performance for both HER and OER, which has the highest amount of pyridine nitrogen 
(45 at%).  
 
Figure 41b indicates OER polarization curves for the 20-NMWNT material in 0.1 NaOH com-
pare to pristine MWNTs, commercial Pt/C and IrO2. The overpotentials required for OER cur-
rent density of 10 mA cm−2 (denoted as ŋOER10) is measured to be 360 mV in 0.1. This value is 
comparable to those of the recently reported highly active transition metal [44,57,58,167,282,283] and 
superior to the most active metal-free catalysts [18,163,170,223,281,284–288] for OER (for more com-
parison see Table 3). It is noteworthy that the performance of 20-N.MWNT is comparable to 
that of the most active metal-free catalysts reported very recently.[223]  

The RRDE measurements (Figure 3, Publication I) revealed that the measured anodic cur-
rent in the OER polarization curve of 20-N.MWNT stems from the oxygen evolution with the 
approximate Faradaic efficiency (ε) ˃ 90%. This indicates that the anodic current of the OER 
polarization curve of the 20-N.MWNT catalyst does not arise from the oxidative corrosion of 
the CNTs or residual polymers fora nitrogen source.  
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Figure 41.  (a) Schematic representing 20-NMWNT metal-free electrocatalyst. (b) The OER RDE and (c) The HER 
polarization curves obtained with 20-NMWNT, Pt/C (20 wt%), and pristine MWNT in 0.1 M NaOH solution. The 
polarization curves were measured at a scan rate of 5 mV s-1 and rotation of 1600 rpm (Publication I). 

 

The 20-N.MWNT electrocatalyst also shows a significant enhancement in HER activity in com-
parison to the pristine MWNT, comparable to that of the state-of-the-art Pt/C, especially at 
high currents (Figure 41c). For the NMWNT an overpotential of 340 mV is required to achieve 
10 mA cm-2 (ŋHER10) in 0.1 M NaOH which is comparable to that of transition/noble metal and 
metal-free HER catalysts.[289–291]   

To identify the active N configuration (graphitic, pyridinic or pyrrolic) for the OER and HER, 
the 5, 10 and 30-NMWNT samples, synthesized with shorter and longer sonication times, have 
also been compared with 20-NMWNT. Following by difference in nitrogen types in the samples 
(section 5.1.3), as shown increasing the sonication time from 5 to 20 h resulted in a significant 
improvement in both OER and HER performances (Figure 42). However, 20-NMWNT has the 
optimal activity for OER/HER since no significant improvement in the activity is observed for 
longer sonication time (30 h). 
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Figure 42. OER and HER performances of the different NMWNT catalysts. (a) The HER polarization curves with-
out iR correction and (b) the OER polarization curves of 20-NMWNT (black line), 30-NMWNT (blue line), 10-
NMWNT (pink line) and 5-NMWNT (green line). The polarization curves have been reported at a scan rate of 5 mV 
s-1 in 0.1 M NaOH. The best NMWNT catalyst (20-NMWNT) exhibited a current density of 10 mAcm-2 at lowest 
OER and HER overpotentials (Publication I) 
 
 

Moreover, 20-N.MWNT shows good stability for both HER and OER, which is one vital chal-
lenge for efficient catalysts the long-term stability during electrolysis. The stability issue for 
OER is even more pronounced as materials have to survive in the strongly oxidative environ-
ment of electrolyzers that can induce changes in the structure of the catalyst.[292] No significant 
degradation is observed electrochemical polarization curves for the 20-N.MWN after long-
term stability test for both HER and OER (Figure 7, Publication I). These results indicate 
that our facile synthesize method provides high interaction between the ES and MWNT, re-
sulting in better integration of nitrogen into the surface of the nanotubes, and consequently 
leading to highly active N-doped CNTs with excellent stability in alkaline media. 
 

6.2 Ni@γ-Fe2O3/ES-MWNT as an efficient bifunctional electrocatalyst for full 
water splitting in alkaline media 

It has been shown in many kinds of literature that the catalytic activity and durability of tran-
sition metal-based electrocatalysts can be significantly improved by modifying the catalyst 
structure and the electronic properties of the catalyst surface by catalyst/support struc-
tures.[120,121] CNTs possess many interesting properties such as high surface area, high thermal 
and chemical stability, excellent electrical conductivity, and special electronic that suggest 
them as a suitable support for electrocatalysts.[106] Furthermore, CNTs are highly stable in the 
harsh conditions of the water splitting in alkaline media, and hence, they are interesting cata-
lyst supports for both the OER and the HER.[112,113] Moreover, CNTs containing N-sites (n-
doped CNTs) provides as stronger immobilization of NPs because of a higher catalyst/support 
interaction leading to a significant charge transfer which can modify the catalytic activity of 
active sites.[293]  

 

In Publication II, the immobilization of magnetic core-shell NPs (Ni@γ-Fe2O3) on the nitro-
gen functionalized catalyst support (ES-MWNT) has been proposed as a promising technique 
to enhance the electrocatalytic activity and stability of magnetic NPs. In this work, we show 
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that ES has a crucial role in decorating Ni@γ-Fe2O3 on the ES-MWNT catalyst support to 
achieve highly active and stable electrocatalysts for both HER and OER in alkaline media. It 
has been shown previously[111] that γ-Fe2O3 decorated on the CNTs is active for OER in alkaline 
media; however, its activity is not comparable with Ni@γ-Fe2O3. These results show the ES-
MWNT is promising catalyst support for magnetic NPS. 

 

Figure 43. (a) Schematic representing Ni@γ-Fe2O3 NPs and the Ni@γ-Fe2O3/ES-MWNT materials.  IR-corrected 
(b) OER polarization curves and (c) HER polarization curves obtained with Ni@γ-Fe2O3/ES-MWNT and Ni@γ-
Fe2O3 NPs and their corresponding stability test in 0.1 M NaOH. The polarization curves were measured at a scan 
rate of 5 mV s-1 and a rotation speed of 1600 rpm.  
 
 

Figure 43a represents the schematic structure of the Ni@γ-Fe2O3/ES-MWNT catalyst de-
scribed in sections 5.2 and also the OER and HER polarization curves of Ni@γ-Fe2O3/ES-
MWNT and Ni@γ-Fe2O3. As it is shown in Figure 43b and 43c the both OER and HER activities 
of the Ni@γ-Fe2O3 NPs is significantly improved when they are immobilized on the ES-MWNT 
support. This improvement in the activity can be attributed to an increase in the conductivity 
as well as a change in the surface composition of the NPs when the polymer is wrapped around 
the NPs. The significant catalytic improvement of Ni@-Fe2O3 NPs in the presence of ES-
MWNT support, suggesting polyaniline (ES) functionalized CNT as promising support for the 
metal NPs to prepare highly active and stable electrocatalysts. 

The Tafel slope values of 45, 55, 95, 97 and 60 mV dec−1 are calculated for Ni@γ-Fe2O3/ES-
MWNT, Ni@γ-Fe2O3 NPs, pristine MWNT, ES-MWNT, and RuO2, respectively (Figure 5a, 
Publication II). The different Tafel slope values for the unsupported Ni@γ-Fe2O3 NPs and 
Ni@γ-Fe2O3 NPs/ES-MWNT is attributed to the change in the RDS of OER, as described in 
section 3.6. The Tafel slope of the Ni@γ-Fe2O3/ES-MWNT material is close to the 40 mV dec−1 
value which has been reported for oxidized Ni, Co and Fe in alkaline media.[294,295] For the ma-
ghemite nanorods[296] and NPs[111], a Tafel slope of 50-60 mV dec−1 has been reported in 0.1 M 
NaOH or KOH, which is close to the Tafel slope of Ni@γ-Fe2O3 NPs. 
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Furthermore, the Ni@γ-Fe2O3 NPs/ES-MWNT catalyst revealed significant durability espe-
cially toward OER tested by chronoamperometric measurements at a constant potential of 1.52 
V for 30 h in 0.1 M NaOH (Figure 6, Publication II) while RuO2 is notably degraded during 
the same stability test (Publication II). 

 

6.3 Metal@C and Metal@metal-oxide core-shell nanoparticles as an active elec-
trocatalyst for hydrogen evolution reaction in both acidic and alkaline me-
dia  

 As it was mentioned in Chapter 1, many types of research have been focused on the develop-
ment of low-cost and earth-abundant non-precious TM. Although great progress has been 
made to promote the catalytic activity of TM for HER, the utilization of TMs in acidic condi-
tions is restricted by their instability and dissolution for practical applications in acidic elec-
trolytes [297]. Recently, the carbon-encapsulated structure has become a hot spot in the field of 
electrocatalyst because of the unique effects on activity and stability. However, carbon shell 
can not only modify the Gibbs free energy of hydrogen adsorption for electrocatalysts but can 
also offer high conductivity and facilitates charge transfers between metal-core and reactants. 
In addition, carbon shell can effectively prevent direct contact between metal atoms and elec-
trolytes, further enhancing the corrosion resistance of electrocatalysts in acidic media36. Fea-
tures mentioned above can significantly enhance HER activity and stability of TMs for practical 
applications. Furthermore, theoretical studies have shown the existence of synergistic effects 
between the carbon shell and the metal core provides excellent HER activity[298,299]. 
 
Recent DFT calculations show that the multiple layers of carbon covering the iron particles 
hinder desired access of the reactants to the vicinity of the iron NPs and therefore the catalytic 
activity of the metal is significantly decreased.[71,75]  It can be attributed to the greatly enhanced 
electron penetration through the graphene layer to tune the electronic structure of the gra-
phene surface.[71] The conducted studies indicate the thinner the graphene shell, the more the 
electron transfer and the higher the catalytic activity[300]. However, if the carbon shell is thin 
enough, the reactants could diffuse through the shell and reach the metal surface.  
 
Hence, the enhanced catalytic activity of metal@C NPs is consistent with many recent 
reports.[72,298] The activity is primarily attributed to interfacial charge transfer from the metal 
core to the carbon shell that manipulates the electronic interactions between the catalyst sur-
face and reaction intermediates and varies with the structures and morphologies of the metal 
core (elemental composition, core size, etc.) and carbon shell (layer thickness, etc.).  
 
Recently, Fe encapsulated within graphitic carbon has shown promising activity toward HER 
in acid media.[298] However, the relation between the number of graphene layers and catalytic 
activity is not well established, and it is still challenging to optimize the carbon layers for cata-
lytic activities. For instance, the Bao group[36] carried out DFT calculations to study the effect 
of the number of CNT on the electrocatalytic activity of Fe@CNT. Their results show that dis-
sociative adsorption energies of oxygen increased almost linearly with the number of CNT lay-
ers increased from 1 to 3. In addition, the difference of the catalytic performance between CNT 
and Fe@CNT diminished with the increase of the carbon nanotube layers, and the difference 
almost vanished when the number of nanotube layer reached 3, indicating that the effect of the 
metal cores now became negligible and the catalysts behaved equivalently to metal-free carbon 
alone[56,264,301].  
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In another study with Cu@NC [302], DFT calculations showed that charge transfer occurred 
from the Cu cores to the single-layer NC shell, leading to manipulation of the adsorption energy 
of O2 on the NC shell. However, for a shell of 2 NC layers, the electronic interactions were 
mainly between the Cu core and the internal NC shell but not the external one. This finding 
contradicts the experimental results that have been reported recently. The reason is that in an 
experimental study, the prepared metal@C composites entail a range of carbon shell thick-
nesses; yet it is technically challenging to resolve a single carbon layer on metal NPs surface 
that makes dominant contributions to the electrocatalytic activity. 
 
To address the issues above, we have shown in Publication III that encapsulation of NiFe 
NPs in ultra-thin carbon layer (NiFe@UTG) with the tunable structure to achieve high catalytic 
activity is accomplished through systematic and controllable synthesize procedure via PLAL.  
In Figure 44, the HER activity of NiFe@UTG NPs synthesized as described in before, is com-
pared with NPs with the different metal ratio. The catalytic activity trends reveal interesting 
findings, which is as follow in both alkaline and acid: Ni<Ni34Fe64<Ni50Fe50<Fe<Ni80Fe20 

(NiFe@UTG). These results show that the structure of NPs has a crucial role in the final activity 
of the electrocatalysts and should be taken into account while designing and synthesizing effi-
cient electrocatalysts. 
 
The NiFe@UTG materials show the best catalytic activity toward HER with onset potential 110 
mV vs RHE and ŋHER,10=300 mV in acid and with onset potential 120 mV vs RHE and 
ŋHER,10=400 mV vs RHE in alkaline media. These values place this material among the best 
electrocatalysts which work in both alkaline and acid (Table 3). Also, HER activity comparison 
between core-shell NPs containing Fe-oxide shell reveal that Fe3C-core in Fe sample is a better 
core compare to Ni3C-core in the Ni50Fe50 to activate FeOx shell (Figure 44) toward HER in 
both media.  

 

Figure 44. Curves of Fe, Ni36Fe64, Ni50Fe50, Ni80Fe20 (NiFe@UTG) and Ni samples in (b) 0.5 M H2SO4 and (c) in 
0.1 M KOH. All measurements carried out at a scan rate of 10 mV s−1. 
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Figure 45a shows HER activity comparison between Ni80Fe20 NPs synthesized in different so-
lutions and with a different laser. These results reveal that the thickness of carbon shell and 
the size distribution of the particles also play an important role in the final HER activities. Also, 
Figure 45b shows that NiFe@UTG is stable in the harsh acidic media after 1000 HER cycles.  

 

Figure 45. HER polarization curves for (a) Ni80Fe20 NPs synthesized in different solutions and with a different 
laser. (b) NiFe@UTG after 1,000 HER cycles in 0.5 M H2SO4. 

 

6.4 Replacing bulk Pt with atomic-scale Pt catalysts for HER in acidic media 

As was mentioned before, noble metals (such as Pt, Pd, Ru, Rh, and Ir) have been widely used 
as electrocatalysts. However, the use of such precious metals has been limited by their high 
price and scarcity. One approach to address these issues is to notably reduce the loading of the 
noble metals by decreasing the size of the noble metal catalysts[268]. Reducing the size of the 
noble metal catalysts can significantly decrease the catalyst price[268]. Atomic-scale metal cat-
alysts have attracted widespread attention because of high-efficiency catalytic activity.[269,303–

306] Decreasing the size of catalysts can increase the specific surface area, which will greatly 
increase the active sites. Furthermore, decreasing the size of the metal particles to the atomic-
scale can also change the catalytic properties of the catalyst in terms of selective tuning of cat-
alyst activity [303,307]. As described above, decreasing the size of the noble metals is a beneficial 
method to overcome the barriers in commercial applications of such catalysts. However, be-
cause of the higher surface free energy in the smaller particles, they are more easily aggre-
gated.[269] Therefore, suitable support that properly interacts with atomic-scale structures of 
the metal catalyst should be utilized to immobilize the metal atoms sufficiently and prevent the 
aggregation of small clusters or individual atoms.[269] On the other hand, to further reduce the 
precious catalyst amount in the system, it is beneficial to employ suitable support, which is also 
active toward the desired reaction. Hence, the loading of the noble catalyst is reduced by order 
of magnitude. Finding such catalyst support and developing the methods to minimize the noble 
metal utilization up to a few atoms and maximize the efficiency of the supported noble metals 
have attracted increasing attention in recent years.[269,305,307] 
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Moreover, some reported atomic-scale Pt catalysts[304,306,308–310] suffer from the lack of Pt active 
sites on the surface and the poor electron conductivity of commonly used metal oxide supports. 
These issues hinder the application of such atomic Pt catalysts in electrochemical reactions. To 
address the issues above, we have developed a facile and practical method in Publication IV, 
to use TMs as catalyst support to couple with ultra-low atomic-scale Pt (0.02 at% Pt). As was 
described in section 5.4 very low amount of Pt atoms were immobilized on NiFe@UTG through 
electroplating which has shown the exactly the same electrocatalytic activity compare to that 
of commercial Pt/C for the HER in acidic media (Publication IV). It is worth mentioning that 
the amount of Pt atoms are extremely low which is very difficult to detect them with micro-
scopes (section 5.4.2). The HER activity of the Ptat/NiFe@UTG before and after activation 
compare to bulk Pt/C depicted in Figure 46. The HER activities of the Ptat/NiFe@UTG catalyst 
was significantly higher than those of the most active non-precious metal catalysts for the HER 
(the detailed comparison is in Table 4).  

 
 

Figure 46. (a) Schematic from DFT calculation representing H2 adsorption on the NiFe@UTG sample and the 
same fullerene-like a shell without metal-core. (b) HER polarization curves of Ptat/NiFe@UTG (black line), com-
mercial Pt/C (red line) and NiFe@UTG without single Pt in 0.5 M H2SO4 and (c) corresponding Tafel slopes. All 
measurements carried out at a scan rate of 10 mV s−1. 

 
A calculated Tafel slope of ~ 31 mV/dec for Ptat/NiFe@UTG, can reveal that the HER is cata-
lyzed via the Volmer-Tafel mechanism similar to that of the Pt/C electrode with a Tafel slope 
of 30 mV/dec (Figure 46c).  
 
In addition to all experimental results, DFT calculations (Publication IV) have revealed that 
both metal-core and Pt atoms activate the carbon cage and create a highly reactive site for the 
HER.  
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Table 3. Comparison of the OER activity in alkaline conditions for metal-free N.MWNT catalysts in Publication 
I and Ni@-Fe2O3/ES-MWNT hybrid materials in Publication II with several recently reported highly active 
transition-/noble-metal and non-metal electrocatalysts.    

Catalyst Electrolyte 

 

ŋonset 

(mV) 

ŋ @10 

mA cm-2 

(mV) 

 

Tafel slope 

(mV dec-1) 

Mass loading 

(mg cm-2) 

Substrate Ref. 

N-MWNT 0.1 M NaOH 310 

 

370 78 0.2 GC I 

Our 
work 

1 M NaOH 270 320 

Ni@-Fe2O3/ES-
MWNT 

0.1 M NaOH 250 290 45 0.2 GC II 

Our 
work 

1 M NaOH 200 260 

NiFeOx 

CoFeOx 

NiCoOx 

CoOx 

NiLaOx 

NiCuOx 

CoOx/CoPi 

NiOx 

NiCeOx 

1 M NaOH N.A. 360 
 
 
 
 
 
 
 
 

 

 

 

430 

N.A. N.A. GC [311] 

Ir/Ni Oxide 1M KOH   260 44 N.A. N.A.  

Cobalt-based borate 
ultrathin 
nanosheets/ 
graphene hybrid 

1 M KOH ~270 290 53 0.285 GC [312] 

Electrochemically 
activated 
hydrothermally 
treated oxidized 
MWNTs 

0.1 M KOH 300 450 72 0.2 GC [313] 
1 M KOH 360 41 

IrO2/CNT 0.1 M KOH 280 360 90 0.2 GC [163] 

N-doped 
Co3O4/reduced 
mildly oxidized 
graphene oxide 

0.1 M KOH ~300 ~370 N.A. 0.24 carbon fibre 
paper 

[314] 

1 M KOH ~270 310 67 1 Ni foam 

Nickel-intercalated 
birnessite 

1 M KOH ~290 400 60 0.28 GC [315] 
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NiD-PCC 1 M KOH 250 360 98 N.A. Carbon 
cloth 

[316] 

Ni6(PET)12 0.1 M KOH 314 ~430 69 N.A. GC  

Hierarchical Ni–Co 
oxide 

1 M NaOH 290 340 51 N.A. FTO [317] 

N doped 
Co9S8/graphene 

0.1 M KOH 280 409 82.7 0.2 GC [318] 

Ni–P nanoplate 1 M KOH 250 300 64 0.2 3D 
electrode 

 

[319] 

N and P co-doped 
porous carbon 

0.1 M KOH ~440 ~770 

 

N.A. 0.15 GC [64] 

Core-shell NiCo2O4 
nanowire 

1 M NaOH 290 320 63.1 N.A. Carbon 
cloth 

[320] 

LiCo0.8 Fe0.2 O2   0.1 M KOH 260 340 50 0.232 GC [321] 

α-Ni (OH)2 0.1 M KOH 310 330 42 0.2 GC [322] 

Electrodeposited Ni–
Co oxide (10 at% Co) 

1 M NaOH ~280 325 39 N.A. Au/Cr [323] 

 

Table 4. Comparison of electrocatalytic HER activity in acidic conditions for Ptat/NiFe@UTG and Pt/C in 
Publication IV with some of the most active non-precious HER catalysts reported recently.  

Catalyst η 

(mV) 
j0 

(mA cm-2) 
Tafel slope 
(mV/dec) 

j 
(mA cm-2) 

η  (mV) Ref. 

Ptat/NiFe@UTG ~0 1.2 31 10 10 IV 
Our work 100 110 

200 200 
20 wt% Pt/C (loading 0.2 
mg cm-2 on the GC) 

~0 1.22 30 10 8 IV  
Our work 100 90 

200 195 
[Mo3S13]2- clusters on 
graphitic paper 

100 ~2 × 10-4 40 10 ~180 [324] 
Exfoliated WS2 
nanosheets 

80 ~0.02 60 10 230 [325] 
Double- gyroid MoS2 150-200 6.9 × 10-4 50 2 190 [326] 

10 270 

Mo2C/CNT - 0.014 55 10 152 [327] 
Mo2C/CNT - graphene 62 0.062 58 10 130 [328] 
Nanoporous Mo2C 
nanowires 

70 - 53 10 ~156 [329] 
Core-shell MoO3-MoS2 

Nanowires 
150-200 ~5.6 × 10-5 50-60 10 ~250  [330] 

Exfoliated metallic MoS2 
nanosheets 

~130 - 43 10 187 [331] 
MoS2/ amorphous carbon 80 0.474 40 50 ~138 [332] 
MoO2@N-doped MoS2 156 - 47.5 10 ~217 [333] 
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MoP 50 0.0034 54 10 ~135 [334] 
Network of MoP 
nanoparticles 

40 0.086 54 2 84 [335] 
10 125 

Ni2P nanoparticles ~50 0.033 46 10 ~109 [336] 
FeCo@NCNTs ~70 - 74 10 ~275 [337] 
FeP-graphene sheets 30 0.12 50 10 123 [338] 
C3N4@NG ~110 3.5 × 10-4 51.5 10 ~240 [61] 
Nitrogen and phosphorus 
dual-doped graphene 

~200 2.4 × 10-4 91 10 ~420 [339] 
Nanoporous CoP 
nanowire arrays on 
carbon cloth 

38 0.288 51 10 67 [340] 

Co-NRCNTs 5 0.01 80 1 140 [341] 
10 260 

CoP/CNT 40 0.13 54 2 70 [342] 
10 122 

 

 

7. Conclusion 

 
 
 

The main aim of this thesis was to develop electrocatalytic active carbon-based nanomaterials 
for energy conversion and storage applications. This work gives insight into the synthesis and 
properties of some novel and efficient nanostructures and their application as electrocatalysts. 
The electrocatalytic activity of carbon-based electrodes combined with transition metals (TMs) 
was tested for different electrochemical processes, including water electrolysis in both alkaline 
and acidic media.  

In the first two works, we focused on the development of a bifunctional electrocatalyst to 
catalyze both the water electrolysis half-reactions (OER and HER) in the same electrolyte. The 
first part of this approach presented as metal-free electrocatalyst in Publication I. The next 
part, including TMs decorated on the carbon-based support, is presented in Publication II. 
These two works concentrated on the role of nitrogen functionalities in N-functionalized CNTs 
as the active sites and immobilization sites in the catalyst support, respectively. 

In Publication I, the main focus lied on the behaviour of nitrogen functionalities regarding 
the nitrogen content and their assignment based on the XPS. Interestingly, the electrocatalytic 
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activity of nitrogen-doped carbon nanostructure strongly depends on the type of nitrogen 
functionality. Configuration of the most electrocatalytic active nitrogen site for OER was 
investigated in the Publication I. To this we used a different approach compared to previous 
studies. Instead of trying to synthesize NCNTs with typical synthesis method, we used an ex-
situ method using a conductive polymer containing positively charged nitrogen moieties as the 
nitrogen source and transformed particular nitrogen functionalities to others by tuning the 
treatment condition. In this way, different “hidden” parameters, which may affect the catalytic 
activity was reduced, and the effects could be traced to the influence of only the nitrogen type. 
As synthesized N.MWNTs showed a promising activity toward both half-reactions in alkaline 
media.  

Then in Publication II, the first attempt to synthesize a hybrid novel structure based on 
nitrogen-functionalized CNTs and magnetic core-shell NPs (Ni@γ-Fe2O3) synthesized via 
PLAL is presented. Ni@γ-Fe2O3 core-shell NPs encapsulated in a thin layer of C-N decorated 
on the conductive CNT were synthesized and was studied in detailed before and after 
electrochemical measurements. We observed that a thin layer of C-N is formed around the 
Ni@γ-Fe2O3 NPs in the presence of the polymer-CNT composite. This phenomenon originates 
from the strong interaction of NPs with positively charged nitrogen moieties in the polymer in 
which the conductive polymer has a bridge-like role between the NPs and the CNTs as the 
support. The interaction between Ni@γ-Fe2O3 NPs and polymer-CNT composite as the support 
results in the highly efficient and durable electrocatalyst for full water splitting in alkaline 
media. We believe that this structure might be a good candidate for energy storage applications 
due to the appropriate catalyst support (polymer-CNTs) with the additional presence of TMs 
NPs. 

Then we moved on with the approach of developing non-precious TMs as an efficient 
electrocatalyst in the harsh acidic media in Publication III and Publication IV. Hence, 
through a systematic synthesis procedure via pulsed laser ablation in liquid (PLAL), we tried 
to design an efficient and stable TMs-based electrocatalyst encapsulated in an ultra-thin 
graphene layer (NiFe@UTG) with tuneable structure. The encapsulation of metal NPs in a thin 
graphene layer (metal@C core-shell NPs) provides a promising technique, by which the 
reactive TMs are protected from oxidation while the desired access of the reactants to the 
vicinity of the metal core is not prevented. Furthermore, the encapsulation shell in these 
metal@C NPs protects the TM NPs from dissolution into acidic electrolytes and prevents the 
agglomeration of neighbouring NPs during the electrochemical reactions. To achieve such 
unique properties in metal@C materials, we should carefully design their structures, including 
the carbon-shell structure and metal-core composition. The thickness of the carbon-shell plays 
a crucial role in the activity of such materials because it defines the accessibility of the reactant 
to the metal-core. In Publication III, we have done a comprehensive study to illustrate the 
origin of the carbon-shell formation in the metal@C materials synthesized via PLAL in order 
to achieve the optimum structure for the energy applications. As introduced in Publication 
III, for the first time, we have found out that meal-core has a vital role in the formation of the 
carbon shell in metal@C materials.      

Then we realized that the metal@C materials with the optimal structure prepared for 
Publication III (NiFe@UTG) could be used as promising catalyst support for immobilising 
single-atom Pt catalysts. In Publication IV, we have shown that NiFe@UTG materials can 
atomically disperse Pt on their surface through a novel and simple electroplating method (the 
Ptat/NiFe@UTG). Ptat/NiFe@UTG reveals similar HER activity to that of the bulk Pt. The 
NiFe@UTG materials are introduced as the most efficient catalyst supports for ultra-low Pt 
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utilization atoms with the Pt loading of ~ 0.02 at%. We further present with DFT calculations 
that the metal-core has a crucial role in achieving such activity because it provides efficient 
interaction to Pt atoms.  

With the knowledge we gained from every component of our material, we believe that the de-
veloped structure relying on carbon nanostructures combined with TMs can be a candidate for 
future energy conversion technology. Also, precisely controlled nanostructures is a beneficial 
approach in order to decrease dependency on scarce metals for energy-related applications.  
  
We are planning to develop our work by designing materials that can be used as both catalyst 
and catalyst support. Furthermore, our next step is to test the new catalyst reported in this 
thesis in the 2-electrode setup, which is closer to the real application. 
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a b s t r a c t

The success of intermittent renewable energy systems relies on the development of energy storage tech-
nologies. Particularly, active and stable water splitting electrocatalysts operating in the same electrolyte
are required to enhance the overall efficiency and reduce the costs. Here we report a precise and facile
synthesis method to control nitrogen active sites for producing nitrogen doped multi-walled carbon nan-
otube (NMWNT) with high activity toward both oxygen and hydrogen evolution reactions (OER and HER).
The NMWNT shows an extraordinary OER activity, superior to the most active non-metal based OER elec-
trocatalysts. For OER, the NMWNT requires overpotentials of only 320 and 360 mV to deliver current den-
sities of 10 and 50 mA cm�2 in 1.0 M NaOH, respectively. This metal-free electrocatalyst also exhibits a
proper performance toward HER with a moderate overpotential of 340 mV to achieve a current density
of 10 mA cm�2 in 0.1 M NaOH. This catalyst also shows high stability after long-time water oxidation
without notable changes in the structure of the material. It is revealed that the electron-withdrawing
pyridinic N moieties in the NMWNTs could serve as the active sites for OER and HER. Our findings open
up new avenues for the development of metal-free electrocatalysts for full water splitting.
� 2017 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fossil fuels are currently the dominating energy source and
form the basis of the world economy. However, in the future
energy supply based on clean and renewable energy will dominate
over the dependency on fossil fuels and this addresses challenges
for technology development [1,2]. Water electrolysis is a promising
method for storing intermittent electrical energy from renewable
resources, such as sun and wind, in the form of hydrogen fuel
[3]. Electrochemical water splitting in alkaline media includes
two half reactions: the hydrogen evolution reaction (HER, 4H2O
+ 4e� ? 4OH� + 2H2) and the oxygen evolution reaction (OER,
4OH� ? 2H2O + 4e� + O2). Currently, Ir or Ru-based compounds
have shown high activity toward OER in acidic and alkaline media
[4,5], and among the non-noble metal OER electrocatalysts, nickel
(Ni) based electrocatalysts have shown very promising perfor-
mance for OER in alkaline media [6–10]. For HER, Pt based materi-
als are known as the most efficient HER catalysts in both acidic and
alkaline media [4,11]. However, platinum group metals suffer from
high costs and scarcity resulting in difficulties in the long-term
availability. Hence, to ensure availability of catalysts innovative

breakthroughs are needed in order to develop affordable, sustain-
able and efficient catalytic materials for both HER and OER. In
order to reduce/replace noble metal based electrocatalysts, various
non-precious metal water-splitting catalysts have been developed
[12].

In recent years, clear progress has been made in the develop-
ment of efficient electrocatalysts with earth-abundant materials
for HER [13,14] and OER [3,4,15] in alkaline media. Substantial
research efforts have been put on developing versatile bifunctional
catalysts with satisfying activity toward both HER and OER,
enabling operation in the same electrolyte [8,16]. However, devel-
oping such active bifunctional electrocatalysts is challenging due
to the incompatibility of pH ranges in which catalysts are stable
and active. In this view, various efficient bifunctional catalysts
based on transition-metal based compounds of Ni [6,8,17–20], Co
[4,16,21] and doped heteroatoms [22–24] in alkaline media have
been proposed. However, the transition metal oxide materials suf-
fer from intrinsically low conductivity limiting their performance
at high current densities. To circumvent this issue, conductive
materials such as carbon nanomaterials, graphene and carbon nan-
otubes (CNTs) are usually used as catalyst supports for transition
metal oxide nanoparticles [25,26]. Such carbon supports are inac-
tive toward most of the electrochemical reactions. However, the
graphite or carbonaceous materials can be doped by heteroatoms
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such as nitrogen [24,27], boron [28] or phosphorous [22] to form
active metal-free electrocatalysts. Carbonaceous doped materials
can be used either as metal-free electrocatalysts [29,30] or as cat-
alyst supports [31] for active metal nanoparticles to get the advan-
tage of synergistic catalytic activity. The chemical and electronic
properties of these doped materials can significantly alter their
OER and HER performance because of the induced changes in the
local charge density and asymmetry spin density of the carbon lat-
tice [32]. Among the carbonaceous doped-materials, nitrogen
doped CNTs (NCNTs) have recently gained notable attention as
low-cost metal-free catalysts with excellent durability, unique
structure and earth-abundant element based catalytic active sites
[24,27,33–36]. Bin Yang et al. [37] have shown that pyridinic nitro-
gens serve as the active sites for OER. However, the vast challenge
in the NCNTs electrocatalysts is to find a synthesis process enabling
control of the final nitrogen types as well as the interaction of
nitrogen moieties with the CNTs. Despite tremendous efforts, great
challenges exist for developing metal-free electrocatalysts for full
water splitting exhibiting the above mentioned features. Hence,
only few successful materials have been achieved so far [38].

In this study, nitrogen doped multi-walled carbon nanotubes
(NMWNT) are synthesized by a simple, cost-effective and scalable
method. These NMWNTs exhibit superior electrocatalytic activity
as bifunctional metal-free catalysts toward both OER and HER with
excellent stability. Interestingly, the NMWNTs not only showmuch
higher catalytic performance compared to corresponding single-
heteroatom-doped counterparts but also show comparable, or
even higher, activity than the most active metal-based electrocat-
alysts, especially the ones reported for OER so far.

2. Results and discussion

The NMWNTs were synthesized as depicted in Fig. 1. The syn-
thesis method is explained in detail in the Supplementary Informa-
tion. Scheme S1 shows the chemical structure of the emeraldine
salt. Shortly, to enhance interaction of MWNTs with emeraldine
salt (ES), both commercial MWNTs and ES are first dispersed in

0.0025 M HCl solution (pH 2.6) to create a stable solution [39].
The mixture is then sonicated for 20 h via an ultrasonic bath to
provide a very thin and highly interconnected layer of the ES on
the surfaces of the MWNT. During this step, the positively charged
nitrogen moieties in the polymer induce intimate interaction
between ES and MWNT and facilitate the formation of a hybrid
material [40]. Thus, the polymer is wrapped simply around the sur-
faces of the nanotubes through physical adsorption requiring no
additional functional group or pretreatment for the nanotubes
(see Fig. 2a). Subsequent centrifugation process eliminated the
excess polymer and led to separation of the MWNT/ES materials
with a low amount of nitrogen of (0.5 at.%). For the comparison
two samples with shorter sonication times of 5 and 10 h were pre-
pared leading to nitrogen contents of 1.2 at.% and 1 at.%, respec-
tively, and also one sample with longer sonication time of 30 h
were prepared (see Experimental section in Supporting
Information).

The MWNT/ES materials were then pyrolyzed at 800 �C in
argon, leading to the formation of surface doped NMWNTs. The
final products were denoted as 5, 10, 20 and 30-NMWNT referring
to the NMWNTs prepared with different sonication times of 5, 10,
20 and 30 h, respectively.

To investigate the properties of the NMWNT material high-
resolution transmission electron microscopy (HRTEM) is utilized
to observe the polymer wrapping around the MWNT surface in
20-MWNT/ES before pyrolysis (Fig. 2a) and the changes in the gra-
phitic structure of the 20-NMWNT after pyrolysis (Fig. 2b). Fig. 2a
illustrates the presence of thin layer of the residual polymer on the
surface of the MWNTs that plays a crucial role in obtaining the
material with a high electrocatalytic activity. Moreover, as shown
in Fig. 2b the graphite structure of the MWNTs still exhibits a rel-
atively high degree of crystallinity indicating that the sonication
and pyrolysis processes do not significantly affect the quality of
the nanotubes (see also Fig. S1). This is in agreement with the gra-
phite structure of the 20-NMWNT shown in Raman results (see
discussion below).

2.1. OER electrocatylitic activity

The electrocatalytic activity of the 20-NMWNT samples for the
OER is investigated by rotating disk electrode (RDE) and rotating
ring-disk electrode (RRDE) measurements using a standard three
and four-electrode systems, respectively, in 0.1 and 1 M NaOH.
Fig. 3a exhibits polarization curves for OER on the 20-NMWNT
material compared with the pristine MWNT, IrO2, and 20 wt% Pt/
C electrodes in 0.1 M NaOH saturated with O2. All the studied cat-
alysts are measured on a glassy carbon (GC) electrode and with a
similar loading of �0.2 mg cm�2. The 20-NMWNT sample shows
a superior OER catalytic activity with an onset potential of 1.54 V
versus reversible hydrogen electrode (RHE) in 0.1 M NaOH. The
pristine MWNT shows almost no catalytic activity for OER indicat-
ing that the activity is induced by the functionalization.

The observed current on the studied electrodes can result from
the desired four electron transfer OER (OER pathway: 4OH� ?
O2 + 2H2O + 4e�) or from the undesirable two electron transfer
reaction (3OH� ? HO2

� + 2e� + H2O) resulting in peroxide forma-
tion. Moreover, oxidation of the catalyst material can take place
as an unwanted side reaction. To investigate the origin of the high
current on 20-NMWNT, RRDEmeasurements in N2-saturated 0.1 M
NaOH are performed as shown in Fig. 3b. In the RRDE measure-
ments, the oxygen evolved at the catalyst covered glassy carbon
disk is subsequently reduced at the surrounding Pt ring electrode
hold at 0.4 V. Meanwhile, the ring current resulting from oxygen
reduction reaction (ORR) is recorded. Similarly, the Pt ring is held
at 1.4 V to reduce any formed H2O2 [41,33,42]. In alkaline solution
any formed CO2 (from the catalyst material oxidation) would react

Fig. 1. Schematic illustration of the synthesis procedure of the NMWNT materials.
Steps: (a) dispersing emeraldine salt and MWNTs in 0.0025 M HCl; (b) preparing
MWNT/ES with electrostatic interaction; and (c) pyrolysing MWNT/ES to form
NMWNT.
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Fig. 2. HRTEM images of (a) before pyrolysis (20-MWNT/ES) and, (b) after pyrolysis 20-NMWNT.

Fig. 3. (a) The RDE polarization curves obtained with 20-NMWNT, IrO2, Pt/C (20 wt%), and pristine MWNT in 0.1 M NaOH solution. (b) Detection of O2 evolution from the 20-
NMWNT catalyst in 0.1 M NaOH solution using the RRDE measurements (inset shows the schematic of RRDE detection for ORR on the Pt ring caused by OER on the disk). The
oxygen evolved during the anodic potential sweep on the disk is subsequently reduced at the Pt ring held at a constant potential of 0.4 V. (c) OER polarization curves NMWNT
with iR compensation attained in 0.1 and 1 M NaOH and (d) corresponding Tafel slopes obtained with the 20-NMWNT electrode in 0.1 NaOH and 1 M NaOH. The polarization
curves were measured at a scan rate of 5 mV s�1 and a rotation of 1600 rpm.
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to carbonate anion which cannot induce any ring current at the
used potentials.

As Fig. 3b shows only ORR current at the Pt ring electrode is
detected while the disk potential is above the onset of OER
(1.53 V). Furthermore, no detectable current from H2O2 oxidation
at the Pt ring is measured, showing that H2O2 is not produced, or
its production is under the detection limit, on 20-NMWNT covered
disk electrode during OER. The RRDEmeasurements is also used for
calculating the approximate Faradaic efficiency of O2 evolution (e),
through the equation of jORR/jOER � N, where jORR and jOER are cur-
rent densities measured on the Pt ring and the glassy carbon disk,
respectively, and N is the collection efficiency of the RRDE [37,43].
For parallel RRDE measurements, e > 90% is calculated for the OER
on the 20-NMWNT electrode. Moreover, a similar e > 90% is mea-
sured for the same catalyst material in 1 M NaOH electrolyte
(Fig. S2).

Since the OER polarization curve of MWNTs, in comparison to
NMWNTs, shows almost no anodic current, thus the contribution
of oxidation current of carbonaceous materials from the pristine
MWNTs in the OER current is also considered almost negligible.
Therefore, the current in OER polarization curves originates almost
only from the formation of oxygen. The reason that the e > 90% is
reported is based on the fact that in RRDE method, it should be
noted that small errors in the ring current and collection efficiency
can lead to relatively large errors in e, and thus RRDE measure-
ments are useful for fast screening the approximate faradaic effi-
ciency [10]. Number of other parameters also affect the
measured faradaic efficiency by RRDE, such as the bubble forma-
tion on the disk hindering O2 dissolution in the electrolyte and
the error in the measured geometric surface area of the disk result-
ing from inhomogeneous catalyst dispersion. Fig. S3 shows the for-
mation of oxygen bubbles on the 20-NMWNT loaded carbon cloth
electrode at a potential of 1.65 V vs. RHE in 0.1 M NaOH. Hence,
these results revealed that water oxidation via the 4-electron
transfer pathway for generating O2 is the dominant process on
the 20-NMWNT catalyst.

Fig. 3c shows OER polarization curves with iR compensation
attained for the 20-NMWNT material in 0.1 and 1 M NaOH. The
OER activity of 20-NMWNT is significantly improved in 1 M NaOH
and shows an onset potential of only �1.5 V. The overpotentials
required for OER current density of 10 mA cm�2 (denoted as
NOER10) are measured to be 360 mV and 320 mV in 0.1 and 1 M
NaOH, respectively. These values are comparable to those of the
recently reported highly active transition metals [17,25,26,44-46]
and superior to the most active metal free catalysts [5,24,33,37,3
8,42,47–50] for OER (for more comparison see Table S2). It is note-
worthy that the performance of 20-NMWNT is comparable to that
of the most active metal-free catalysts reported very recently
including N,S-CNT [47] (NOER10 of 360 mV in 1 M KOH), the most
active N-doped metal-free catalyst, N-doped graphene nanorib-
bons (N-GRW) which has been recently reported by Liu et al.
[37], showing NOER10 of 360 mV in 1 M KOH, and also nitrogen,
phosphorus and oxygen tri-doped porous graphite carbon@oxi-
dized carbon cloth (ONPPGC/OCC) [38] developed as a metal-free
bifunctional electrocatalyst but requiring significantly higher
NOER10 of 410 mV in 1 M KOH. Another recent work based on nitro-
gen and carbon-containing materials has investigated cobalt
embedded in porous N-rich carbon (PNC/Co) [44] that requires
NOER10 of 370 mV in 1 M KOH. These overpotentials are notably
higher than that of 20-NMWNT (320 mV). Fig. 3d shows the Tafel
plots of 20-NMWNT in OER derived from Fig. 3c 20-NMWNT
resulted in Tafel slopes of 78 and 68 mV/decade in 0.1 and 1 M
NaOH, respectively. The Tafel plots with good linearity and small
slopes imply that 20-NMWNT is an efficient catalyst for OER with
a high electrical conductivity for fast electron transfer. Hence, 20-
NMWNT is introduced as a novel metal free catalyst for OER with

an activity that rivals the most active reported electrocatalysts for
OER so far (Table S2).

2.2. HER electrocatalytic activity

In addition to the superb OER performance discussed above,
HER activity of the NMWNT catalyst is also evaluated in N2-
saturated 0.1 M NaOH to demonstrate potential application of
NMWNT as a bifunctional catalyst for full water splitting. Fig. 4
shows polarization curves of HER on the 20-NMWNT material
compared with pristine MWNT and 20 wt% Pt/C electrodes. All
the measured catalysts are deposited on a GC electrode with a sim-
ilar loading of �0.2 mg cm�2. As shown in Fig. 4 the NMWNT elec-
trocatalyst reveals a significant enhancement in HER activity in
comparison to the pristine MWNT, comparable to that of the
state-of-the-art Pt/C especially at high currents. For the NMWNT
an overpotential of 340 mV is required to achieve 10 mA cm�2

(NHER10) in 0.1 M NaOH which is comparable to that of transition/
noble metal and metal free HER catalysts [13,14]. Recently, Co3O4

nanospheres on the surface of nitrogen doped carbon nanotubes
[25] have been reported for catalyzing full water splitting with
higher NHER10 of 380 mV in 0.1 M KOH. It should be noted that
the activity of 20-NMWNT has a much higher HER activity in com-
parison with the very recently reported metal-free electrocatalysis
in alkaline solutions (N,S-CNT) [47], suggesting a dramatic
improvement in HER activity.

We further investigated fabrication of a freestanding electrode
by depositing 20-NMWNT on a nickel foam (NF) substrate without
any binder. Fig. S5 demonstrates the OER activity of 20-NMWNT/
GC, 20-NMWNT/NF in 0.1 M NaOH. The NOER10 for the NMWNT/
NF is 330 mV indicating higher OER activity of the NMWNT/NF
in comparison to the NMWNT/GC. The incorporation of the NF sub-
strate induces significant change for HER in 0.1 M NaOH (Fig. S6 A).
The NHER10 for the NMWNT/NF is 235 mV. The outstanding bifunc-
tional performance of NMWNT/NF can be attributed to the com-
bined effect of large electrochemically active surface area,
efficient mass and charge transport and high structural stability
arising from the 3D porous structure of 20-NMWNT/NF. Above
all, the porous structure of NF enable efficient transport of reac-
tants (e.g., OH�) toward and products (e.g., H2 for HER and O2 for

Fig. 4. The HER polarization curves of pristine MWNT (blue dash dotted line),
20-NMWNT (black solid line), and Pt/C (red dashed line). The polarization curves
have been reported with iR compensation at a scan rate of 5 mV s�1 in 0.1 M NaOH.
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OER) away from the catalytic active sites. These remarkable activ-
ities for both OER and HER are achieved with a relatively low cat-
alyst loading on the NF (�0.2 mg cm�2), suggesting very good
coupling between the NMWNTs and catalytically active metal
based support. This also confirms that the coupling a low amount
of the NMWNTs with active metal catalysts can significantly
improve the electrocatalytic OER activity.

2.3. Investigating the catalytic active sites of the NMWNT catalyst
toward OER and HER

To understand the origin of the activity of the metal free elec-
trocatalysts toward OER and HER, we made an effort to identify
the catalytically active OER and HER sites. Pristine MWNT (without
any pretreatment) became highly active catalysts with very low
amount of nitrogen, demonstrating the crucial role of the nitrogen
species. Moreover, high activity of 20-NMWNT for the water elec-
trolysis reported in this work, in comparison to the previously
reports on nitrogen doped MWNT [27,51,52], revealed the advan-
tage of the surface doping method used in our study. Through
the applied synthesis method, active nitrogen moieties with suffi-
cient interaction with the MWNTs are synthesized. Herein, we try
to identify the type of nitrogen moieties which might have the
highest activity toward OER/HER and the effect of the interaction
between MWNT and ES to enhance the amount of the active sites.

To identify the active N sites for the OER and HER, the 5, 10 and
30-NMWNT samples, synthesized with shorter and longer sonica-
tion times, have been also compared with 20-NMWNT. The
observed different activities (Fig. S4) suggest differences in nitro-
gen content and/or moiety type as discussed in the following.
Increasing the sonication time from 5 to 20 h resulted in a signifi-
cant improvement in both OER and HER performances (Fig. S4).
Our experiments reveal the 20-NMWNT has the optimal activity
for OER/HER since no significant improvement in the activity is
observed for longer sonication time (30 h, Fig. S4). To show the
influence of the solvent on the activity of the 20-NMWNT, pristine
MWNTs was sonicated in the same solution, which was used to
synthesize NMWNTs (0.0025 M HCl), for 20 h. As Fig. S5 shows,
this sample do not show any significant improvement in the OER

and HER activities compared to those measured for the pristine
MWNTs. This shows that the sonication process and the used solu-
tion do not solely improve the activity of the MWNTs for HER and
OER.

X-ray photoelectron spectroscopy (XPS) is utilized to study the
elemental state of the NMWNT catalyst surface and to investigate
the nitrogen active sites in the material. Comparison of the N1s XPS
spectra of ES, 20, 10 and 5-MWNT/ES is shown in Fig. 5a. Fig. 5b
displays N1s region for the 20, 10 and 5-NMWNT catalyst materi-
als. The corresponding elemental compositions from the XPS data
are reported in Table S1. The N1s spectra of the ES and the
NMWNTs samples have been analyzed by deconvoluting with
Gaussian/Lorenzian peaks after removal of a linear background.
The N1s spectra of the MWNT/ES is deconvoluted to three main
components [53], benzoid amine at �399.4 eV, oxidized amine at
�401.2 eV, and protonized imine at �402.6 eV as shown in Fig. 5.
The N1s spectra of the pyrolyzed NMWNTmaterial is deconvoluted
to the three main peaks. The first two peaks located at �400.7 and
�398.4 eV are attributed to the graphitic and pyridinic nitrogen,
respectively, while the third peak at �402.6 eV corresponds to
the protonized imine nitrogen [54–57]. All spectra require an addi-
tional wide component around 406 eV representing various oxides
and satellite structures. Table 1 shows the concentration of the dif-
ferent nitrogen types in the ES, 5, 10 and 20-MWNT/ES and 5, 10,
20-NMWNT materials.

It is clear from Fig. 5 that the pyrolysis changes the nitrogen
bonding in these materials, as the peaks corresponding to graphitic
and pyridinic N dominate the spectra after the pyrolysis (Tables S1
and S2). The pyridinic N content is significantly increased from
�0.7 at.% in the 5-NMWNT to �1.3 at.% in the 20-NMWNT. It has
been reported in the literature that graphitic N serves as the active
site for other catalytic reactions, such as oxygen reduction reaction
[54,56] while pyridinic N is active toward OER [33,37]. Depending
on the N dopant configurations, electron transfer mechanism in N-
doped carbon nanomaterials can be either p- or n-type [58,59] as
has been shown both theoretically and experimentally
[33,37,56,60]. Pyridinic N can accept electrons (p-type doping)
from adjacent C atoms, facilitating the adsorption of water oxida-
tion intermediates (OH�, OOH�) as the rate-determining steps for

Fig. 5. High-resolution N 1s XPS spectra for the 20-NMWNT, 10-NMWNT and 5-NMWNT materials (a) before pyrolysis and (b) after pyrolysis and at 800 �C.
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OER in alkaline solution [37]. On the other hand, n-type doping has
been found for quaternary/pyrrolic N. As a result, the pyridinic
nitrogen sites in the NMWNTs catalyst are the active sites for
OER and HER, consistent with the recent studies about N active
sites for OER [33,37].

The XPS results (Table S1) reveal that the nitrogen content
before pyrolysis is decreased from 1.2% in the 5-MWNT/ES sample
to 0.5% for the 20-MWNT/ES material. This shows that the amount
of ES on MWNT is decrease with the increasing sonication time so
that only the ES with a strong interaction with MWNT remains on
the nanotube surface. This is in agreement with the thermogravi-
metric analysis (TGA, Fig. S8) indicating that the amount of the
ES in the material is decreased from 28 wt% for the 5-MWNT/ES
to 20 wt% for the 20-MWNT/ES. However, XPS data show that after
the pyrolysis the N content is almost the same for all the samples
(Table S1).

It is noteworthy, that 5-MWNT/ES, with clearly higher amount
of ES in comparison to the 20-MWNT/ES material, results in a cat-
alyst with lower activities for HER and OER, after the pyrolysis
(Fig. S4). Reason for this is that the longer sonication time opens
MWNTs bundles after which the polymer salt has a better access
to the surface of the MWNTs. Hence, for 20-MWNT/ES this treat-
ment induces intimate contact between ES and MWNT, leading
to a better integration of the nitrogen moieties into the surface
of the MWNT. This provides more active nitrogen sites toward both
OER and HER at the high carbonization temperature (800 �C) as
discussed above in the context of XPS measurements (Table 1).
More specifically, graphitization at high temperature acts as a
switch for transferring inactive nitrogen sites, properly attached
on the MWNT surface, to the active sites [25]. These results reveal
an important finding for nitrogen functionalized carbon nan-
otubes: Since the pyrolyzed polymer interacts with CNTs through
p-p⁄ interaction it is plausible that the nitrogen moieties formed
during the pyrolysis are not incorporated in the CNT lattice. Hence,
the catalytic activity of these materials depends more on the inter-
action of nitrogen moieties with the nanotubes rather than the
amount of nitrogen containing compound provided on the tubes.
In general, three important parameters affecting catalytic activity
of such a catalyst material should be taken into consideration: (i)
the structure of the catalyst support (MWNTs), (ii) the structure
of the functionalities (pyrolyzed ES) providing the active sites,
and (iii) the interaction between the functionalities and the sup-
port. So interaction of electronic states of the CNT support and
the pyrolyzed ES takes place affecting the catalytic behavior of
the N functionalities on the sidewall of the MWNTs. The effect of
the MWNT structure in this interaction and activity is complicated
as a number of parameters, such as MWNT diameter and chirality,
determine its electronic density of states [61–63]. It is also note-
worthy that the polymer wrapping in this synthesis method is
applied for the pristine MWNT, instead of the mostly used acid
treated tubes, and thus the oxygen content in the NMWNTs
(Table S1) is much lower than that reported for other N-doped
materials [33]. This is important for the stability of the electrocat-

alysts. Furthermore, in the MWNTs, no metal impurity is detected
by XPS (Table S1), in agreement with the TEM images (Fig. 2 and
Fig. S1), further suggesting that the activity of the NMWNT mate-
rials comes from the nitrogen active sites.

To evaluate the intrinsic activity of the catalyst the turnover fre-
quency (TOF, defined as the number of O2 molecules evolved per
second per active site) is employed (see the Supplementary Infor-
mation for details). The corresponding TOF is �0.07 s�1 for the
NMWNT catalyst, calculated at overpotential of 320 mV in 1 M
NaOH by assuming that the pyridinic nitrogen as active sites for
OER and mechanisms obeys the four-electron transfer pathway
[33,37]. However, the reported TOF is an approximate value since
the exact amount of N on the surface is higher than 1.3 at.% as
MWNT consists of several coaxial carbo nanotube layers but nitro-
gen is only located on the surface. Hence, the surface N to C ratio
can be higher than obtained from the XPS measurements.

Fig. 6 shows Raman spectra of 20-NMWNT and pristine MWNT.
The band at �1330 cm�1 (D-band) originates from atomic dis-
placement and disorder induced features caused by lattice defects
in graphitic structure of MWNT. The band at �1590 cm–1 (G-band)
indicates the formation of well-graphitized carbon nanotubes [64]
and represents the tangential vibration of carbon atoms in gra-
phene sheets [65]. The G-band of the 20-NMWNT sample under-
goes a down-shift with respect to that of MWNT from 1603 to
1598 cm–1 (Fig. 6). This shift of the G-band can be ascribed to
CAC expansion (or contraction) and the changes of electronic
structure [64]. The change in the electronic structure of NMWNT,
relative to the MWNT, may be associated directly to the amount
and type of incorporated nitrogen [66]. The nitrogen atoms can

Table 1
The relative ratio of pyridinic, benzoid amine, graphitic, oxidized amine, and protonized imine nitrogen to the whole nitrogen content for the emeraldine salt, 5-MWNT/ES, 20-
MWNT/ES, 5-NMWNT, 10-NMWNT and 20-NMWNT materials.

Catalyst Pyridinic nitrogen
@NA �398.4 eV

Benzoid amine
or ANHA �399.4 eV

Graphitic nitrogen
�400.7 eV

Oxidized amine
N+ �401.2 eV

Protonized imine
N+ �402.6 eV

Emeraldine salt – 55% – 37% 8%
5-MWNT/ES – 60% – 33% 7%
20-MWNT/ES – 68% – 25% 7%
5-NMWNT 27% – 55% – 18%
10-NMWNT 31% 54% 15%
20-NMWNT 45% – 45% – 10%

Fig. 6. Raman spectra for pristine MWNT (red line) and 20-NMWNT (black line).
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act as either electron donor or acceptor when CNTs are doped with
nitrogen [56]. Here, the down-shift of the G-band may imply an
enhanced electron transfer between valance and conduction
bands, which is in accordance with the earlier reported results
[64,67]. The intensity ratio of the D and G band (ID/IG) indicates
the degree of disorder in carbon materials and slightly increases
from 1.35 for the pristine MWNT to 1.7 for 20-NMWNT. This
change is attributed to incorporation of N atoms in the carbon lat-
tice of MWNT. Carroll et al. [68], reported that for N doped CNTs,
the D-band intensity is more sensitive to pyridinic defects than
to graphitic ones. It is consistent with the Raman spectra in
Fig. S9 showing that the ID/IG ratio of 5 and 10-NMWNT (1.4 and
1.43, respectively) is smaller than that of 20-NMWNT.

2.4. Stability

In energy conversion systems, one vital challenge for efficient
HER and OER catalysts, or the catalyst supports, is the long-term
stability during electrolysis. The stability issue for OER is even
more pronounced as materials have to survive in the strongly
oxidative environment of electrolyzers that can induce changes
on the structure of the catalyst [3]. For stability measurement of
NMWNT, nickel foam has been utilized as the electrode substrate
(NMWNT/NF) since the adhesion of NMWNT on the NF is better
than on the GC. Fig. 7 shows measured time dependencies of the
current density at a static potential of 1.56 and �0.23 V for OER
and HER, respectively. These potentials correspond the current
density of �10 mA cm�2 for both OER and HER. The chronoamper-
ometric curves in 0.1 M NaOH show that the current densities
remain stable for OER and HER during 24 h of the continuous
half-cell reaction. The OER stability is also investigated in 0.1 M
NaOH by cycling the potential between 1 and 1.7 V at a scan rate
of 50 mV s�1 (Fig. S10). No significant degradation is observed in
the OER polarization curve for the 20-NMWN/NF after 1000 poten-
tial cycles.

These stability results are also remarkable compared to the
other published studies for the metal-free electrocatalysts, for both
OER and HER [33,49]. These results indicate that our facile synthe-
size method provides high interaction between the ES and MWNT,
resulting in a better integration of nitrogen into the surface of the
nanotubes, and consequently leading to exceptionally active N-
doped CNTs with excellent stability in alkaline media.

It is noteworthy that this excellent stability of 20-NMWNT for
both OER and HER is more confirmed with XPS analysis. Tables
S3 and S4 show the relative amounts of different types of nitrogen
and elemental composition of 20-NMWNT before and after electro-
chemical measurements, respectively. The observed changes in the
pyridinc (43–45%) and quaternary nitrogen contents (45–48%) rel-
ative to the whole N content are within the experimental error.
After the electrochemical measurements, as it is expected at the
high OER potential range, oxygen concentration on the surface
increases whereas N/C ratio is practically unchanged. These results
show the potential of 20-NMWNT as an ultra-high active and
stable metal-free bifunctional electrocatalysts for full water-
splitting in alkaline media.

3. Conclusion

In conclusion, we have developed a facile and scalable post-
treatment method for synthesizing bifunctional nitrogen function-
alized carbon nanotubes (NMWNTs) allowing control of the type of
formed nitrogen moieties. In this method, a polymer salt contain-
ing positively charged nitrogen moieties enhances the interaction
with MWNTs via the intermolecular charge-transfer. In this
method, the polymer is efficiently wrapped around the pristine
MWNTs and then graphitized at a high temperature to form
NMWNTs. The resulting material functions as an electrocatalyst
with high activity and durability toward both OER and HER in alka-
line media. As far as we are aware, resultant 20-NMWNT exhibits
the best OER catalytic activity as a metal-free electrocatalyst and
its activity is even comparable to that of the-state-of-the-art
metal-based catalysts. 20-NMWNT also is one of the most active
HER metal-free catalysts comparable to the highly active Pt/C at
high overpotentials. The OER activity of the 20-NMWNT catalyst
reveals significant improvement in comparison to other metal-
free electrocatalysts for OER so that its activity is even comparable
to that of the-state-of-the-art metal-based catalysts. It is shown
that the interaction of the polymer salt with the MWNT plays an
important role in the formation of the final type of the nitrogen
functionalities and HER/OER activities. It is revealed that pyridinic
N serves as the highest active site, compared to other nitrogen
types, toward both OER and HER. The NMWNT catalyst shows also
excellent stability for the long-term continuous water electrolysis.
The HER/OER activity of the NMWNTs is further improved by the
coupling the catalysts on nickel foam to form a 3D flexible porous
electrode for HER/OER. This shows the potential of the NMWNTs
for coupling with other active metal catalysts in the future.

Furthermore, because of the high conductivity and large surface
area, the NMWNTs can also function as novel catalyst supports
inducing potentially synergistic effect for decorating active metal
nanoparticles. As far as we are aware, these are the first experi-
mental evidences indicating a facile method to change the ratio
of the different types of N species in the N functionalized carbon
nanomaterials to improve the catalytic activity toward full water
splitting. These results are important for further rational improve-
ment of this already highly active bifunctional metal-free electro-
catalyst material.
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Chemicals and materials: Polyaniline emeraldine salt (PANI-ES, molecular weight

≥15000, powder (infusible), 3-100 μm particle size) was purchased from Sigma-Aldrich

and was stored and handled in a glove box under inert atmosphere, Scheme S1 shows

the chemical structure of PANI-ES. NC3100 MWNTs was purchased from Nanocyl.

Commercial platinum on carbon black (Pt/C 20 wt %, purchased from Alfa Aesar), and

IrO2 (purchased from Sigma Aldrich) were used for comparison. Hydrochloride acid (HCl)

was obtained from Merck (Whitehouse Station, NJ). Nickel foam (thickness: 1.7 mm,

porosity: 99.9%) were purchased from Inco. All chemicals were analytical - reagent grade

and all of the chemicals were used as received without further purification.
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Scheme S1. The chemical structure of Emeraldine salt.

Experimental section

Fabrication of carbon nanotube/emeraldine salt material via electrostatic adsorption in

aqueous colloids (MWNT/ES): First, a fresh sample of MWNTs (40.0 mg) was dispersed

in 100 mL of 0.0025 M aqueous HCl solution (0.0025 M, pH 2.6) and sonicated for 30

min, forming a stable black aqueous colloid (0.4 mg/mL). Separately, 100 mg of

emeraldine salt (ES) was dispersed in 100 mL of 0.0025 M HCl solution and sonicated

for 30 min, as well, forming a stable deep green colloid (1.0 mg/mL). Because the size of

commercially prepared ES is on the nanoscale, a stable colloid can be formed through

electrostatic repulsion of the ES backbone by dispersion in an acidic aqueous solution.

Kaner et al.,[1] reported that the stability of the ES colloid is strongly dependent on the

pH value and pH of 2.6 is the most optimal. In our experiments, to eliminate the influence

of chancing the pH value, the pH of both the MWNT and ES aqueous colloids were similar

(~ 2.6). Then, aliquots of 30 mL of MWNTs colloids were poured into three emeraldine

salt aqueous colloids with the same volume of 30 mL and immediately shaken to ensure

sufficient mixing subsequently the mixtures were sonicated in an ultrasonic bath 40 Hz,
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80 W, for 5, 10, 20 and 30 hours. By centrifugation (10 min, 4000 rpm) and drying in a

vacuum oven at 40 °C, MWNT/ES materials with different sonication times were obtained.

The product was denoted as 5, 10, 20 and 30-NMWNT.

Post-synthesis nitrogen functionalized MWNT (NMWNT): In a typical experiment,

MWNT/ES powder (50 mg) was put into a quartz tube and then placed in a vertical oven.

An electric tube furnace was used as a heater. The tubes were initially vacuumed and

then filled with pure argon several times and finally sealed carefully. In order to make the

reaction complete the temperature of 800oC was maintained for 1 h. After cooling down

to room temperature, the final products (NMWNTs) were collected for subsequent

characterizations.

Sample preparation for electrochemical measurement: To prepare the working electrode,

the catalyst  materials (MWNT/ES, NMWNT, MWNT, Pt/C, and IrO2) were dispersed in

ethanol by sonication (for 15 min) and stirred until homogeneous inks were acquired.

Then the catalyst inks were drop casted on a glassy carbon (GC) electrode with a loading

of ~0.2 mg cm-2. The GC electrodes were polished prior to catalyst deposition by 0.5 μm,

0.3 μm and 0.05 μm alumina powder and rinsed by sonication in ethanol and deionized

water. All the catalyst modified GC electrode were dried in ambient condition.

Subsequently, 25 µl of 5 wt% Nafion solution was diluted with 1 ml of ethanol and 5 µl of

this solution as the binder was dropped on the catalyst layers.



4

Electrochemical measurements: The electrochemical measurements were carried out

with an Autolab potentiostat in a standard three-electrode system using a Pt wire as the

counter electrode and a reversible hydrogen electrode (RHE) as the reference electrode.

Polarization curves were obtained using linear sweep voltammetry (LSV) measurements

with a scan rate of 5 mV s-1 in 0.1 M and 1 M NaOH electrolyte solutions. The Tafel slope

was calculated based on Tafel equation of ŋ=blog (j/j0), where ƞ is the overpotential, b is

the Tafel slope, j is the current density, and j0 is the exchange current density. The onset

potentials were determined based on the starting of the linear region in Tafel plots.

Prior to any measurements, all the electrodes were cycled for 25 cycles between 0 V and

1.15 V versus RHE at  50 mV s-1 scan rate in nitrogen purged electrolyte to get stable

cyclic voltammograms. For the choronoamperometric measurements, instead of GC,

nickel foam (NF) was utilized as the electrode substrate (with the same loading amount

of catalyst) since the adhesion of the NMWNT on the NF is better than on the GC. In

addition, nickel is a stable material in alkaline electrolytes. Ni foam was also used as the

counter electrode in HER measurements to avoid any platinum contamination from the

reference electrode.

Material characterizations

Thermo-gravimetric analysis (TGA): The characterization of thermal stability and weight

ratio of the polymer salt content in each MWNT/ES material was obtained by TGA using

a Pyris TGA simultaneous thermal analyzer. It has been made in an inert nitrogen

atmosphere, which provides an insight into the carbonization process (Fig S2).
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MWNTs are stable in an inert nitrogen atmosphere over the whole investigated

temperature range (25-800 °C) and lose only a few percent of their mass, associated with

the adsorbed humidity. The emeraldine salt converts to a non-conducting form, the

emeraldine base. ES retains more than 30 wt% of its original mass. Heating above 350 °C

leads to irreversible decomposition of the ES, which is completed at 800 °C.  The results

of TGA analysis showed that for the MWNT/ES materials above 300 °C only slow

monotonic decrease of the mass is observed. It is generally known that three weight-loss

steps are observed in the TGA curve of ES and MWNT/ES.[2] The first weight-loss

observed up to 110°C is attributed to loss of residual water molecules/moisture entrapped

in the polymer moiety. The second stage observed within the temperature range of 182–

300°C is related to removal of dopant molecules (sulfonic acid) from the polymer

structure. The weight-loss observed after the removal of the dopant molecules (from 300-

800°C) corresponds to the complete degradation and decomposition of the polymer main

chain.[2] Based on TGA results, 5-NMWNT and 20-NMWNT have 28 and 20 wt%

polymer, respectively.

The XPS measurements were performed with an Axis Ultra ESCA spectrometer. The

measurements were performed on a large analysis area, with 100 meV energy step and

20 eV pass energy to achieve a high resolution. The measurement time of each N1s

spectrum ranged from 80 to 180 min. All measurements were performed with

monoenergetic AlKa (1486.69 eV) source. All binding energies were measured using the

main C1s peak of carbon nanotubes at 284.4 eV as the energy reference. The

deconvolution of XPS spectra is performed with CasaXPS.
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Raman spectroscopy was performed on JY LabRam 300 using a 632.8 nm laser. The

laser power at the exit was 5 mW and the beam was focused on the sample using a 50X

objective lens. Raman spectra were recorded in the range of 600–2000 cm−1. The

structure of the samples was observed through a JEOL-2200FS double Cs-corrected

high-resolution transmission electron microscope (HRTEM) at the acceleration voltage of

200 kV. For HRTEM characterization, the materials were dispersed in ethanol (0.02

mg/ml) and then 2 µl of the solution was dropped cast on a carbon coated TEM grid and

dried in ambient air.

The calculation of turnover frequency (TOF) for OER:

TOF for the OER was calculated for the four-electron pathway. To measure the amount

of N on the surface of the MWNTs we have used XPS which is one of the most surface

sensitive analysis methods. Since the MWNTs used in this work are few walled CNTs but

with different number of walls (mainly with less than 10 walls), therefore measuring the

exact amount of N on the surface is very difficult but XPS can give us an approximate

value. To calculate the TOF for OER the following formula was used:

TOF	( ) =
number	of	oxygen	turnover/ geometric	area	

the	active	sites/ geometric	area
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TOF (s-1) = (number of oxygen turnover)/the active sites = (j/4F)/n, j is the current density

for OER at a given overpotential, F is Faraday constant (96485.3 s A mol-1), n is the

number of active sites, and (j/4F) represents the total oxygen turnover in OER.

The NMWNT catalyst loading on the glassy carbon for OER is 0.2 mg/cm2. The current

density for OER from LSV polarized curves in 1 M NaOH is 10 mA/cm2 at overpotential

of 320 mV. The number of oxygen turnover for OER is calculated from the current density

according to

1
= 1000

1	 	
96485.3C	

1	 	
4	 	 ∗ 6.02 ∗ 10 	

1
	

Number of oxygen turnover for OER (j/4F):

10
1000	

1	 	
96485.3C	

1	 	
4	 	 ∗ 6.02 ∗ 10 = 1.56 ∗ 10

1
	

Elemental composition of the NMWNT:

In atomic ratio: 95 (C at%), 2.7 (N at%) and 1.3 (O at%)

In weight ratio: 94 (C wt%), 3.1 (N wt%) and 1.7(O  wt%)
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If we assume that the active sites for OER are the two carbon atoms adjacent to the

pyridinic-N (~1.3 wt %), thus:

The active site density for OER is: {number of pyridinic-N} x 2

=
. * .

∗103 *6.02*1023 ∗ 2 = 	2.23 ∗ 10  sites cm-2

TOF(s-1) for OER:
. ∗ 	( / )	

. ∗ 		( )
=0.07 s-1
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Fig. S1 HRTEM images of (A) before pyrolysis (20-MWNT/ES) and (B) after pyrolysis 20-

NMWNT.



10

Fig. S2 Detection of O2 evolution from the 20-NMWNT catalyst in 1 M NaOH solution

using the RRDE measurements. The oxygen evolved during the anodic potential sweep

on the disk is subsequently reduced at the Pt ring held at a constant potential of 0.4 V.
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Fig. S3 Photograph of the 20-NMWNT loaded carbon cloth. showing oxygen generation

during the OER measurement at the voltage of 1.6 V vs. RHE in 0.1 M NaOH.
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Fig. S4 OER and HER performances of the different NMWNT catalysts. (A) The HER

polarization curves without iR correction and (B) the OER polarization curves of 20-

NMWNT (black line), 30-NMWNT (blue line), 10-NMWNT (pink line) and 5-NMWNT

(green line). The polarization curves have been reported at a scan rate of 5 mV s-1 in 0.1

M NaOH. The best NMWNT catalyst (20-NMWNT) exhibited a current density of 10

mAcm-2 at lowest OER and HER overpotentials.
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Figure S5 (A) HER and (B) OER performances obtained with 20-Pristine MWNTs,

pristine MWNTs and 20-NMWNT.
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Fig. S6 Electrochemical characterization of NMWNTs for OER on the NF.  The OER

polarization curves of nickel foam (NF), 20-NMWNT/GC and NMWNT/NF. The

polarization curves are reported with iR compensation at a scan rate of 5 mV s-1 in 0.1 M

NaOH.
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Fige S7. Electrochemical characterization of NMWNTs for HER on the NF. (A) The HER

polarization curves of 20-NMWNT/GC, 20-NMWNT/NF, nickel foam (NF) and Pt/C and

(B) corresponding Tafel slopes. The polarization curves are reported with iR correction at

a scan rate of 5 mV s-1 in 0.1 M NaOH.
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Fig. S8 TGA measurements of emeraldine salt, 5-NMWNT, 20-NMWNT and pristine

MWNT. The measurements were done with a heating rate of 10 °C/min under nitrogen.
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Fig. S9 Raman spectra for 20-NMWNT (black line), 10-NMWNT (green line) and 5-

NMWNT (blue line) and pristine MWNT (red line).
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Fig. S10 OER polarization curves of the 20-NMWNT/GC electrode without iR correction

before (black solid line) and after (red dashed line) 1,000 stability cycles between 1 and

1.7 V vs. RHE at a scan rate of 50 mV s -1 in 0.1 NaOH.
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Table S1. The atomic percentages of the elements of the emeraldine salt, 5-MWNT/ES,

20-MWNT/ES, 5-NMWNT, 20-NMWNT and 30-NMWNT materials.

Catalyst Nitrogen Carbon Oxygen Sulfur  N Pyridinic/C

Emeraldine salt 5.4 % 81% 10.5 % 3.1 % -

20-MWNT/ES 0.5 % 97 % 2.2 % 0.3 % -

20-NMWNT 2.7 % 95 % 1.8 % 0.5 % ~ 1.3%

30-NMWNT 2.7 % 93 % 3.8 % 0.5 % ~ 1.2%

10-MWNT/ES 1 % 96% 2.5 % 0.5 % -

10-NMWNT 2.5% 96 % 0.4 % 0.4 % ~ 0.8%

5-MWNT/ES 1.2 % 96 % 2.2 % 0.6 % -

5-NMWNT 2.5 % 97 % 0.2 % 0.3 % ~ 0.7%
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Table S2. Comparison of the OER performance of the 20-NMWNT catalyst with some of

the recently reported highly active metal-free or transition metal oxide based

electrocatalysts.

Catalysts

OER

Onset

overpotential

(mV)

ŋOER10

(mV)

Catalyst
loading

(mg cm-2 )

Electrolyte Substrate Ref.

20-NMWNT

(metal-free)

~310 370

~ 0.2

0.1 M

NaOH

    GC This work

~270 320 1 M NaOH

Dual heteroatom-
doped CNTs

(metal-free)
~330 360 - 1 M  KOH GC

[3]

Adv. Energy Mater.

2017

S,S′-CNT 1000 °C

(metal-free)

~330 350 - 1 M KOH pyrolytic

graphite

[4]

Adv. Energy Mater.

2016
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ONPPGC/OCC

(metal-free)

~370 410 0.1 1 M  KOH Carbon

Cloth

[5]

Energy Environ. Sci.,

2016

N-GRW

(metal-free)

~320 370 0.3 1 M KOH 3D

electrode

[6]

Sci. Adv.,

2016

N and P co-doped
porous carbon

(metal-free)

~440 ~770 0.15 0.1 M  KOH GC

[7]

Nat. Nanotechnol.,

2015

echo-MWCNTs

(metal-free)

~370 450 1 0.1 M  KOH GC

[8]

J. Am. Chem. Soc.,

2015

N,O-dual doped
graphene-CNT

(metal-free)

~315 ~520 1.75 0.1 M KOH GC

[9]

Adv. Mater., 2014
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Phosphorus-Doped
Graphitic Carbon

Nitrides/CFP

(metal-free)

~360 400 0.1 M KOH carbon-

fiber paper

(CFP)

[10]

Angew. Chemie,

2015

Nitrogen-doped
carbon nanomaterials

(metal-free)

~290 ~390 0.1 1 M KOH GC

[11]

Nat. Commun., 2013

Bimetallic

CoxZnx

(metal-based)

~370 440 ~0.28 0.1 M KOH GC

[12]

Energy Environ.

Sci., 2016
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Table S3. The relative ratio of different nitrogen types to the whole nitrogen content for

the 20-NMWNT catalyst before and after electrochemical measurements (OER and

HER).

Catalyst Nitrogen Carbon Oxygen N/C

20-NMWNT

(Before electrochemical measurements)

2.7 % 95 % 1.2 % ~ 0.02

20-NMWNT

(After electrochemical measurements)

2.3 % 90 % 8 % ~ 0.02



24

Table S4. The atomic percentages of the elements of the 20-NMWNT before and after

electrochemical measurements (OER and HER).

              Catalyst
Pyridinic    nitrogen

=N-

~398.4 eV

Graphitic nitrogen

~400.7 eV

Protonized imine

N+

~402.6 eV

20-NMWNT

(Before measurements)

45 % 45 % 10 %

20-NMWNT

(After measurements)

43 % 48 % 9 %
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7, 45141 Essen, Germany
§Department of Applied Physics, School of Science, Aalto University, P.O. Box 15100, FI 00076 Aalto, Finland

*S Supporting Information

ABSTRACT: Earth-abundant element-based inorganic−organic hybrid
materials are attractive alternatives for electrocatalyzing energy conversion
reactions. Such material structures do not only increase the surface area and
stability of metal nanoparticles (NPs) but also modify the electrocatalytic
performance. Here, we introduce, for the first time, multiwall carbon
nanotubes (MWNTs) functionalized with nitrogen-rich emeraldine salt (ES)
(denoted as ES-MWNT) as a promising catalyst support to boost the
electrocatalytic activity of magnetic maghemite (γ-Fe2O3) NPs. The latter
component has been synthesized by a simple and upscalable one-step pulsed
laser ablation method on Ni core forming the core−shell Ni@γ-Fe2O3 NPs.
The catalyst (Ni@γ-Fe2O3/ES-MWNT) is formed via self-assembly as
strong interaction between ES-MWNT and Ni@γ-Fe2O3 results in NPs’
encapsulation in a thin C−N shell. We further show that Ni does not directly
function as an active site in the electrocatalyst but it has a crucial role in
synthesizing the maghemite shell. The strong interaction between the NPs and the support improves notably the NPs’ catalytic
activity toward oxygen evolution reaction (OER) in terms of both onset potential and current density, ranking it among the
most active catalysts reported so far. Furthermore, this material shows a superior durability to most of the current excellent OER
electrocatalysts as the activity, and the structure, remains almost intact after 5000 OER stability cycles. On further
characterization, the same trend has been observed for hydrogen evolution reaction, the other half-reaction of water splitting.

KEYWORDS: catalyst support, maghemite (γ-Fe2O3), core−shell nanoparticles, carbon nanotubes, polymer functionalization,
water splitting, self-assembly

1. INTRODUCTION

Hydrogen production by electrochemical water splitting is
considered a promising route for renewable energy conversion
and an enabler for hydrogen utilization as an energy carrier.1 In
a water electrolysis device, the overall water-splitting reactions
should be utilized in the same electrolyte. This is one of the
challenges in electrocatalyst development because of the
difficulty in finding earth-abundant catalysts enhancing the
efficiency for both the oxygen evolution reaction (OER) and
the hydrogen evolution reaction (HER) in the same electrolyte
and under similar pH conditions. Because of this, development
of an electrocatalyst with bifunctional activity for both water
electrolysis half-reactions is specifically of high interest for
large-scale device fabrication.
Oxides of first-row transition metals as earth-abundant and

cost-effective materials have shown promising performance for

water splitting1,2 Nonetheless, the catalytic activity and
durability of these transition-metal-based electrocatalysts can
be significantly improved by modifying the catalyst structure
and the electronic properties of the catalyst surface.3,4 The
latter can be tuned for subtle changes in the catalyst properties
by changing the surface composition as well as by catalyst/
support or shell−core interactions in the supported catalysts
and core−shell nanoparticles (NPs), respectively.3−6 These
changes can modify the binding energy of the reaction
intermediates in order to improve the activity and stability of
the electrocatalyst.4 One promising strategy to modify the
structure and electronic properties of nanoparticulate electro-
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catalysts simultaneously is to increase the surface area, by
selecting a suitable support, and making core−shell catalysts.
Carbon nanotubes (CNTs) have a high surface area, high

thermal and chemical stability, excellent electrical conductivity,
and special electronic properties, suggesting them as a suitable
support for electrocatalysts.7 CNTs can strongly interact with
nanoparticulate8 and even subnanometer9 catalysts for the
fabrication of highly active and durable catalysts. Furthermore,
CNTs are highly stable in the harsh conditions of the water
splitting in alkaline media, and hence they are interesting
catalyst supports for both the OER and the HER.10,11 CNTs
can also be doped or functionalized with nitrogen-containing
polymers12 or ligands.11 In these structures, N sites on the
CNTs function as decoration sites for a stronger immobiliza-
tion of NPs because of a higher catalyst/support interaction,
leading to a significant charge transfer which can modify the
catalytic activity of active sites.13

Recently, Au@metal-oxide6 core−shell NPs has also been
introduced as highly active OER electrocatalysts in which the
Au core is surrounded by an active transition-metal-oxide shell
improving the catalytic activity of a surrounding active
transition-metal shell. In general, core−shell structures provide
unique, useful, and tailorable properties which advance these
nanostructures as an important class of emerging nanomateri-
als.14 The interaction between the core and the shell is caused
by their atomic vicinity, inducing charge transfer between the
species, and this alters the electronic properties of the shell.15

Geometric effects, originating from a different three-dimen-
sional structural construction, are another main impact of the
core−shell nanostructures. The electronic and geometric
effects,16 caused by the formation of core−shell structures,
can modify the adsorption energies of the reactants and
reaction intermediates for different catalytic sites located at the
surface to improve the catalytic activity.
In this study, we show that magnetic γ-Fe2O3 is formed in

the presence of the Ni NP core (Ni@γ-Fe2O3 core−shell NPs)
with a facile one-pot sequential synthetic method using pulsed
laser ablation in liquid (PLAL). PLAL technique has the ability
to synthesize active electrocatalysts17,18 and has been selected
as it is one of the most simple and tunable methods for the
synthesis of magnetic NPs.19−21 Subsequently, the prepared
Ni@γ-Fe2O3 NPs have been decorated on the nitrogen-rich
emeraldine salt (ES)-functionalized multiwall carbon nano-
tubes (MWNTs), leading to a strong interaction between the

magnetic maghemite (γ-Fe2O3) shell and ES. Consequently,
nitrogen-rich ES wraps around the Ni@γ-Fe2O3 NPs, which
modifies the catalyst surface and creates a highly durable
catalyst. We demonstrate that the self-assembled C−N
encapsulation layer protects the NPs from degradation and
agglomeration with the neighboring NPs during the
electrolysis. The Ni@γ-Fe2O3/ES-MWNT is reported here as
a new class of highly active and stable material for water
oxidation and reduction.

2. RESULTS AND DISCUSSION

2.1. Material Synthesis and Morphology Character-
ization. Magnetic Ni@γ-Fe2O3 NPs have been synthesized via
PLAL from alloy targets in acetone as explained in the
synthesis process section (see Section 5). Ni@γ-Fe2O3 core−
shell NPs with an average diameter of 12.3 nm [based on
transmission electron microscopy (TEM) measurements,
Figure S1] are obtained in this facile one-step synthesis
process. The PLAL technique has been earlier demonstrated as
a feasible technique for producing core−shell structures
containing FeOx shells.20,22 It is noteworthy that the
parameters for synthesizing NPs were optimized by taking
into consideration the yield and uniformity of the sample.
Furthermore, to attach the Ni@γ-Fe2O3 NPs to an electroni-
cally conducting support, ES-MWNTs have been synthesized
as explained in our recent publication23 and summarized in the
Experimental Section (Section 5). The Ni@γ-Fe2O3 NPs are
decorated on the ES-MWNT simply by mixing them under
bath sonication for 1 h (Scheme 1). In this step, the interaction
between ES and the NPs induces the formation of another
core−shell structure, comprising a polymer shell and an NP
core, via self-assembly.
The structures of the synthetized materials have been

studied by high-resolution TEM (HRTEM). Figures 1a and S1
show the HRTEM observations of the Ni@γ-Fe2O3 NPs.
Energy-dispersive spectroscopy (EDS) elemental mapping of
Ni@γ-Fe2O3 is also obtained using an EDS coupled with the
HRTEM to observe the elemental composition of the NPs.
The overlay EDS mapping of the Ni@γ-Fe2O3 NPs (Figure
1b) exhibits the core−shell configuration of the NPs in which
the core is Ni-rich, whereas the shell is mainly composed of Fe
oxide. The Ni core and the iron oxide shell have been further
studied by other characterization techniques (as discussed in
the following sections) and identified as metallic Ni and

Scheme 1. Schematic Illustration for the Synthesis of the Ni@γ-Fe2O3 NPs and the Ni@γ-Fe2O3/ES-MWNT Hybrid Materialsa

aTwo steps along the direction of the arrows (from the left to the right) illustrate the corresponding sequent synthesis stages.
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maghemite (γ-Fe2O3), respectively. The HRTEM observation
of the Ni@γ-Fe2O3 NPs after decoration on ES-MWNTs is
shown in Figure 1c where the encapsulation of the NPs in a
thin layer of ES is visible. The EDS/HRTEM mapping of the
Ni@γ-Fe2O3 NPs has also been considered in Section 3, and
those results clearly show the encapsulation of the NPs in the
C−N layer from the ES.
The NPs can be immobilized via self-assembly on the ES-

MWNT support because of the strong electrostatic interaction
between the Ni@γ-Fe2O3 NPs and the ES-MWNT. This
interaction arises from the difference between the zeta
potential of the Ni@γ-Fe2O3 NPs (∼−54) and the ES-
MWNT (∼6) in acetone. ES, on the other hand, interacts with
MWNTs, as shown in our recent investigation.23 Therefore,
the role of ES is important for the formation of a stable
material as it can strongly interact with both the MWNTs and
the Ni@γ-Fe2O3 NPs.
The HRTEM images in Figure S2 show that the amount of

dispersed Ni@γ-Fe2O3 NPs on MWNTs (without ES) is
significantly decreased in the absence of ES. N sites in ES (see
Figure S13 for the ES structure) can act as the anchoring sites
for the metal NPs. In general, the presence of the N sites on
the carbon support can immobilize the active metallic centers
to form metal−nitrogen−carbon (M−N−C) species and
facilitate the electrocatalytic process.24−26 Scanning electron
microscopy (SEM) images shown in Figure S3 indicate that
when the Ni@γ-Fe2O3 NPs interact only with ES (in the
absence of MWNTs), a thick layer of the ES polymer covers
the NPs (Ni@γ-Fe2O3/ES). The formation of a thick polymer
layer around the NPs hinders mass transfer to the metal shell
(γ-Fe2O3), resulting in low catalytic activity as explained in
Section 2.2.
2.2. Considerations for Synthesizing Ni@γ-Fe2O3

Core−Shell NPs with PLAL. PLAL produces a plasma
plume with high temperature and pressure, which contains

highly ionized and excited species from both the target and the
solvent. The liquid environment exposed to the plasma plume
during generation of NPs has been reported to have a
significant influence on the structure of the final products.20

This aspect has been exploited earlier to prepare different M@
MOx NPs.

27 Here, a NiFe target in acetone has been utilized
for PLAL for the Ni@γ-Fe2O3 NP synthesis. As Fe has a higher
negative adsorption enthalpy to acetone than Ni, formation of
core−shell NPs with a Ni core and an FeOx shell is favored.
Hence, plausibly the Ni core is formed in the beginning and
subsequently the γ-Fe2O3 layer is shaped as a shell probably
because of the higher nucleation rate of Ni compared to Fe.
The zeta potentials of the NiFe-based NPs synthesized in

water and acetone are ∼−1.74 and ∼−54.3 mV, respectively.
Here, only NPs synthesized in acetone showed a pronounced
Ni@γ-Fe2O3 core−shell structure, indicating that the structure
and morphology of the core−shell materials clearly differ
depending on the solvents used during the laser ablation
process. A similar solvent dependency has been previously
observed for the formation of Cu@Cu2O NPs by laser-induced
fragmentative decomposition of CuO, where the core−shell
NPs have been formed in acetone because of the different
high-temperature cooling periods between solvents.27

In addition to the solvent effect, we have found that the role
of Ni is critical for the formation of the maghemite shell. To
investigate the effect of Ni, the growth procedure of Ni@γ-
Fe2O3/ES-MWNT has been repeated but the NiFe foil as the
laser target was replaced with an Fe foil to synthesize FeOx
NPs. The FeOx NPs had an average size of 12.5 nm (Figure
S4), which is close to that measured for the Ni@γ-Fe2O3 NPs
(12.3 nm).

2.3. X-ray Diffraction and Raman Characterization.
The phase composition of the Ni@γ-Fe2O3 NP and the Ni@γ-
Fe2O3/ES-MWNT samples was also investigated by X-ray
diffraction (XRD) as shown in Figure S5a. The peak positions
are well in agreement with the standard maghemite structure.28

However, one of the most powerful techniques for providing a
clear assignment of the phase of the iron oxide or oxyhydroxide
is Raman spectroscopy where all the different iron oxide phases
reveal strong and distinct characteristic Raman active
features.29 Raman spectroscopy can also detect crystalline
NPs smaller than 4 nm and amorphous phases, which cannot
be detected by XRD.30 Here, for the Ni@γ-Fe2O3/ES-MWNT,
the Raman spectrum at the low-frequency region (Figures 2
and S6) displays the appearance of new features including the
strongest peak in this region at ∼690 cm−1 and two weaker
peaks at ∼572 and ∼461 cm−1. The strongest peak at ∼690
cm−1 is attributed to γ-Fe2O3 as only this phase of iron oxide
shows its most pronounced Raman peak at this position,29 and
for the small-sized maghemite this is almost the only
observable Raman band.29 The weaker peaks in the range of
450−580 cm−1 can be assigned to the Ni core of the core−
shell NPs.31 In contrast, Raman features at the low-frequency
region for the FeOx NPs (Figure S6) agree well with the
hematite structure.32,33 These results exhibit the crucial role of
Ni for making maghemite containing the core−shell structure
by PLAL.
As shown in Figure 2, Raman spectra of the samples at the

high-frequency region (Figure 2) display three major modes:
the defect-induced D-mode at 1300−1360 cm−1, the graphitic
mode (G mode) of CNTs at around 1600 cm−1, and the
overtone of the D-band (G′ or 2D) at ∼2500−2800 cm−1.34

The so-called G′ band is observed in the Raman spectra of all

Figure 1. (a) HRTEM image of the Ni@γ-Fe2O3 core−shell NPs and
(b) corresponding EDS elemental mapping overlay where Fe and Ni
are shown by red and green colors, respectively. (c) HRTEM image of
a crystalline γ-Fe2O3 shell. (d) HRTEM image of the Ni@γ-Fe2O3
NPs decorated on ES-functionalized MWNTs (Ni@γ-Fe2O3/ES-
MWNT).
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kinds of sp2 carbon materials and is strongly sensitive to any
perturbation to the π electronic structure.35 The G36 and
especially the G′35 bands are shifted by the charge transfer
between dopant additions on CNTs. These bands can be also
used to assign p- and n-type doping in CNTs35 as they are
blue-shifted and red-shifted upon doping, respectively. As
shown in Figure 2, decorating the Ni@γ-Fe2O3 NPs on ES-
MWNT causes red shifts of 7 and 8 cm−1 in the G and G′
bands, respectively, indicating that the Ni@γ-Fe2O3 NPs act as
electron donor (n-type doping) dopants for the ES-MWNT
support. After decorating the NPs, a new peak around 1480
cm−1 appears. Similarly, this peak has been observed for the
functionalized CNTs with ES.37,38

2.4. X-ray Photoelectron Spectroscopy Character-
izations. X-ray photoelectron spectroscopy (XPS) has been
used to investigate the surface elemental composition of Ni@γ-
Fe2O3/ES-MWNT at various stages of sample preparation and
after exposing the hybrid catalyst to the OER (see Section 2 for
the electrochemical measurements). The most relevant spectra
are shown in Figures 3 and S7. The atomic concentrations are
summarized in Table S1.
Figure 3a shows the Fe 2p spectrum of Ni@γ-Fe2O3/ES-

MWNT where four distinct peaks are observed. The complex
combination of multiplet splitting and shake-up satellites
makes the accurate interpretation of the iron spectrum difficult.

The largest photoelectron peak maxima are found at binding
energies of roughly 711.0 and 724.4 eV and are consistent with
Fe 2p3/2 and Fe 2p1/2 peaks of γ-Fe2O3, respectively, but also
with many other Fe(III) compounds.39,40 The additional
smaller peaks detected at binding energies of roughly 707 and
720 eV can be ascribed to the metallic Fe 2p3/2 and Fe 2p1/2
peaks, respectively. Shake-up satellite peaks are associated with
Fe(III) compounds.39 These can be useful for the
identification of the exact Fe(III) species, but in our case the
Fe 2p1/2 peak of metallic iron overlaps with the Fe(III) 2p3/2
satellite peak, making this difficult.
The presence of metallic Fe in the sample could indicate the

existence of some NiFe alloy either near the core−shell
interface of the NiFe core−shell NPs or as separate NiFe alloy
NPs, although such alloy NPs were rarely detected in the
HRTEM images.
Figure 3b shows the Ni 2p spectrum of the Ni@γ-Fe2O3/ES-

MWNT sample. Again, a rather complex peak shape because of
multiplet splitting and satellite peaks is found in the spectrum.
The center binding energies for the most intense peak
envelopes in the Ni 2p3/2 and Ni 2p1/2 regions are found at
roughly 856.1 and 873.6 eV and the corresponding satellite
peak regions at roughly 861.0 and 879.4 eV, respectively.
These values together with the spectral shape point mostly
toward nickel(III) oxyhydroxide, but because of the close
similarly in the spectra, some nickel(II) hydroxide could be
present as well.41 Smaller peaks at binding energies of roughly
853 and 870 eV can be ascribed to the Ni 2p3/2 and Ni 2p1/2
peaks of metallic Ni, respectively. The atomic concentrations
of nickel and iron were found to be similar (see Table S1), but
a larger amount of nickel is found in metallic form. Therefore,
it is reasonable to assume that in addition to the possible NiFe
alloys mentioned previously, also metallic nickel from the core
of the core−shell NPs is observed. As the information depth of
XPS is of the order of 5 nm, the entire NP will not be probed
but photoelectrons from nickel close to the core−shell
interface can still be observed. Their intensity will, however,
be strongly attenuated by the surrounding shell.
The N 1s spectrum of Ni@γ-Fe2O3/ES-MWNT is shown in

Figure 3c. The spectrum has been fitted by assuming the
presence of five different nitrogen species: imine (N−) at
398.5 eV, amine (−NH−) at 399.5 eV, protonated amine
(−NH2

+) at 401.1 eV, protonated imine (NH+) at 402.2 eV,
and one broader peak representing different nitrogen oxides
(N-oxide) at 404−406 eV.42 For comparison, the nitrogen
spectra were also measured for the ES-MWNT sample
(without the NPs), shown in Figure 3c, and for the ES
polymer, shown in Figure S7. The percentages of different

Figure 2. Raman spectra obtained from the ES-MWNT (black line)
and Ni@γ-Fe2O3/ES-MWNT (red line) materials.

Figure 3. Photoelectron spectra of (a) Fe 2p, (b) Ni 2p, and (c) N 1s for Ni@γ-Fe2O3/ES-MWNT (black line) and ES-MWNT (blue line).
Deconvoluted components shown: amine (green line), protonated amine (purple line), protonated imine (yellow line), and N-oxide (light blue
line).
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nitrogen species derived from the peak fitting are shown in
Table S2. Within the ES sample, no imine bonds were found as
would be expected, indicating their full protonation. For ES-
MWNT, slightly less protonated species, 38% in ES compared
to 27% in ES-MWNT, are observed (see the structures
depicted in Figure S13). After the incorporation of the Ni@γ-
Fe2O3 NPs, the percentage of protonated species increases to
34% together with a clear increase in the amount of protonated
imine bonds.

3. ELECTROCHEMICAL MEASUREMENTS
3.1. Electrochemical Response of Ni@γ-Fe2O3/ES-

MWNT by Cyclic Voltammetry. Cyclic voltammetry (CV)
is an electrochemical technique, which can be used to study
the kinetic of redox reactions of materials, and their insulating
and conducting properties. For the ES form of polyaniline
(PANI) coated on a conductive substrate, a pair of redox peaks
in the CV have been observed, and they have been attributed
to the protonation and deprotonation of the ES.43 Similarly,
here, for the ES coated on highly conductive MWNTs, a pair
of electrochemical redox peaks appear at an equilibrium
potential [(Epa + Epc)/2, where Epa and Epc are anodic and
cathodic peak potentials, respectively] of 0.67 V versus a
reversible hydrogen electrode (RHE). For MWNTs function-
alized with phenanthroline or bipyridine,11,44 a similar CV
feature has been observed when the nitrogen functional groups
strongly interact with the CNT support. For ES, which is not
coated on the MWNT, the CV current is significantly lower
than that of ES-MWNT (Figure 4), showing the essential role

of MWNTs to facilitate charge transfer to/from the ES. After
decoration of the Ni@γ-Fe2O3 NPs on ES-MWNT, the strong
interaction between the NPs and ES hinders the conventional
protonation and deprotonation in ES, causing almost a
featureless CV for the Ni@γ-Fe2O/ES-MWNT sample (Figure
4). Diminishing the CV peaks of ES can be also due to the
change in the ES structure after interacting with the γ-Fe2O3
NPs as described by the XPS analysis in Section 2.4 and Figure
3c. A similar change in the CV feature has been reported
recently after metalation of bipyridine-functionalized MWNTs
with Ni(II),11 attributed to the strong interaction of the metal
sites with nitrogen moieties.

3.2. Oxygen Evolution Activity and Discussion. The
electrocatalytic activity of all the samples for the OER was
investigated in alkaline electrolytes (0.1 and 1 M NaOH) using
a standard three-electrode system. All the measured materials
were deposited on a glassy carbon (GC) electrode with a
similar loading of ∼0.2 mg cm−2. Figure 5a shows the
polarization curves of the Ni@γ-Fe2O3/ES-MWNT catalyst for
the OER in comparison with pristine MWNT, ES-MWNT,
Ni@γ-Fe2O3 NPs, and RuO2 electrodes in 0.1 M NaOH. The
OER activity follows the trend Ni@γ-Fe2O3/ES-MWNT >
RuO2 > Ni@γ-Fe2O3 > ES-MWNT ≥ MWNT. At low
overpotentials (less than 450 mV), the pristine MWNT
showed almost no catalytic activity for the OER, and the Ni@
γ-Fe2O3 NPs result in a very low OER activity (Figure 5a).
However, the OER activity of the Ni@γ-Fe2O3 NPs is
significantly improved when they are immobilized on the ES-
MWNT support, so that the OER overpotential for achieving a
current density of 10 mA cm−2 in 0.1 M NaOH reduced from
540 mV for Ni@γ-Fe2O3 to 290 mV for Ni@γ-Fe2O3/ES-
MWNT. This improvement in the activity can be attributed to
an increase in the conductivity as well as a change in the
surface composition of the NPs when the polymer is wrapped
around the NPs as discussed in Section 1.1 and later in Section
3.
Figure 5c demonstrates the activity of Ni@γ-Fe2O3/ES-

MWNT in 0.1 and 1 M NaOH electrolytes (pHs of ∼13 and
∼14, respectively). The Ni@γ-Fe2O3/ES-MWNT catalyst only
requires overpotentials of 300 and 330 mV in 0.1 M NaOH
and 260 and 290 mV in 1 M NaOH to reach current densities
of 10 and 50 mA cm−2 (denoted as ηOER,10 and ηOER,50),
respectively.
The kinetics for oxygen evolution is assessed by Tafel plots

(Figure 5b) derived from the OER polarization curves in
Figure 5a. The Tafel slope can provide an insight into the
reaction mechanism and the rate-determining step (RDS).45

The Tafel slope values of 45, 55, 95, 97, and 60 mV dec−1 are
calculated for Ni@γ-Fe2O3/ES-MWNT, Ni@γ-Fe2O3 NPs,
pristine MWNT, ES-MWNT, and RuO2, respectively (Figure
5a). The clearly different Tafel slope values for the
unsupported Ni@γ-Fe2O3 NPs and Ni@γ-Fe2O3 NPs/ES-
MWNT suggest a change in the OER mechanism and the
RDS. The Tafel slope of the Ni@γ-Fe2O3/ES-MWNT material
is close to the 40 mV dec−1 value, which has been reported for
oxidized Ni, Co, and Fe in alkaline media.46,47 For the
maghemite nanorods48 and NPs,49 a Tafel slope of 50−60 mV
dec−1 has been reported in 0.1 M NaOH or KOH, which is
close to the Tafel slope of Ni@γ-Fe2O3 NPs.
The Tafel slope is related to the reaction mechanism, and,

hence, differences in the slopes can be attributed to a change in
the RDS. Suggesting an OER mechanism solely on the basis of
Tafel slope values is not feasible, anyway, as several different
pathways have been introduced.50 However, in alkaline media,
OH− adsorption on the electrocatalyst surface with charge
transfer (S + OH− → S−OH + e−) has often been suggested as
the RDS. Furthermore, assuming a single site mechanism, the
following OER mechanism can be proposed on the basis of the
literature

+ → + − +− −Step I: S OH S OH e (1)

− + → − + +− −Step II: S OH OH S O H O e2 (2)

− + → − +− −Step III: S O OH S OOH e (3)

Figure 4. Cyclic voltammograms for Ni@γ-Fe2O3/ES-MWNT (black
solid curve), ES (green dotted curve), and ES-MWNT (red dashed
curve).
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− + → − +− −Step IV: S OOH OH S OO H O2 (4)

− → + +− −Step V: S OO S O e2 (5)

where S represents an active site on the catalyst. The Tafel
slope of 45 mV dec−1 for NiFe/ES-MWNT is close to the
value of 40 mV dec−1, which has been observed when eq 3 is
the RDS.47,51

To detect the formation of oxygen on the Ni@γ-Fe2O3/ES-
MWNT catalyst, rotating ring disc electrode (RRDE)
measurements have also been carried out (Figure 5d). In
such measurements, the oxygen evolved at the disc at different
overpotentials is transported to the surrounding Pt ring
electrode held at 0.4 V where the evolved oxygen is reduced
to water. With this technique, the OER onset potential of Ni@
γ-Fe2O3/ES-MWNT is measured to be ∼1.48 V versus RHE in
0.1 M NaOH. We have also estimated an approximate Faradaic
efficiency (ε) >90% toward water oxidation catalyzed by Ni@
γ-Fe2O3/ES-MWNT using these RRDE measurements52 with
the OER current density less than 5 mA cm−2 (see the
Supporting Information for the calculation). It is noteworthy
that a small deviation from 100% efficiency does not
necessarily mean the coexistence of other anodic processes
than oxygen evolution as different factors can cause large errors
in the measured value for ε.11 The ES-MWNT support exhibits
almost no anodic current density at potentials <1.6 V, where
the OER activity of Ni@γ-Fe2O3/ES-MWNT is reported.
Thus, the measured anodic current density of the Ni@γ-
Fe2O3/ES-MWNT catalyst in Figure 5a appears not to result

from oxidative decomposition of the ES-MWNT support and
is suggested to be ascribed only to the OER.
The Ni@γ-Fe2O3/ES-MWNT electrocatalyst exhibits a low

onset overpotential and small overpotentials to obtain the high
currents. The activity of Ni@γ-Fe2O3/ES-MWNT toward the
alkaline OER is comparable to that of the most active OER
electrocatalysts reported so far53−56 (see detailed comparisons
in Table S3 in the Supporting Information). The performance
of Ni@γ-Fe2O3/ES-MWNT toward the OER is also close to
that observed for NiFe-layered double hydroxide nanoplates
on mildly oxidized MWNTs [NiFe (LDH)/CNT] as the state-
of-the-art electrocatalyst for the OER in alkaline media.53

As discussed in Section 2.2, the presence of Ni is critical for
forming the maghemite shell. The latter can strongly interact
with the ES-MWNT support and thus result in the formation
of the active C−N encapsulation layer on the maghemite shell.
For the FeOx/ES-MWNT sample, a significantly lower OER
activity than for the Ni@γ-Fe2O3/ES-MWNT catalyst is
observed (Figure S8). These results originate from the lack
of magnetic maghemite NPs in the FeOx sample (Figure S6)
and resulting less strong interaction between the nitrogen sites
on ES-MWNT and the NPs. Consequently, the OER activity
of FeOx/ES-MWNT is lower than that of Ni@γ-Fe2O3/ES-
MWNT. As shown in Figure S8, both the unsupported FeOx
and the Ni@γ-Fe2O3 NPs show relatively poor OER activity,
whereas after supporting on ES-MWNT, the activity of the
Ni@γ-Fe2O3 NPs is significantly improved compared to that of
FeOx. This shows that these two NPs interact differently with

Figure 5. (a) IR-corrected polarization curves obtained with Ni@γ-Fe2O3/ES-MWNT (black), MWNT (green), Ni@γ-Fe2O3 NPs (red), and
RuO2 (blue) in 0.1 M NaOH and (b) corresponding Tafel plots derived from Figure (a). (c) OER polarization curves of Ni@γ-Fe2O3/ES-MWNT
in 0.1 (black) and 1 M (red) NaOH solutions. (d) Detection of O2 generated on the Ni@γ-Fe2O3/ES-MWNT catalyst in a N2-saturated 0.1 M
NaOH solution using RRDE measurements; the inset shows a scheme of the RRDE detection for the oxygen reduction reaction (ORR) on the Pt
ring caused by the OER on the disc. The polarization curves were measured at a scan rate of 5 mV s−1 and a rotation speed of 1600 rpm.
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the support. It is shown recently33 that maghemite NPs’
interaction with N-doped graphite carbon is stronger than that
of hematite NPs. This can be one of the reasons for the higher
activity of Ni@γ-Fe2O3/ES-MWNT compared to FeOx/ES-
MWNT.
Among different iron oxide phases such as hematite,57,58

maghemite has shown a promising performance toward
photoelectrochemical water oxidation.59,60 However, the
electrocatalytic activity of hematite can be improved upon
doping with other metals such as Co and Ni.61 For
electrocatalytic water oxidation, maghemite nanorods anch-
ored on nitrogen-doped CNTs have shown good OER
activity,48 and that activity has been further improved in
another work for γ-Fe2O3 NPs decorated on CNTs.62 Here,
the Ni@γ-Fe2O3 NPs show a low OER activity, but it is
significantly improved by interacting with the ES polymer
supported on CNTs. Therefore, the role of the ES-MWNT is
critical for obtaining a high OER catalytic activity, suggesting
PANI-functionalized (ES form) CNT as a promising support
for the metal NPs to prepare highly active and stable
electrocatalysts. Hence, in comparison to the OER activity of
other reported research studies on maghemite,48,62 which show
significantly lower OER activity compared to Ni@γ-Fe2O3/ES-
MWNT, it is concluded that solely γ-Fe2O3 does not result in
the high OER activity. It is important to encapsulate Ni@γ-
Fe2O3 NPs in the C−N shell because of the strong interaction
between magnetic NPs and nitrogen sites in ES that result in
the final high catalytic activity. Therefore, in the Ni@γ-Fe2O3/
ES-MWNT catalyst, the Ni@γ-Fe2O3 NPs encapsulated in a
C−N shell (from ES) are suggested as the most active sites in
the sample.
For metal63,64/metal oxide26 NPs encapsulated in graphi-

tized C−N shell(s), a significant charge transfer from the metal
core to the C−N shell has been reported in the literature from
density functional theory calculations. Such an electron
transfer can modulate the electronic structure of the C−N
shell, inducing a significant improvement in the electrocatalytic
activity toward the HER,63 the OER,64 and other reactions
such as ORRs.26 Similarly, here, the interaction between the
C−N shell and Ni@γ-Fe2O3 leads to a significantly higher
OER electrocatalytic activity of the Ni@γ-Fe2O3/ES-MWNT
catalyst in comparison to the Ni@γ-Fe2O3 NPs. This
interaction is further confirmed by the XPS results (as
shown in Figure 3c), where a clear change is observed in the

XPS spectrum of the ES-MWNT composite after decoration of
the Ni@γ-Fe2O3 NPs.
For iron oxide catalysts, it has been recently shown that

electronic structure and consequently the catalytic activity can
be changed using different substrates.3,5,6 Similarly, here, the
Ni core in the Ni@γ-Fe2O3 NPs can modify the electronic
structure of the γ-Fe2O3 shell, and thus ultimately can
indirectly affect the catalytic activity of the Ni@γ-Fe2O3/ES-
MWNT catalyst.
We have also observed that the use of the ES-MWNT

support for the γ-Fe2O3 NPs results in an active catalyst with a
high electrochemically active surface area (ECSA) of ∼35 cm2,
which is significantly larger than that calculated for
unsupported metal oxide NPs65 and surface-oxidized
MWNTs (6 cm2),66 and is similar to that of γ-Fe2O3/
CNT.49 The ECSA of the catalyst is approximated from the
electrochemical double-layer capacitance of the catalytic
surface (see the calculation details in the Supporting
Information) by applying CV measurements at different scan
rates65,66 (Figure S9).

3.3. OER Stability Characterization. Stability under the
harsh conditions of the OER is an important parameter to
evaluate the performance of an electrocatalyst. In addition to
high OER catalytic activity, the Ni@γ-Fe2O3/ES-MWNT
catalyst also showed a high stability toward the OER, measured
by 5000 potential cycles between 1.2 and 1.65 V at a scan rate
of 50 mV s−1 (Figure 6a) and the chronoamperometric
measurement at a constant potential of 1.52 V (where j is ∼10
mA cm−2) for 30 h (Figure 6b) in O2-saturated 0.1 M NaOH.
As shown in Figure 6a, the OER polarization curve of Ni@γ-
Fe2O3/ES-MWNT revealed no changes after 5000 potential
cycles, whereas the RuO2 performance indicated a significant
degradation after 1000 potential cycles. The significantly
higher durability of Ni@γ-Fe2O3/ES-MWNT in comparison
to RuO2 can be attributed to the presence of the ES-MWNT
support, which strongly immobilizes the active NPs, protecting
the NPs from degradation and agglomeration with neighboring
NPs during the reaction.
After 5000 stability cycles, a small oxidation peak at ∼1.46 V

emerges in the OER polarization curve of the Ni@γ-Fe2O3/ES-
MWNT (Figure 6a). This peak is ascribed to reversible Ni
oxidation reaction and may arise from oxidation of metallic Ni
existing in rarely observed NiFe NPs in which Ni is not
encapsulated in a maghemite shell. However, the appearance of

Figure 6. (a) OER polarization curves of the Ni@γ-Fe2O3/ES-MWNT before (black solid line) and after (red dot-dashed line) 5000 stability cycles
between 1 and 1.65 V vs RHE at a scan rate of 50 mV s −1 in 0.1 M NaOH, compared to RuO2 before (green solid line) and after (blue dot-dashed
line) 1000 stability cycles. (b) Time dependence of the current density in 0.1 M NaOH obtained at a static potential of ∼1.52 V for Ni@γ-Fe2O3/
ES-MWNT and 1.6 V for RuO2.
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the Ni oxidation peak does not significantly change the OER
activity of the catalyst, indicating that these surface Ni species
may not be the newly formed active sites at the catalyst surface.
To investigate the origin of the peak arisen after the OER

stability tests, a similar OER stability test for the Ni@γ-Fe2O3
NPs (Figure S10) has been carried out. HRTEM images from
the Ni@γ-Fe2O3 NPs after the OER stability test (Figure S11)
show that the maghemite shell is stable in the NPs. Therefore,
the Ni oxidation peak is suggested to mainly arise from
oxidation of metallic Ni existing in the rarely observed NiFe
alloy NPs in which Ni is not encapsulated in a maghemite
shell. In addition, from the HRTEM images of the Ni@γ-
Fe2O3 NPs, two type of NPs are observed (Figure S1). Both
types of these NPs can serve as active sites. However, the vast
majority in the sample are the Ni@γ-Fe2O3 NPs, whereas only
a few NiFe alloy NPs are observed. The former NPs, as the
dominant NPs, are suggested to be the NPs showing the main
OER activity at the low overpotential region (0.25−0.32 V).
The number of latter NPs is low (as such NPs are rarely seen
in the HRTEM images) and hence not considered as the main
contributor in the final OER electrocatalytic activity. As the
OER stability cycles do not change the activity of the Ni@γ-
Fe2O3/ES-MWNT sample at the low overpotential region
(Figure 6), it is concluded that the appearance of the new
oxidation peak at ∼1.46 V is not attributed to a change in the
structure of the Ni@γ-Fe2O3NPs encapsulated in a C−N shell
but rather to the NPs which are not encapsulated. Similarly,
the OER polarization curves of the Ni@γ-Fe2O3 NPs (without
the ES-MWNT support), before and after 100 stability cycles
(Figure S10), show a new oxidation peak appearing before
observing the OER current. However, in this case, the OER
activity after 100 cycles has slightly decreased (Figure S10), as
observed often for uncovered metal NPs.67

The chronoamperometric measurements were conducted
based on the protocol for measuring the stability of
heterogeneous electrocatalysts for the OER (half-cell measure-
ments) through time-dependent measurements (chronoam-
perometry or chronopotentiometry).65 Through these meas-
urements, the Ni@γ-Fe2O3/ES-MWNT catalyst exhibited a
more stable performance than IrO2/C and the state-of-the-art
NiFe LDH/CNT catalyst.53 Therefore, the Ni@γ-Fe2O3 NPs
decorated on ES-MWNT can function as nonprecious, active,
and durable electrocatalysts for catalyzing the OER.
3.4. Hydrogen Evolution Activity and Discussion. In

addition to the superb OER performance discussed above, the
HER activity of the Ni@γ-Fe2O3/ES-MWNT catalyst is also
evaluated in N2-saturated 0.1 M NaOH to demonstrate the
potential application of Ni@γ-Fe2O3/ES-MWNT as a bifunc-
tional catalyst for full water splitting. Figure 7 shows the HER
polarization curves on the Ni@γ-Fe2O3/ES-MWNT material
compared with pristine MWNTs and the Ni@γ-Fe2O3 NPs. All
the measured catalysts are deposited on a GC electrode with a
similar loading of ∼0.2 mg cm−2. As shown in Figure 7, similar
to the OER, the electrocatalytic enhancement for the hybrid
material is observed in comparison to the Ni@γ-Fe2O3 NPs
and pristine MWNT especially at high current densities. For
the Ni@γ-Fe2O3/ES-MWNT hybrid material, an overpotential
of 305 mV is required to achieve 10 mA m−2 in 0.1 M NaOH,
which is comparable to that of transition/noble metal HER
catalysts.68−70 Furthermore, the HER polarization curves on
the Ni@γ-Fe2O3/ES-MWNT show no change after 1000 HER
cycles, revealing the strong stability of this hybrid material.

4. CHARACTERIZATION OF THE
NI@γ-FE2O3/ES-MWNT CATALYST AFTER THE
ELECTROCHEMICAL STABILITY EXPERIMENTS

Figure 8 exhibits the scanning TEM (STEM) and high-angle
annular dark-field STEM (HAADF−STEM) images with the
corresponding EDS mappings obtained from the Ni@γ-Fe2O3/
ES-MWNT after 5000 and 1000 OER and HER stability
cycles, respectively. In Figure 8a,b, the HRTEM and HAADF−
STEM images show the core−shell structure of the Ni@γ-
Fe2O3 NPs where the corresponding EDS spectra from the
shell and the core show the Fe- and Ni-rich areas, respectively.
Figure 8d shows the HRTEM images of two adjacent Ni@γ-
Fe2O3 NPs decorated on the ES-MWNT support and Figure
8e−k indicates the corresponding elemental composition of
the NPs by EDS mapping. Figure 8e,h exhibits clearly that N
sites from the ES polymer have been wrapped around the Ni@
γ-Fe2O3 NPs as already explained in Section 1.1. The
comparison of Figure 8h (N mapping) with Figure 8i,j (Fe
and Ni mappings, respectively) indicates that the N sites from
the wrapped ES around the NPs have separated the two
adjacent NPs, protecting the NPs from agglomerating during
the electrochemical measurements and contributing the
observed remarkable stability. It is notable that the nitrogen
content is higher in the Ni@γ-Fe2O3 NP area (Figure 8e)
where Fe−N−C can form and this could act as the active site.
Figure 8f,k shows that oxygen is mostly present in the shell

and on the surface of the Ni@γ-Fe2O3 NPs, indicating that the
Ni core of the NPs is not oxidized under the harsh oxidative
OER conditions.
The XRD and Raman analyses (Figure S5) confirm the

presence of γ-Fe2O3 in the Ni@γ-Fe2O3/ES-MWNT sample
after the stability measurements. Furthermore, the Raman G
and D bands of the Ni@γ-Fe2O3/ES-MWNT do not show a
significant change after the durability test (Figure S5b),
suggesting that the ES-MWNT support structure is stable
during the long electrochemical stability tests.
On the basis of the XPS characterization of Ni@γ-Fe2O3/

ES-MWNT after the stability measurements, the chemical
states and amounts of iron and nickel are found to be similar to

Figure 7. HER polarization curves of Ni@γ-Fe2O3/ES-MWNT (black
line), pristine MWNT (blue line), Ni@γ-Fe2O3 NPs (red line), and
Ni@γ-Fe2O3/ES-MWNT after 1000 HER cycles (pink dashed line).
The polarization curves have been reported with iR compensation at a
scan rate of 5 mV s−1 in 0.1 M NaOH.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b08830
ACS Appl. Mater. Interfaces 2018, 10, 31300−31311

31307

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b08830


those before the reaction (see Figure S12a,b, and Table S1),
indicating that the particles are rather stable. However, after
the durability measurements, the ratio of oxidized Ni to
metallic Ni seems to increase somewhat, which is in
accordance with the observed evolution of the Ni oxidation
peak in the OER polarization curve after 5000 OER cycles
(Figure 6a). This slight increase in the amount of Ni oxide
species probably arises from the oxidation of diffused Ni to the
surface of the Ni@γ-Fe2O3 NPs during electrochemical
measurements or from some metallic NiFe NPs, which have
not been completely encapsulated in a γ-Fe2O3 shell.
Figure S12c shows the N 1s spectrum of Ni@γ-Fe2O3/ES-

MWNT after the electrochemical measurements. The
protonated imine peak at 402.2 eV almost vanishes and a
previously undetected imine peak at 398.5 eV is observed.
After the electrochemical measurements, the percentage of
protonated imine bonds decreases to 3% from 17% (Table S2),
suggesting that the protonated imine bonds of ES are mostly
deprotonated during the measurements. In addition, after the
stability measurements, the amounts of amine and imine bonds
have decreased and increased, respectively, which could
indicate that some amine bonds have been transformed to
imine bonds. In the alkaline media, in which the electro-
chemical measurements have been carried out, ES can react
with OH− to form the emeraldine salt base form of PANI
(Figure S13 shows different forms of PANI). This can be
reduced further to the leucoemeraldine form. This is consistent
with the XPS measurements that indicate at least a partial
deprotonation of the ES backbone toward its base form. The
emeraldine ⇔ leucoemeraldine reversible transition has been
shown to be involved in passivation layer of metals coated by
PANI.71,72

5. EXPERIMENTAL SECTION
5.1. Chemicals and Materials. PANI ES (molecular weight ≈

15 000) was purchased from Sigma-Aldrich and was kept in a glove
box under inert atmosphere. MWNTs were purchased from Nanocyl.
Nafion (10%) and IrO2 were both purchased from Sigma-Aldrich.
Hydrochloric acid (HCl) was obtained from Merck (Whitehouse
Station, NJ). All chemicals were of analytical-reagent grade and all the
chemicals were used as received without further purification.

5.2. Synthesis Process. 5.2.1. Step I: Synthesis Process of Ni@γ-
Fe2O3 NPs. The preparation of Ni@γ-Fe2O3 NPs followed previous
reports.1 Briefly, NiFe NPs were synthesized by ultrashort-PLALs as a
facile technique for synthesis of NPs described in detail elsewhere.1

For this process, an Nd:YAG laser (Ekspla, Atlantic) with a
fundamental wavelength of 1064 nm, a pulse duration of 10 ps, and
a repetition rate of 100 kHz was used. A scanner (SCANcube 10,
Scanlab) moved the laser beam in a spiral pattern and it was focused
on the target with an f-theta lens (focal lens of 100 mm). The actual
pulse energy applied, after the scanner and all optics, was 95 μJ. For
synthesizing the NPs, a NiFe (50−50%, Sekels) or Fe (for synthesis of
Fe NPs) foil (Aldrich Chemicals) was placed in a self-constructed
stirred 100 mL aluminum batch chamber. The chamber was filled
with acetone (analytical reagent grade, Fisher Chemical) and the
ablation was carried out for 20 min. The collected colloid was used for
further processing and analysis. To adjust the concentration, the
solvent was evaporated at ambient temperature and pressure.

5.2.2. Step II: Synthesis Procedure for Functionalization of
MWNTs with ES. At first, MWNTs (40.0 mg, purchased from
Nanocyle) were dispersed in 100 mL of aqueous HCl solution
(0.0025 M, pH 2.6) and sonicated with an ultrasonic bath (40 kHz,
40 W power) for 30 min, forming a stable black aqueous colloid (0.4
mg/mL). Separately, ES (100 mg, purchased from Sigma-Aldrich)
was dispersed in 100 mL of 0.0025 M HCl (pH 2.6) and sonicated for
30 min as well, forming a stable deep green colloid (1.0 mg/mL).
Because the size of commercially prepared ES is on the nanoscale, a
stable colloid can be formed through electrostatic repulsion of the
backbone of the positively charged ES dispersion in an acidic aqueous
solution. Kaner et al.2 reported that the stability of the ES colloid is

Figure 8. Structural and elemental analysis of Ni@γ-Fe2O3/ES-MWNT after electrochemical stability measurements. (a) STEM and corresponding
(b) HAAD−STEM images of the Ni@γ-Fe2O3 core−shell NPs decorated on ES-MWNT. (c) EDS spectra obtained from the core and shell of the
NP indicated in Figure (a). (d) STEM image of two adjacent NPs and corresponding EDS elemental mappings of (e) overlay of Fe, N, and C, (f)
overlay of Fe, Ni, and O, (g) carbon, (h) nitrogen, (i) Fe, (j) Ni, and (k) oxygen.
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strongly pH-dependent and the pH value of 2.6 was the most optimal
value. In our experiments, to eliminate the influence of differing pH
values, the pH values of the MWNTs and ES aqueous colloids were
both 2.6. Then, a 30 mL aliquot of the MWNT colloid was mixed
with 30 mL aliquots of the ES colloid, and the mixture was sonicated
for 2 h. After centrifugation (10 min, 4000 rpm) and drying in a
vacuum oven, the final product (ES-MWNT) was prepared.
5.2.3. Step III: Procedure for Decorating Ni@γ-Fe2O3 NPs on ES-

MWNT. As-prepared Ni@γ-Fe2O3 NPs (10 mL) in acetone (0.4 g/L)
was mixed with 120 mg of ES-MWNT, stirred for 30 min, and
sonicated for 15 min to obtain a homogenous dispersed ink. Then, the
final ink was used for the electrochemical measurements.
5.3. Electrochemical Measurements. The measurements were

carried out with an Autolab potentiostat in a standard three-electrode
system using a GC disc, a Pt wire, and a calomel electrode as a
working, counter, and reference electrode, respectively. All measured
potentials were changed to the RHE scale using the following
equation: E(RHE) = E(SCE) + 0.242 V + 0.059 × pH. The catalyst
inks were deposited on the GC electrodes (0.19 cm2) with the same
loading of ∼0.2 mg cm−2. Subsequently, 25 μL of a 5 wt % Nafion
dispersion was diluted with 1 mL of ethanol, and 5 μL of this solution
was then added on top of the catalyst layers as a binder. Polarization
curves were obtained using linear sweep voltammetry with a scan rate
of 5 mV s−1 in 0.1 and 1 M NaOH electrolyte solutions. After the
durability measurements, the electrolyte was changed to a fresh one
before recording the OER activity. The uncompensated ohmic
electrolyte resistance (Ru) was calculated by extrapolating Ru to the
minimum total impedance in a non-Faradaic region, measured by
impedance spectroscopy between 10 Hz and 100 kHz. The values of
Ru ≈ 22 Ω and Ru ≈ 9 Ω were recorded in 0.1 and 1 M NaOH
solutions, respectively.
5.4. Physical Characterization. 5.4.1. Zeta Potential Measure-

ments for NPs. Zeta potential measurements were carried out with a
Malvern Zetasizer Nano ZS using a solvent-resistant dip cell.
5.4.2. X-ray Photoelectron Spectroscopy. XPS was performed

using a Kratos Axis Ultra spectrometer with monochromated Al Kα
radiation, using a pass energy of 40 eV and an X-ray power of 225 W.
Samples were measured as powders dispersed on a gold foil except the
sample characterized after the OER measurements, which was
measured directly on the GC electrode. The analysis area was
roughly 700 μm × 300 μm for all the samples. The binding energy
scale was referenced to the graphitic C 1s peak at 284.4 eV. The peak
fitting of the nitrogen 1s region was done using Gaussian−Lorentzian
peaks (70% Gaussian) with positions fixed to within ±0.2 eV of given
values and the full width at half-maximum (fwhm) restricted to be
equal. The N-oxide peak position was restricted to between 404 and
408 eV with the fwhm restricted to below 4 eV.
5.4.3. Raman Studies. The Raman spectra were carried out using a

JY LabRam 300 with 1.96 eV (633 nm) laser excitation.
5.4.4. TEM Analysis. For TEM characterization, the samples were

dispersed in ethanol (∼0.01 mg/mL) and then 10 μL of the solution
was drop cast on a carbon-coated TEM grid (Cu grid) and dried in
ambient air to form an ultrathin film of the materials on the grid. All
TEM images were obtained using a JEOL-2200FS, double Cs-
corrected HRTEM at an acceleration voltage of 200 kV.

6. CONCLUSIONS

In summary, a facile and upscalable synthesis method has been
developed to produce magnetic maghemite NPs on the Ni
substrate by laser ablation technique in acetone. We also reveal
that Ni has a crucial role in producing the γ-Fe2O3 shell.
Moreover, for the first time, it is shown that MWNTs
functionalized with ES, a conductive polymer with positively
charged nitrogen moieties, can strongly immobilize the
magnetic Ni@γ-Fe2O3 NPs through electrostatic interaction
via self-assembly. Characterization of the Ni@γ-Fe2O3/ES-
MWNT sample before and after electrochemical measure-
ments reveals that the Ni@γ-Fe2O3 NPs containing a magnetic

maghemite shell have been captured in the ES polymer
supported on MWNT, attributed mainly to the strong
electrostatic interaction of the NPs with the ES. The Ni@γ-
Fe2O3/ES-MWNT exhibits a high catalytic activity toward full
alkaline water splitting. Furthermore, this catalyst shows a
remarkable stability during dynamic electrochemical cycles.
Such a performance originates from the unique structure of
both the Ni@γ-Fe2O3 NPs and the ES-MWNT support. This
work opens new doors to the synthesis of a new class of highly
active and durable nanocatalysts for energy applications.
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Calculation of electrochemically active surface area

The electrochemical capacitance was calculated by measuring double layer capacitance

of Ni@g-Fe2O3/ES-MWNT on a glassy carbon RDE in 1 M NaOH as descried earlier. 3 To

measure the double layer capacitance, the cyclic voltammograms (CVs) were plottet at

different scan rates in a potential range where no Faradaic process occurred (Fig. S7a)

and charging currents (ic) at different scan rates were measured. From the slope of ic as

a function of scan rate (v), the double layer capacitance (CDL) was obtained (Fig. S7b)

based on the following eq. 1:

ic = vCDL    (1)

The CDL of Ni@g-Fe2O3/ES-MWNT measured by the above-mentioned method is

~ 1.38 mF. The electrochemically active surface area (ECAS) can be obtained from eq  2:

ECAS = CDL/Cs       (2)

Where Cs is the specific capacitance. The average Cs of 0.040 mF cm-2 in 0.1 M NaOH

was used for the calculation of the ECAS based on previous reports3 in alkaline solution.

As a result, an ECAS of 35 cm2 was obtained for the Ni@g-Fe2O3/ES-MWNT catalyst.
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Estimation of the Faradaic efficiency

The experiments were performed in a rotating ring-disk electrode (RRDE) configuration.

The Pt-ring electrode was set at 0.4 V vs. RHE to allow the O2 produced on the disk during

the anodic scans to be reduced, via 4 electrons, to OH-, according to equation (3):

O2 + 2H2O + 4eˉ→ 4OHˉ (3)

The faradaic efficiency (ε%) was calculated using the expression for the collection

efficiency of the RRDE  given in eq 4:

ε% =
∗

∗ 100                     (4)

Where jORR and jOER are current densities measured on the Pt ring and the GC disk,

respectively, and N is the collection efficiency (here ~0.2) of the RRDE.
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Figure S1. (a) TEM images obtained from the Ni@γ-Fe2O3 nanoparticles, (b) Particle size distribution of

the Ni@γ-Fe2O3 nanoparticles received from the TEM images. The average diameter obtained from the

LogNormal fit is 12.3 nm, (c) HR-TEM image of an isolated Ni@γ-Fe2O3 particle showing the interface of

the core (Ni) and shell (γ-Fe2O3) in the particle, and (d) corresponding EDS spectra from the particle,

showing elemental compositions of the shell and the core.
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Figure S2. (a) STEM and corresponding (b) HAAD-STEM images obtained from MWNTs (without ES

functionalization) mixed with the Ni@γ-Fe2O3 particles, showing very sparse dispersion of the particles on

MWNTs in the absence of the ES polymer.
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Figure S3. (a) A high-resolution and (b) low resolution scanning electron microscopy images of the Ni@γ-
Fe2O3 nanoparticles mixed with emeraldine salt polymer.
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Figure S4. Particle size distribution of the FeOx nanoparticles received from the TEM images. The
average diameter obtained from the LogNormal fit is 12.5 nm.
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Figure S5.   (a) XRD and  (b) Raman spectra of Ni@γ-Fe2O3/ES-MWNT before (black line) and after (red

line) of the 5,000 OER cycles.
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Figure S6. Raman spectra of FeOx NPs (above) and Ni@γ-Fe2O3 NPs (below), showing hematite and

maghemite Raman features, respectively.
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Figure S7. X-ray photoelectron spectra of N 1s obtained from emeraldine salt and MWNT-ES.

Deconvoluted components shown: amine (green line), protonated amine (purple line), protonated imine

(yellow line) and N-oxide (light blue line).
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Figure S8. IR-corrected RDE polarization curves obtained with the FeOx NPs (green line), Ni@γ-Fe2O3

NPs (red line), FeOx/ES-MWNT (blue line) and Ni@γ-Fe2O3/ES-MWNT (black line) in 0.1 M NaOH

solution. The curves were measured at a scan rate of 5 mV s-1 and a rotation speed of 1600 rpm.
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Figure S9. Double-layer capacitance measurements for the Ni@γ-Fe2O3/ES-MWNT catalyst from cyclic

voltammetry in 1 M NaOH. (a) Cyclic voltammograms of the N i@γ-Fe2O3/ES-MWNT electrode recorded in

a non-faradaic region (0.7 - 1.05 V vs. RHE) at scan rates of 5, 10, 25, 50, 100, 200, 400, and 800 mV. The

working electrode was held at each potential for 20 s before beginning of the next sweep. Current in this

graph was assumed to be induced only by capacitive charging/discharging. (b) The cathodic (red circle)

and anodic (black square) capacitance currents measured at 0.95 V vs. RHE are plotted as a function of

the scan rate. The double-layer capacitance of this system is calculated as the average of the absolute

value of the slope of the linear fits to the data (see the equations above).
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Figure S10. OER polarization curves of the FeOx NPs before (red solid line) and after (black line) 100

stability cycles between 1 and 1.75 V vs RHE at a scan rate of 50 mV s -1 in 0.1 NaOH,
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Figure S11. Structural and elemental analysis of Ni@γ-Fe2O3 after electrochemical stability measurements.

(a) STEM and corresponding (b) HAAD-STEM images of the Ni@γ-Fe2O3 core-shell NPs.
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Figure S12. (a) Fe 2p, (b) Ni 2p, (c) N 1s and (d) survey XPS spectra of the Ni@γ-Fe2O3/ES-MWNT catalyst

before and after the 5,000 OER cycles.
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Figure S13. Different chemical structures of polyaniline emeraldine salt.
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Table S1 The atomic percentages of the different elements of Ni@γ-Fe2O3/ES-MWNT (before

and after the stability measurements), emeraldine salt (ES), and the ES-MWNT composite as

derived from XPS. The error bar associated with atomic percentage is of the order of ±10% of the

value. Note that for the Ni@γ-Fe2O3/ES-MWNT sample tested for the OER, Nafion was used as

binder. Therefore, the presence of Nafion on the Ni@γ-Fe2O3/ES-MWNT after the OER can

underestimate the real N/C ratio.

Catalyst Ni

(at-%)

Fe

(at-%)

N

(at-%)

C

 (at-%)

S

(at-%)

F

 (at-%)

O

 (at-%)

Na

(at-%)

Cl

(at-%)

Emeraldine

salt

- - 7.28 79.7 2.72 0.49 9.80 - -

ES-MWNT - - 1.42 94.7 0.46 0.14 3.20 0.03 0.05

Ni@γ-Fe2O3/

ES-MWNT

0.40 0.54 1.54 84.2 0.36 0.05 12.8 0.04 0.04

Ni@γ-Fe2O3/

ES-MWNT

after stability

measurments

0.48 0.42 0.48 75.6 0.25 3.54 14.4 4.72 0.14
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Table S2 The percentages of different nitrogen species of all nitrogen for Ni@γ-Fe2O3/ES/MWNT

(before and after the OER stability measurements), ES, and ES-MWNT composite as derived

from peak fitting of the N 1s XPS region (BE = binding energy).

catalyst imine
(=N-)

BE~398.5
eV

amine
(-NH-)

BE~399.5
eV

protonated
amine
(-NH2

+)
BE~401.1

eV

protonated
imine

(=NH+)
BE~402.2 eV

N-oxide
BE~404-406

eV

Emeraldine salt
- 52 28 10 10

ES-MWNT
- 62 21 6 11

Ni@γ-Fe2O3/ES-

MWNT - 54 17 17 12

Ni@γ-Fe2O3/ES-

MWNT after

measurments

15 43 23 3 16
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Table S3 Comparison of OER performance of the Ni@γ-Fe2O3/ES-MWNT catalyst to the

state-of the-art OER material, so far reported γ-Fe2O3 containing electrocatalyst and core-

shell metal@FexO reported electrocatalyst.

Catalyst Electrolyte ŋ onset

(mV)

ŋ (mV)

@

10 mA cm-2

Tafel slope

(mV dec-1)

Mass

loading

(mg cm-2)

Substrate Reference

Ni@γ-Fe2O3/ES-

MWNT

0.1 M NaOH 250 290 45 0.2 GC This work

1 M NaOH 200 260

γ-Fe2O3/CNT 0.1 M NaOH 340 410 50 0.2 GC 3

20161 M NaOH 320 560

γ-Fe2O3@NCNT 0.1M KOH 370 450 53 N.A CP 4

2016

NiFe-LDH

state-of-the-art

0.1M KOH 280 300 35 0.25 GC 5

20131M KOH 220 240

Au@CoFeOx 1M KOH 260 350 N.A N.A GC 6

2017

Ni-bipy-MWCNT 0.1 M NaOH 290 310 35 0.2 GC 7

20171 M NaOH 260 290
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a b s t r a c t

Core-shell nanoparticles represent a class of materials that exhibit a variety of properties. By rationally
tuning the cores and the shells in such nanoparticles (NPs), a range of materials with tailorable properties
can be produced which are of interest for a wide variety of applications. Herein, experimental and theo-
retical approaches have been combined to show the structural transformation of NPs resulting to the for-
mation of either NiFexCy encapsulated in ultra-thin graphene layer (NiFe@UTG) or Ni3C/FexCy@FeOx NPs
with the universal one-step pulse laser ablation in liquid (PLAL) method. Analysis suggests that carbon in
Ni3C is the source for the carbon shell formation, whereas the final carbon-shell thickness in the NPs orig-
inates from the difference between Ni3C and FexCy phases stability at room temperature. The ternary Ni-
Fe-C phase diagram calculations reveal the competition between carbon solubility in the studied metals
(Ni and Fe) and their tendency toward oxidation as the key properties to produce controlled core-shell NP
materials. As an application example, the electrocatalytic hydrogen evolution current on the different NPs
is measured. The electrochemical analysis of the NPs reveals that NiFe@UTG has the best performance
amongst the NPs in this study in both alkaline and acidic media.
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1. Introduction

One focus in nanotechnology is to combine materials properties
to generate nanomaterials with new multifunctional properties.
This can be achieved, for example, by combining two or more
metal components into an alloy or core-shell structures [1,2].
Recently, 3d transition metals and their alloys encapsulated in
carbon-based materials (metalcarbide@C) have emerged as
promising candidates for different applications such as energy
storage [3-8]. The fundamental basis of this strategy relies on the
electronic modification of graphitic shell by a metallic core.
Another prominent advantage of this strategy relies on providing
a protective graphitic shell for the core, which significantly
improves the durability of the NPs in harsh conditions [9,10]. Since
electron transfer and adsorption of the reacting species is affected
by the work function of the metallic core and the thickness of the
shell, it is predicted that the feasibility of such materials for any
applications can be optimized by tuning the physicochemical prop-
erties of the metallic core and the number of graphitic layers. Thus,
the optimization of these unique materials through structural and
electronic modulation enables the most advantageous promotion
of the usage of such materials.

Recent density functional theory (DFT) calculations [6,11,12] have
shown that charge transfer occurs from the metal cores most effi-
ciently to a single layer carbon shell. These studies demonstrate that
the number of graphene layers exhibits a significant impact on the
electronic structure of the metal@C nanostructures. However, in
experimental studies, the prepared metal@C nanoparticles (NPs) entail
a range of carbon shell thicknesses; yet it is technically challenging to
make a thin carbon layer on metal NPs surface. This suggests that
effective synthetic protocols should be developed so that these theo-
retical insights can be directly compared with the experimental data
and more importantly, to unravel the origin of the mechanism.

Here we show that by controlling NPs synthesis parameters
during pulsed laser ablation in liquid (PLAL) method, an optimal
and reproducible metal-carbide@graphene structure can be
achieved. In this context, nickel-iron nanoalloys through a one-

step and facile PLAL method are encapsulated in ultrathin gra-
phene spheres (NiFe@UTG) and further examined as electrocata-
lysts for the hydrogen evolution reaction (HER) in both acidic
and alkaline media. This study provides a detailed description of
the geometric and electronic structure of all samples using differ-
ent structural analysis and theoretical considerations.

2. Results and discussion

2.1. Synthesis and characterization

2.1.1. NiFe alloy NPs encapsulated in the ultra-thin graphene layer
The NiFe@UTG was synthesized via the PLAL method describes

in our previous study [13]. Briefly, nickel-iron alloy NPs encapsu-
lated in an ultra-thin graphene shell (NiFe@UTG) were obtained
from a laser ablation process of a Ni80Fe20 alloy target picosecond
laser (ps-laser) in acetone. Fig. S1 represents the synthesis proce-
dure and economical aspects are briefly discussed in Supporting
Information.

High-resolution transmission electron microscopy (HRTEM;
Fig. 1) images show that the NiFe@UTG samples consist of bimetal-
lic metal nanoparticles (NPs) that are completely encapsulated by
graphene shells. The NiFe@UTG NPs have the average size distribu-
tion of 12.5 nm (see the statistical analysis in Fig. S2). Energy-
dispersive X-ray (EDX) maps on the single-particle show that Ni
and Fe atoms are distributed homogeneously (Fig. 1c), which is
also supported by the line scan shown in Fig. S3. Both imaging
methods suggest the presence of an alloy structure in the NiFe
NPs. In addition, inductively coupled plasma optical emission spec-
troscopy (ICP-OES) shows the mass ratio of Ni80Fe20 for the
NiFe@UTG sample (Fig. S3). According to the statistical analysis
of almost 100 NPs by HRTEM (Fig. 1c), the graphene shells on the
NiFe NPs are very thin, and most of the graphene shells (>90%) con-
sist of only one or two layers.

Chemical states of the NiFe@UTG (Ni80Fe20) NPs were measured
by X-ray photoelectron spectroscopy (XPS), Fig. S4. In the high-
resolution C1s the peaks to sp2 -hybridization (CAC bond,

Fig. 1. (a) HRTEM images of NiFe@UTG (Ni80Fe20), showing the graphene shell and encapsulated metal nanoparticles with different sizes. The inset indicates the full
encapsulation of an individual nanoparticle (arrows demonstrate the graphene layer). (b) EDX maps for NiFe@UTG for Ni (blue), Fe (brown) and pink color indicates regions
where both Ni and Fe are detected. (c) Statistical analysis of the number of layers in the graphene shells encapsulating the metal nanoparticles in NiFe@UTG. XPS spectrum of
NiFe@UTG. (d) High-resolution Fe 2p spectrum. (e) Ni 2p spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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�284.5 eV) is observed, and the sample produced a small peak cor-
responding to carboxylates (OAC@O) at 288.5 eV (Fig. S4a). In the
Ni 2p and Fe 2p spectra, clear peaks at 707 eV and 853 eV related to
metallic Fe and Ni in Fig. 1(d and e), respectively, suggest that both
Fe and Ni maintain their metallic state. Furthermore, oxidized Ni
and Fe species are also detected at 855.6 eV and 710.5 eV, respec-
tively, and these are attributed to major carbide and parasite oxide
phase as discussed below in the context of the XRD, Raman and
XAS measurements. This indicates that NiFe NPs are entirely
encapsulated within the graphene shell, which prevents the fur-
ther oxidation of the metallic phase in NPs when exposed to air
and oxidizing environmental.

Generally in PLAL, the interaction of the laser-formed NiFe clus-
ters with oxidizing medium induces the formation of mixed metal
oxide and metallic NPs.[13] Reactive oxygen species can be formed
in the plasma during laser ablation, and this reactive species can
oxidize the particles [14,15]. In this study, the ablation is carried
out in acetone, which has a high amount of bonded oxygen (C:O
ratio 3:1) as well as dissolved oxygen (solubility of oxygen in ace-
tone 45 cm3/L) [16]. Thus the presence of Fe2+/3+ species (Fig. 1d)
and Ni2+ (Fig. 1e) can be related to the interaction of iron and nickel
with carbon or oxygen and further analysis are needed to find out
the structure. The latter can originate from residually dissolved
atmospheric or bonded oxygen in acetone or oxygen from H2O
impurities [15,17]. Carbon is from solvent decomposition as
discussed below. In any case, these XPS results are consistent with
previous observations of metal cluster formation during the PLAL
process [18,19].

2.1.2. The intrinsic role of laser parameters, solvent and metal-core
compositions in the formation of ultra-thin graphene shell in metal@C
NPs produced via PLAL

In order to use PLAL as an universal and efficient method for
substituting precious metal electrocatalysts with non-precious

metal@C structures in energy applications, it is essential to eluci-
date the role of each compound during the synthesis procedure.
Due to the chemical reactions between the metal vapour and the
liquid surroundings during the NPs formation process, different
oxidation or carbonization states can be achieved by PLAL
[20,21]. Hence, by choosing the correct synthesis parameters, PLAL
can be a promising method that enables the generation of a variety
of nanomaterials for specific applications.

2.1.2.1. Role of laser parameters and solvent on the formation of ultra-
thin graphene shells. To illuminate the possible influence of the
laser pulse duration on the structure of the final NPs and graphitic
carbon thickness, Ni80Fe20 alloy was also ablated in acetone
solution with a nanosecond laser (ns-laser). Fig. 2 shows the
comparison between Ni80Fe20 produced with a picosecond laser
(ps-laser) and that of produced with the ns-laser. As Fig. 2b reveals
NPs created with ns-laser are encapsulated in a thick layer of gra-
phene compared to that of ps-laser ablation, where only a thin gra-
phitic layer is formed (NiFe@UTG NPs). This behaviour is probably
due to the pulse duration that influences the electron cooling time
and, consequently, on the heat effect on the surface of the metal
target as well as surrounding liquid [22]. Due to the shorter pulses
in case of the ps-laser ablation, thermal ablation processes, such as
the solvent decomposition, are less likely compared to ablation
processes with ns-pulses. Therefore, the slower cooling rate of
ns-pulses affects the formation of a thicker graphite shell.

To further explore the full potential of PLAL in producing
metal@C NPs, the role of the solvent structure on the thickness
of the graphene shell in the NPs was also investigated by using
toluene and ethanol instead of acetone. Furthermore, water was
used to reveal the dependency of the NPs structure on an inorganic
solvent (Fig. 2e). These liquids have been chosen due to their differ-
ent macroscopic liquid properties and their common use within
the PLAL community. Pronounced NiFe encapsulated in carbon

Fig. 2. HRTEM images of NPs produced from Ni80Fe20 (a) with ps-laser in acetone and (b) with ns-laser in acetone, as well as (c-e) with ps-laser in toluene, ethanol and water,
from left to right.
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shell (NiFe@C) structures are observed in all the studied organic
solvents. However, the structure and morphology of the NPs
clearly differ. Fig. 2c–e shows HRTEM images of NPs synthesized
in toluene, ethanol and water.

When working with organic solvents, their degradation is
expected during PLAL [15,23,24]. Thus, it is expected that a
carbon-shell formation is favoured over solvent integration within
the particles. In the case of toluene, irradiating the solvent itself
already leads to the formation of a graphene matrix [25], which
can also be observed in the presence of nanoparticles [26]. This is
due to the significant amount of carbon atoms present within the
toluene molecule, resulting in their release by solvent pyrolysis
during the ablation process. Based on the amount of carbon atoms
within the solvents it is expected that the carbon shell formed on
the NPs will be thicker for acetone than for ethanol. However, as
can be seen in Fig. 2a and d, this is not clearly observable. This
deviation from the expectation can partly be ascribed to the differ-
ent NP sizes obtained and thus, to different shell thickness to core
size ratios. From literature it is known that the choice of solvent
used during PLAL has a significant influence on the particle size
distribution [27,28]. Additionally, the solvents exhibit different
chemical activities with the target atoms, both depending on the
choice of solvent and target, resulting in different carbon shell
thicknesses and different amounts of integrated carbides [23,29].
In the case of NPs produced in water, having a low contrast at
the TEM image indicates oxidized nanoparticles as already previ-
ously observed [30,31] for Ni and Fe NPs in aqueous solution.

2.1.2.2. The critical role of metal-core composition on the formation of
ultra-thin graphene shells. To understand the role of the metal core
in the formation an ultra-thin graphene shell in metal@C materials,
laser ablation was conducted for a set of metal compositions Ni, Ni80-
Fe20, Ni50Fe50, Ni36Fe64 and Fe in acetone (see Section 2.1.2.1 for selec-
tion of laser parameters and proper solvents). EDX revealed that the
atomic compositions of NPs are close to that of the target materials
(Fig. S5). Interestingly, NPs show pronounced structural differences
and size with the different elemental compositions (Figs. S5–S7 and
Table 2). According to HRTEM images, NPs produced from Fe foil have
a pronounced Fe@FeOx structure. Preferential oxidation of Fe in NiFe
is described in literature both for bulk and NiFe NPs [32,33]. In very
recent work [34], the influence of different metals during laser abla-
tion in acetone has been studied. It has been found that in the case of
more inert noble metals, such as Pt, Au and Pd, mainly elemental NPs
are obtained. In contrast, some non-noble metals, such as Ti, Mo and
Ni, formmetal carbide cores whereas other, such as Mn or Fe, tend to
form mixtures of metal and metal oxides. In the same work, the ten-
dency to form carbides has been explained by d-orbital-vacancies
and subsequently higher binding energy of carbon to the d orbital.
The formation of oxides and the carbonization takes place in the
gas phase (cavitation bubble), while the creation of a graphitic shell
has been hypothesized to happen in the liquid phase triggered by
laser-irradiation metal-catalyzed graphitization. Similar observation
is also done in the present work. It has also been shown by DFT cal-
culation that the intermetallic Ni3Fe is a stable phase in the standard
Fe–Ni diagram, while Fe segregation at the surface of the Fe-rich NiFe
alloys is expected [35]. Therefore, certain segregation can be expected
to occur for Fe-rich alloy compositions. In the next Section 2.2, differ-
ent characterizations and phase diagram calculations have been car-
ried out to further elucidate the possible origin of the phase
segregations and structural differences in the NPs.

2.2. Structural characterization of NPs produce in acetone with ps-
laser

In this section, four precise and detailed structural NP analyses
have been performed to clarify the origin of the different structures

within the NPs independence of the metal core compositions. Find-
ing the source of elemental segregation is the key parameter,
which leads to the formation of NPs with different core-shell struc-
tures (Fig. 3).

2.2.1. XRD and RAMAN characterizations
It is expected that metal carbides play an important role in the

formation of the graphene-shell around the NPs [34,36]. To eluci-
date the existence and the type of carbides in the samples, their
phase compositions were studied by X-ray diffraction (XRD). The
analysis was carried out using information from the International
Center for Diffraction Data (ICDD) database and simulations using
the program FullProf [37].

First, the XRD patterns (Fig. 4a and S8) appear similar for all the
samples, despite their nominal composition. A closer look reveals
the major differences existing and the changes occurring along
with the varying Ni-Fe ratio, as explained in more detailed below.
The end members, Ni and Fe NPs, were analysed to understand the
phase evolution within the series and to identify the carbides and
other main phases. Ni50Fe50 and Ni36Fe64 samples have very similar
phase composition (Fig. S8), and therefore, only the former is
included in the main manuscript (Fig. 4a). The Ni sample turns
out to be a mixture of two different forms of Ni carbides; a hexag-
onal (rhombohedric) phase, noted as h-Ni3C, and a cubic phase, c-
Ni3C (Fig. 4a, bottom). The same phase composition for Ni NPs has
been reported in a previous study [38], in which the cubic phase is
reported to be an intermediate carbide phase in the formation of
the more typical h-Ni3C. No hexagonal or cubic metallic Ni is pre-
sent based on their lattice mismatch. When Fe is introduced to the
system (Ni80Fe20, Ni50Fe50), the main components change to the
well-known cubic alloy, NixFey [39], h-Ni3C (Ni80Fe20) and Fe7C3

(Ni50Fe50). (Note that the lattice parameters of the cubic Fe-Ni can-
not be mistaken to c-Ni3C due to the adequately smaller unit cell of
the latter). Also a slight shift in the lattice size of the NixFey alloy
NPs is observe along an increasing amount of Fe as expected. The
fitted lattice parameters of the raw data suggest compositions very
close to the expected stoichiometry for the alloy phases (e.g. Ni74-
Fe26 for Ni80Fe20 (NiFe@UTG) as interpolated from the database
values). In addition to the main components, some parasite phases
begin to appear, which are best indexed as metal oxides (NiO and
Fe3O4/c-Fe2O3). The oxides can especially explain some of the
minor reflections, but unfortunately, most of their distinct peaks
are superimposed with carbides and NixFey alloy. Albeit also the
Ni/Fe carbides have overlapping main reflections, they can be dis-
tinguished from each other from an additional shoulder that
appears on the right side of the Fe7C3 main peak. This is distinc-
tively seen the first time in the Ni50Fe50 sample but not excluded
in Ni80Fe20. Therefore, we must assign these samples to contain
both the metal carbides. Finally, the Fe sample is composed mainly
of the Fe7C3 and a Fe phase that has a small amount of dissolved
carbon in the iron lattice; the structure of this (Fe, C) phase is very
similar to that of Ni-Fe alloy but differs from the typical a-Fe. Yet
few reflections remain unidentified despite our intensive efforts.

As a summary, XRD clearly confirms the presence of metal car-
bides in significant amounts in the NPs. The presence of oxides is
defined with less certainty and to a much lesser extent but still
well supported. Moreover, the amount of h-Ni3C appears to
decrease along with increasing Fe content in the measurement ser-
ies, whereas the amount of FexCy goes to the opposite direction. It
is worth mentioning that XPS analysis for the sample under study,
Ni80Fe20 (NiFe@UTG) also show oxidized metals (Fig. 1d and e) to
which both carbides and oxides can contribute, as also reported
previously [40-43].

Raman spectroscopy is also utilized to reveal each surface phase
present in NPs with different ratios (Fig. 4b). Raman analysis is a
well-known method to investigate the graphitic carbon in the
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materials and often reveals minority phases not detectable by XRD.
Fig. 4b shows that Raman spectra for all the NPs comprise the dom-
inant Raman modes of the defect-induced D mode at 1300–
1360 cm�1 and the graphitic mode (G mode) at around
1600 cm�1. Here, the ID/IG is the intensity ratio of the D band to
the G band. The peak intensity ratios of ID/IG are calculated to be
14.74, 1.63, 2.05, 0.96 and 0.72 for the Fe, Ni36Fe64, Ni5Fe5, Ni80Fe20
(NiFe@UTG) and Ni samples, respectively. These values of ID/IG
show increase of the graphitic carbon share as a function of
increasing Ni ratio in the metal-core. These results are in a good
agreement with other characterizations indicating the crucial role
of the Ni to Fe ratio in producing an ultra-thin graphene layer.

Raman spectroscopy further supports the presence of Fe-oxides
in the NPs. Raman features at the low-frequency region for the NPs
prepared with Fe-target (Fig. 3a) agrees well with hematite struc-
ture [44,45]. The Ni50Fe50 and Ni36Fe64 samples have similar
Raman spectra at the low-frequency region (Fig. 4b) that display
the most strong peak in this region at �690 cm�1 and two weaker
peaks at �572 and �461 cm�1. The strongest peak at �690 cm�1 is
attributed to maghemite (c-Fe2O3) since only this phase of iron
oxide shows its most pronounce Raman peak at this position
[46], and for the small-sized maghemite NPs, this is almost the
only observable Raman band [46].

Based on these XRD and Raman analyses, Fe favors formation of
more amorphous carbon layers. Hence, the presence of Ni3C plays a
predominant role in the formation of graphite layers, as also sug-
gested by other studies [36,47].

2.2.2. X-ray absorption near edge structure (XANES)
2.2.2.1. X-ray absorption near edge structure (XANES) at the Fe
K-edge. Next, X-ray absorption spectroscopy (XAS) analysis is
implemented (Figs. 5 and 6) to investigate the local structures
and chemical states of Fe and Ni in the synthesized NPs [48]. The
Fe K-edge normalized XANES spectra of the NPs compared with
standards are shown in Fig. 5(a and c). Fig. 5a inset 2 shows that
the absorption edges of the NPs are located in between the metallic
reference Fe foil and that of the powder oxidized Fe standards
(i.e. Fe2O3 and Fe3O4). The oxidation states are further investigated
by plotting the energy shifts in the half-height of the absorption
edge against the formal iron oxidation state of the standard samples
(i.e. +0 for Fe foil, +2.67 for Fe3O4 and +3 for Fe2O3). As a result, a lin-
ear function is derived and used to qualitatively asses the average
oxidation state of Fe in the NP samples. The results of this estima-
tion are shown in Table S1 and Fig. 5b and suggest that all the
samples contain metallic and oxidized Fe. This is well in agreement
with XRD observations of the presence of NixFey alloy and major Fe
carbide and parasitic oxide phases in the bimetallic NPs. Likewise,
for the end member monometallic Fe NPs these observed
intermediate oxidation states support the XRD and Raman findings
of coexistence of metallic Fe and Fe carbides and oxides.

Furthermore, as it can be seen in both Fig. 5(a and c), inset 1,
there is a lack of sharpness in the pre-edge absorption feature of
the NPs, which could indicate either metallic iron, iron carbide,
or coexistence of both [49,50]. In addition, as seen in the inset 3
in Fig. 5(a and c), a partial change of the edge crest peaks of the

Fig. 3. HRTEM images of NPs synthesized from (a) Fe, (b) Ni34Fe64, (c) Ni50Fe50 and (d) Ni foils with a ps-laser in acetone.
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NPs is also observed (i.e. the crest peaks are higher than those in
the standard Fe foil and lower than those from the oxides stan-
dards), which is another indication of the presence of iron carbide
in these samples [47]. On the other hand, the XANES derivative
spectra in Fig. 5d confirms the presence of not only metallic iron
in the NPs (i.e. Fe0 in the Fig. 5d) but also other oxidized species
such as Fe2+ and Fe3+, which further indicates the existence of
Fe carbides, nitrides or oxides [49]. For the studied NPs, due to
the nature of the synthesis process, the presence of nitrides is dis-
carded. As can be seen from the inset in Fig. 5d, all the NPs have
spectral signals with two distinctive peaks at �7112 eV and
�7124 eV, related mostly to metallic iron and oxidized species,
respectively. In Fig. 5d can also be observed that the Fe NPs have
the lower metallic contribution and the highest oxidized contri-
bution of all. On the contrary, in the NiFe alloy NPs, with increas-
ing Ni content, the Fe metallic component increases while the
oxidized Fe component decreases. It is worth mentioning that
the Ni80Fe20 (NiFe@UTG) NPs shows the highest metallic Fe con-
tribution and the lowest oxidized Fe contribution amongst the
NiFe NPs.

Taking into consideration the energy position and overall spec-
tral shape of the standard iron carbide (Fe3C) shown in Fig. 5d, it is
difficult to confirm the definitive existence of Fe3C in the studied
NPs. More detailed studies involving the EXAFS region are neces-
sary to verify its presence [34,47,49,50]. However, based on the
previously described observations in XANES measurements, and
also on the synthesis procedure, the formation of different iron
carbide compound is possible. Hence, phase diagram calculation
(Section 2.2.3) has been carried out to give a better insight into
the eventual creation of carbides in the samples.

2.2.2.2. X-ray absorption near edge structure (XANES) at the Ni
K-edge. The Ni K-edge normalized XANES spectra of both the

standards and synthesized nanoparticles are shown in Fig. 6a.
Unlike the Fe K-edge XANES spectra, in general, the overall spectral
shape derived from the NPs are all quite close and similar to that of
the Ni foil, which indicates the primary metallic character of Ni in
all of the samples [49]. Upon more careful observation of the NPs
spectra (Fig. 6a), the NP samples can be differentiated into two
groups showing similar absorption features. The first group
involves the Ni NPs and Ni80Fe20 (NiFe@UTG), whereas the Ni36Fe64
and Ni50Fe50 NPs comprise the second group. The similarity of the
structure of the latter ones is already noted in the context of XRD
analysis as discussed above. This association serves as a first indi-
cation that indeed, atoms in each sample in these two groups share
a similar local structure. This is also observed in the XANES analy-
sis of the Fe K-edge. These results are in good agreement with the
HRTEM images (Fig. 3).

According to recently reported results [51], comparing the posi-
tion and height of the peaks in the normalized first derivate spectra
of the NPs (Fig. 6b) can reveal the presence of Ni3C. Furthermore,
the highest peak appears at �8343 eV for materials containing
Ni3C, while for materials with metallic Ni (i.e. FCC – Ni samples)
it appears at �8333 eV [51]. In this respect, the NPs studied here
have the highest peak close to 8343 eV, which indicates the pres-
ence of Ni3C in the NPs. Furthermore, taking into consideration
the differences between the peak heights shown in Table 1, there
is a correlation between Ni content in the NPs, their peak height
difference and their structure. If it is considered that both the Ni
and Ni80Fe20 (NiFe@UTG) NPs share a similar local structure, it
can be concluded that the higher the Ni content, the larger the
height difference. Similarly, this behaviour is repeated in the case
of the Ni36Fe64 and Ni50Fe50 NPs, where the latter also exhibit a lar-
ger height difference in comparison to the lower Ni content sample
(Table 1). It can be concluded that once the NPs share a similar
local structure, Ni-rich NPs contain more Ni3C.

Fig. 4. (a) Measured (red) and simulated (black) XRD patterns with the obtained compositions and (b) Raman spectra for Fe, Ni36Fe64, Ni50Fe50, Ni80Fe20 (NiFe@UTG) and Ni.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.2.3. Ternary and binary phase diagram calculations
The metastable Ni-Fe-C ternary phase diagram at atmospheric

pressure and different temperatures from 1500 �C up to 500 �C is
calculated (Fig. 7a–f) to elucidate the phase segregation in NPs for-
mation during the PLAL synthesis. For a better insight into the tern-
ary phase diagrams of the Ni-Fe-C system, the binary phase
diagrams of Fe-C and Ni-C systems (Fig. 8) are also calculated.

The Fe-C binary subsystem in Fig. 7a shows the formation of
cementite (red1 circle) which is stable from room temperature to
the decomposition point (�1150 �C) while dissolves some Ni and
forms a continuous FCC_A1 solution phase. This phase is also shown

Fig. 5. Normalized XANES spectra at the Fe K-edge of the NPs in comparison to (a & c) the bulk oxide powder standards, the Fe foil, and (c) the Fe3C standard. The inset 1, 2
and 3 correspond to an enlarged pre-edge, half-height of the absorption edge, and edge crest maxima regions, respectively. (b) The plot of the Fe average oxidation state vs
energy shifts in the half-height of the absorption edge in Fig. (a). (d) Normalized first derivate XANES spectra of the NPs in comparison to the bulk oxide powder and the Fe3C
standards. The inset shows the normalized first derivative XANES spectra of different Fe species, i.e. Fe 0 (Fe Foil), Fe 2+, Fe 3+ (Std. Fe2O3), and Fe 2+, Fe 3+ (Std. Fe3O4).

Fig. 6. (a) Normalized XANES spectra at the Ni K-edge of the NP samples in comparison to Ni3C and Ni oxide standards. The insets 1 and 2 correspond to the half-height of the
absorption edge and edge crest maxima regions, respectively. (b) Normalized first derivate XANES spectra at the Ni K-edge of the NP samples. The dashed lines mark the
energy positions at 8333 eV and 8343 eV respectively. The * marks the peak with the greatest height magnitude for each of the samples. There is no * mark for the Ni foil since
the peak difference is too low, i.e. �0.004. The Std. Ni3C (I), and the NiO standard are extracted from Ref. [52]. The Std. Ni3C (II), is extracted from the Ref. [53] Ni oxide
standards are obtained from the online XAFS Database [54].

1 For interpretation of color in Fig. 7, the reader is referred to the web version of
this article.
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in the ternary phase diagram at various temperatures, e.g. at
1150 �C, indicating that cementite (Fe3C) precipitates as primary
phase instead of elemental graphite (red circle in Fig. 7(b and c))
forms.

On the other hand, the Ni-C binary subsystem (Fig. 8b) has a
similar carbide (red circle), but it does not dissolve iron [55]. This
carbide is only stable in a small temperature range in atmospheric
pressure and decomposes to diamond-like carbon and metallic Ni
(indicated in Fig. 7f).

To further elucidate the origin of the graphitic-shell in the NPs,
the solubility of carbon in solid iron-nickel alloys (FCC_A1) and
solubility of graphite in the liquid Ni-Fe are also calculated and
depicted in Fig. 8c and d, respectively. The upper temperature for
the phase equilibria of condensed NiFe alloys is considered to be
around the boiling points of pure Ni and Fe (3000 �C in atmo-
spheric pressure [56]). As it is seen in both Fig. 8c and d, the solu-
bility of pure carbon and graphite in the solid iron-nickel alloys
(FCC_A1) and liquid NiFe alloys, respectively, decreases at high
temperatures along with increasing Ni concentration in the alloy.
Therefore, it is clear that firstly Ni3C forms and later decomposes
to diamond-structured carbon as the primary phase, which is also
shown in the Ni-Fe-C ternary phase diagrams (Fig. 7f) and is in a
good agreement with previous reports [34,36].

Based on the observation in phase diagram calculations, a defi-
nite conclusion can be made about the possible origin of the ratio-
dependent differences of the NP structures (Schematic 1). The tern-
ary phase diagram of Ni-Fe-C system at equilibrium temperature
(Fig. 7f) shows that all the NP are in the same phase domain (indi-
cated by green dots) although the above analysis shows indis-
putable structural differences. This phenomenon can be
described as follows: the NPs structures are not stable when they

reach room temperature since the cooling rate is rapid during
the PLAL synthesis method (1010 K/s [57]). It is shown within the
Fe-C binary phase diagram (Fig. 8a) that Fe3C is formed at equilib-
rium temperature (1150 �C) and since the cooling rate of Fe3C [58]
is slow, its structure is preserved at room temperature and does
not decompose to Fe and diamond-like carbon (in contrary to
Ni3C). Therefore, in Fe-rich NPs, it is assumed that FexCy with some
dissolved Ni is formed as the core. Moreover, as Fig. 8c shows, by
increasing the Ni content, the carbon solubility decreases in the
Ni-rich NPs. Therefore, the Fe-rich NPs contain FexCy precipitates
forming instead of carbon exsolution.

On the other hand, as Fe is more reactive toward oxidation than
Ni [22,59] in Fe-rich NPs, a FeOx-shell is observed which is formed
later, during the second phase formation (after NPs formation). In
Ni-rich samples, more Ni3C is formed because of higher carbon sol-
ubility in Ni. Also, Ni3C is not stable up to room temperature, as
seen in the Ni-C binary phase diagram (Fig. 8b). Thus, during the
cooling process, Ni3C is decomposed to Ni and graphene and some
dissolved Fe. This is also observed within the ternary phase dia-
grams of Ni-Fe-C from high temperature (1200 �C) to equilibrium
temperature (500 �C), where the carbon solubility in the metal
alloy phase domain next to the Ni-Fe binary line is reduced to less
than 1 at%. Hence, in such conditions in the NPs Fe oxidation and
carbon solubility are competing processes [18] and the saturation
is not reached leading to the formation of a FexCy/Ni3C-core and
Fe-oxide shell for Fe-rich samples. Also, the Fe-oxide has a porous
structure, compared to other oxides such as NiOx [59], and oxygen
penetrates it faster, allowing the formation of a thick layer of FeOx-
shell even at low temperatures. Hence, in the case of NiFe@UTG
(Ni80Fe20), no Fe segregation is expected from the alloy and solubil-
ity of carbon is very low, so no oxidation but the formation of the
graphene shell is observed. These findings are also observed in the
XANES and XRD measurements, as discussed above. Schematic 1
depicts the possible mechanisms and parameters that influence
the core-shell NPs formations. Table 2 presents a detailed struc-
tural comparison of the NPs with the different Ni/Fe ratios.

3. Electrochemical analysis

To investigate the effect of the different core-shell structures
and metal-carbide cores on the NPs’ catalytic activity, electro-
chemical HER tests were performed as an example application. A
typical three-electrode setup was adopted to evaluate the HER

Table 1
Energy positions and heights of the maxima peaks in the normalized first derivate XANES spectra at the Ni K-edge.

First Derivative Peak heights 

Samples 

Energy 
Position 1ST

Max. Peak (eV) 

Height  
(ab. units) 

Energy 
Position 2nd 

Max. Peak 
(eV) 

Height 
 (ab. units) 

Height 
Difference 
(ab. units) 

Ni Foil (Sta.) 8333 0.0709 8344 0.0746 0.0037 

Ni NPs 8332 0.0572 8344 0.0881 0.0309 

Ni80Fe20  NPs 
(NiFe@UTG) 8332 0.0600 8344 0.0730 0.0130 

Ni50Fe50 NPs 8333 0.0555 8343 0.0781 0.0226 

Ni36Fe64 NPs 8332 0.0540 8344 0.0682 0.0142 

Table 2
The different NPs structure with different metal target composition in acetone with
ps-laser.

Metal targets Core composition
(XRD)

Shell composition (Raman)

Ni Ni Graphene layer (�10 nm)
Fe FexCy a-Fe2O3

Ni36Fe64 Ni3C/FexCy c-Fe2O3

Ni50Fe50 Ni3C/FexCy c-Fe2O3

Ni80Fe20
(NiFe@UTG)

NiFe alloy Graphene layer (1–3 layers)
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performance of the synthesized NPs in 0.5 M H2SO4 and 0.1 M
NaOH media. All catalysts were deposited on a glassy carbon elec-
trode with a similar loading of �0.2 mg cm�2 (details in SI). Fig. 9(a
and b) show typical polarization curves of the NiFe alloy NPs with

different metal ratios and the pure metal NPs in acid and alkaline
media, respectively. Among them, NiFe@UTG shows the best cat-
alytic activity toward HER with an onset potential of 110 mV vs
RHE and NHER,10 = 300 mV within the acid and with an onset

Fig. 7. Metastable ternary phase diagrams of Ni-Fe-C system at atmospheric pressure (in the absence of graphite).
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potential of 120 mV vs RHE and NHER,10 = 400 mV vs RHE within the
alkaline. However, the catalytic activity of the NPs produced with
different metal compositions reveals an interesting trend in both
the media: Ni < Ni34Fe64 < Ni50Fe50 < Fe < Ni80Fe20 (NiFe@UTG).
The electrochemical behaviour of the material in this study is
attributed to the unique core-shell structure of the NPs indicating
the crucial role of the NP structure that should be taken into
account for designing efficient electrocatalysts.

The activity of the metal@C structure is primarily attributed to
an interfacial charge transfer from the metal core to the carbon
shell that manipulates the electronic interactions between the NP
surface and reacting species. Therefore, the activity of such materi-
als varies with the structures and morphologies of the metal core
(elemental composition, etc.) and carbon shell (layer thickness,
etc.). In this view, the Ni80Fe20 and Ni NPs with similar metal@C
structures show quite different catalytic activity. Moreover, our
results for the NPs with the same metal-core (Ni80Fe20) but differ-
ent carbon-shell thickness (NPs in different organic solutions as
well as those synthesized with ns-laser, Fig. S9) further indicate
the vital role of carbon shell thickness in the production of an effi-
cient electrocatalyst.

Furthermore, when comparing the HER activity of the Ni50Fe50
and Fe NPs in Fig. 9, a clear difference between their current den-

sities is observed. However, the onset potential is the same for both
the NPs. This indicates that different cores significantly affect the
properties of their metal-oxide (shell) in the core-shell catalyst
systems. Based on these results, FexCy-core enhances more the cat-
alytic activity compared to Ni3C-core of the FeOx-shell. Also, the
intrinsic properties of oxides in terms of surface morphology and
conductivity may play an essential role in the activity in such
core-shell NPs. These results show the vital role of the core as a
modifier of catalyst properties for enhancing the shell activity.

Tafel plots based on polarization curves in Fig. 9 are acquired to
calculate the electrochemical kinetic parameters of Tafel slope for
commercial Pt/C and NiFe@UTG (Ni80Fe20), as shown in Fig. S10.
The difference Tafel slopes suggest that the HER mechanism differs
for Pt/C reference and the core-shell NPs. The Tafel slope of 48 mV/
decade for NiFe@UTG in acidic media compared to Tafel slopes of
32 mV/decade for Pt/C showed that this material catalyzes the
HER through a Volmer–Heyrovsky mechanism [7,60-62].

As for the durability, in the case of NiFe@UTG, almost similar
electrochemical behaviour can be observed after 1000 HER cycles
(Fig. S11). This indicates that the NPs are fully encapsulated within
the graphitic carbon layers leading to their high durability/stabil-
ity. To further show the structural stability of the NPs, HRTEM
images were taken after durability measurements (Fig. S12), which

Fig. 8. Binary phase diagram for (a) Fe-C system and (b) Ni-C system. (— stable phase assemblage; — metastable assemblage in the absence of graphite). (c) Metastable
solubility of carbon in solid NiFe alloys (FCC_A1) at 1000–1200 �C in the absence of graphite in the system. (d) The solubility of graphite in molten Fe-Ni alloys at 1500–
3500 �C.
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show NPs preserving their structure even after the long-term
measurement.

4. Conclusion

In summary, we have developed a facile and universal protocol
to synthesize ultra-thin graphene encapsulated 3d transition met-
als, such as Fe, Ni and their alloys with a tunable structure via one
step PLAL. Our results indicate that the metal-core composition,
the choice of solvent for the ablation process and the laser pulse
duration have vital effects on the final NP structure and more
importantly on the graphene shell thickness and thus on their cor-
responding catalytic activities. Ternary phase diagram calculations
for the Ni-Fe-C system and XANES results for a set of metal compo-
sitions (Ni, Ni80Fe20, Ni50Fe50, Ni36Fe64 and Fe) suggested that the
Ni80Fe20 alloy is the most promising candidate in terms of the
metal ratio between Ni and Fe to construct metal NPs encapsulated

within an ultra-thin graphene layer. This is attributed to Ni80Fe20
ability to offer a proper balance between carbon solubility and
metal oxidation during the synthesis procedure. This level of struc-
tural details provides unprecedented insight into the phases pre-
sent in the carbon-containing core-shell NPs and their evolution.
This work serves as a benchmark for the characterization of core-
shell NPs by the abovementioned characterization methods. This
study provides a universal insight into the field of efficient carbide
NP synthesis also for other transferable synthesis methods, such as
arc discharge, spark, chemical vapour depositions (CVD) and
metal-organic framework (MOFs).
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Synthesis and characterization 

 

Synthesis process of NiFe nanoparticles. The preparation of NiFe@UTG 

nanoparticles followed previous reports. 1 Briefly, NiFe NPs were synthesized by 

ultrashort-pulsed laser ablation in liquids as a facile technique for the synthesis of NPs 

described in detail elsewhere.1 For this process an Nd: YAG laser (Ekspla, Atlantic) 

with a fundamental wavelength of 1064 nm, a pulse duration of 10 ps and a repetition 

rate of 100 kHz were used. A scanner (SCANcube10, Scanlab) moved the laser beam 

in a spiral pattern, and it was focused on the target with an f-theta lens (focal lens of 

100 mm). The actual pulse energy applied, after the scanner and all optics, was 95 

µJ. For synthesizing the NPs, a Ni80Fe20 (80%-20%, Sekels) was placed in a self-

constructed stirred 100 mL aluminium batch chamber.  The chamber was filled with 

acetone (analytical reagent grade, Fisher Chemical) and the ablation was carried out 

for 20 minutes. The collected colloid was used for further processing and analysis. To 

adjust the concentration, the solvent was evaporated at ambient temperature and 

pressure. 

All other samples were synthesized with the same procedure with either different laser 

type (nano-second laser) or in different solutions in including ethanol, toluene and 

water or with different metal targets such as Ni, Fe, Ni50Fe50 and Ni36Fe64. 
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Scalability and overall cost of PLAL. 

 

Streubel et al. showed that by using high-power, high-repetition-rate ultrafast laser 

ablation in liquids nanoparticles can readily be prepared in continuous multigram scale 

2 in form of pilot-scale synthesis 3. The actual amount depends on the target material 

used 2,3. They did not ablated NixFe(1-x). However, they ablated Ni reaching 

productivities of about 2.5 g h-13. Besides the target material the productivity also 

depends on the solvent, being higher in water than in acetone 4. 

Jendrzej et al. compared the synthesis of gold colloids by laser ablation in water and 

chemical reduction. They concluded that (in case of gold in water) the break even point 

of both methods is at a nanoparticle productivity of ≥550 mg h-1 where high power 

laser ablation starts to be more economical at industrial scale 5. In case of the used 

NixFe(1-x) the break even point will be different, but it is at least a study to see the 

potential of the method. 

 

Electrochemical measurements. The measurements were carried out with an 

Autolab potentiostat in a standard three-electrode system using a GC disk, a Pt wire 

and a calomel electrode as a working, counter and reference electrode, respectively. 

All measured potentials were changed to the reversible hydrogen electrode (RHE) 

scale using the following equation: E (RHE) = E (SCE) + 0.242V+ 0.059×pH. The 

catalyst inks were deposited on the GC electrodes (0.19 cm2) with the same loading 

of ~0.2 mg cm‾2. Subsequently, 25 µl of a 5 wt% Nafion dispersion was diluted with 1 

ml of ethanol, and 5 µl of this solution was then added on top of the catalyst layers as 

a binder. Polarization curves were obtained using linear sweep voltammetry (LSV) 

with a scan rate of 5 mV s-1 in both 0.5 M H2SO4 and 0.1M NaOH electrolyte solutions. 
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After the durability measurements, the electrolyte was changed to a fresh one before 

recording the HER activity. The uncompensated ohmic electrolyte resistance (Ru) was 

calculated by extrapolating Ru to the minimum total impedance in a non-Faradaic 

region, measured by impedance spectroscopy between 10 Hz and 100 kHz. The 

values of Ru ~ 6 Ω was recorded in 0.5 M H2SO4 solutions and Ru ~ 22 Ω was recorded 

in 0.1M NaOH solution.  

 

X-ray photoelectron spectroscopy: X-ray photoelectron spectroscopy was 

performed using a Kratos Axis Ultra spectrometer with monochromated Al Kα radiation, 

using a pass energy of 40 eV and an X-ray power of 225 W. Samples were measured 

as powders dispersed on a gold foil except the sample characterized after the OER 

measurements which was measured directly on the glassy carbon electrode. The 

analysis area was roughly 700 μm × 300 μm for all samples. The binding energy scale 

was referenced to the graphitic C 1s peak at 284.4 eV. The peak fitting of the nitrogen 

1s region was done using Gaussian-Lorentzian peaks (70% Gaussian) with positions 

fixed to within ± 0.2 eV of given values and the full width at half maximum (FWHM) 

restricted to be equal. The N-oxide peak position was restricted to between 404 and 

408 eV with the FWHM restricted to below 4 eV.   

Raman studies. The Raman spectra were carried out using a JY LabRam 300 with 

1.96 eV (633nm) laser excitation.  

 

TEM analysis. For TEM characterization samples were dispersed in ethanol ( ~ 0.01 

mg/ml) and then 10 μl of the solution drop cast on a carbon coated TEM grid (Cu grid) 
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and dried in ambient air to form an ultra-thin film of the materials on the grid. All TEM 

images were obtained using a JEOL-2200FS, double Cs-corrected HRTEM at an 

acceleration voltage of 200 kV. 

 

XRD measurement.  For XRD measurements the samples were dried to obtain NP 

powders which were dispersed/spread/scattered onto Si-wafers. All measurements 

were conducted as GIXRD measurement with an PANalytical X’Pert Pro instrument 

within the 2Θ range of 25-100° and an overall measurement time of 2 hours. 

 

X-ray Absorption Spectroscopy (XAS). X-ray absorption experiments were carried 

out using a low-cost laboratory X-ray absorption spectrometer designed for XAS 

studies in the 4-20 keV photon energy range.6,7 Experiments were performed at the 

Fe K-edge (7112 eV) and the Ni K-edge (8333 eV). The experimental setup consisted 

of a fixed Ag-tube as the X-ray source, with a moving bent Johan-type crystal 

monochromator and a moving NaI scintillator detector.[1] Samples were mounted to a 

sample exchanger positioned at the exit of the X-ray tube. Both powder references 

(Fe2O3, Fe3O4) and the nanoparticle samples were stored beforehand in an exicator 

and were measured in atmospheric conditions. For the experiments at the Fe K-edge, 

an X-ray tube acceleration voltage of 20 kV and a tube current of 4 mA was used. For 

the experiments at the Ni K-edge, the X-ray tube acceleration voltage was set to 10 

kV and the current to 2 mA. Two different spherically bent crystal monochromators 

were employed: a Si (531) for the Fe K-edge measurements and a Si (551) for the Ni 

K-edge measurements. Both Si monochromators had a bending radius of 0.5 m. All 

obtained spectra were collected continuously in transmission mode and were 
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calibrated and aligned using the corresponding Fe and Ni metal foils. Further details 

about the laboratory-based XAS setup and operation are found in the previous work.6 

The spectra were collected in a three-part scanning sequence. For the Fe K-edge 

measurements the scanning sequence was performed as follows: 7000 - 7089 eV 

(total of 101 points; 5 seconds per point), 7090 – 7190 eV (total of 201 points; 5 

seconds per point), 7191 – 7280 eV (total of 101 points; 5 seconds per point). For the 

Ni K-edge measurements, the scanning sequence was performed as 8240 - 8319 eV 

(total of 80 points; 5 seconds per point), 8320 – 8420 eV (total of 201 points; 5 seconds 

per point), 8421 – 8510 eV (total of 90 points; 5 seconds per point). Data reduction 

and data analysis were performed using the ATHENA software package. Only the X-

ray absorption near edge structure (XANES) analysis is presented in this work. 

Standard data for the Fe3C, FeO, Ni2O3 and Ni(OH)2 references were obtained from 

the online XAFS Database. 8 For the Ni3C 9,10 and NiO 10 references the standard data 

was extracted from the other works. 9,10 

In general, the spectrum produced due to metal K-edge XAS originates from electronic 

transitions of excited 1s electrons to either valence orbitals and/or into a continuum 

state. The produced spectrum has two distinct regions: an X-ray absorption near-edge 

structure (XANES) region, and an extended X-ray absorption fine structure (EXAFS) 

region. 11 In this work we are only focusing on the former region, and it comprises two 

distinguishable absorption features: a pre-edge absorption feature, assigned to 1s 

3d transitions, and an intense absorption edge, involving 1s 4p transitions and/or 1s 

 4p + ligand-to-metal charge transfer (LMCT) transitions. 11 To find the peak heights 

and positions of local maxima a “find local maxima peak” function in MATLAB was 

used. 
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Phase diagram calculation.The phase diagrams were calculated using MTDATA 

software1 defining graphite as a present or dormant phase, thus allowing the stable 

and metastable phase equilibrium calculations, respectively, without further 

assumptions. The global boundary condition in the calculations was constant total 

pressure of 1 atm (101325.25 Pa).  

Thermodynamic properties of Ni-Fe-C system are well known, and their solution 

properties have been critically assessed by several authors.12,13 A dataset was defined 

containing carbon, iron and nickel as components, based on the internally consistent 

FeTC database 14 of Fe-based alloys of the MTDATA software. It allowed calculation 

of the detailed phase equilibria of carbon in Ni-Fe alloys and its distributions within the 

phases over a wide temperature range in solid and liquid systems.  
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Figure 1. Scheme of the synthesis procedure of NiFe@UTG using a focused ps-

laser in acetone via the PLAL method.  
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Figure S2. Size distributions of as-prepared NiFe@U 12.5 nm. 
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Figure S3. The elemental distribution within the colloid for Ni80Fe20 (NiFe@UTG) from 

TEM-EDX and ICP-OES. 
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Figure S4. (a) C1s spectra and (b) X-ray Photoelectron Spectroscopy (XPS) survey 

spectra of sample NiFe@UTG. 
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Figure S5. The elemental distribution within the colloid for (a) Ni36Fe64 and (b) 

Ni50Fe50 in acetone from TEM-EDX and an ICP-OES. 
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Figure S6. HRTEM images for different NPs formed in acetone. (a) Ni36Fe64, (b) 

Ni50Fe50, (c) Ni80Fe20 (NiFe@UTG), (d) Ni, and (e) Fe NPs. 
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Figure S7. Size distributions of (a) Fe, (b) Ni36Fe64, (c) Ni50Fe50, (d) Ni80Fe20 

(NiFe@UTG) and, (e) Ni NPs in acetone with ps-laser. 
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Figure S8. X-ray diffraction analysis of NPs with different Ni/Fe ratio.  
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Figure S9. HER polarization curves for Ni80Fe20 NPs synthesized in different 

solutions and with different lasers. 
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Figure S10. Tafel plotes aquired from polarization cure in Figure 9 for commercial 

Pt/C and NiFe@UTG (Ni80Fe20). 
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Figure S11. HER polarization curve for NiFe@UTG after 1000 HER cycles in 0.5 M 

H2SO4. 
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Figure S12. Morphology of the NiFe@UTG (Ni80Fe20) after long-term electrochemical 

measurements. HRTEM images show that NPs preserved their structures after long-

term measurements.  
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Table S1. Fe Average Oxidation State Determination. Calculated Fe average 

oxidation state and energy positions of the half-height of the absorption edge feature 

in the normalized Fe K-edge XANES spectra. (E0 = 7112 eV) 

 

 Half-height of the absorption edge 

Samples 
Calc. Fe 

AOS 
Error 

Energy 

Position 

(eV) 

∆E[E-E0] 

(eV) 

Error    

(eV) 

Std. Fe 0 0 7119.5 7.5 0.2 

Ni36Fe64  1.4 0.1 7121.7 9.7 0.2 

Ni80Fe20 (NiFe@ UTG)  1.5 0.1 7121.8 9.8 0.2 

Ni50Fe50  1.6 0.1 7121.9 9.9 0.2 

Fe  1.7 0.1 7122.0 10.0 0.2 

Std. Fe3O4 2.67 0 7123.5 11.5 0.2 

Std. Fe2O3 3 0 7124.0 12.0 0.2 
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Table S2. Comparison of HER performance of the NiFe@UTG catalyst to some of the 

state-of-the-art HER material, so far reported. 

 

 

 
 

Catalysts 

 
HER Onset 

overpotential 
(mV) 

 
ŊHER10 (mV) 

 
Catalyst 
 loading 

(mg cm-2 ) 

 
Electrolyte 

 
Substrate 

  
Ref. 

 

NiFe@UTG 110 300 ~0.2 0.5M H2SO4 GC This work 

NiFe@UTG 120 400 ~0.2 0.1M KOH GC This work 

NiFe@C 250 350 2 1M KOH GC 15 

FeCo@N-CNT 150 300 N/A 0.1M H2SO4 - 16 

MoS2 Ultrathin 180 220 0.25 0.5M H2SO4 GC 17 

[Mo3S13]2- clusters on 

graphitic paper 

100 ~2 × 10-4 0.5M H2SO4 GC 18 

Exfoliated WS2 

nanosheets 

80 ~0.02 0.5M H2SO4 GC 19 

Double- gyroid MoS2 150-200 6.9 × 10-4 0.5M H2SO4 GC 20 

Mo2C/CNT - 0.014 0.5M H2SO4 GC 21 

Mo2C/CNT - 

graphene 

62 0.062 0.5M H2SO4 GC 22 

Nanoporous Mo2C 

nanowires 

70 - 0.5M H2SO4 GC 23 

Core-shell MoO3-

MoS2 Nanowires 

150-200 ~5.6 × 10-5 0.5M H2SO4 GC 24 

Exfoliated metallic 

MoS2 nanosheets 

~130 - 0.5M H2SO4 GC 25 

MoS2/ amorphous 

carbon 

80 0.474 0.5M H2SO4 GC 26 

MoO2@N-doped 

MoS2 

156 - 0.5M H2SO4 GC 27 

N.MWNT 370@10 mA cm−2 0.2 0.1M NaOH GC 28 
NiOx/Pt–Ni 70 mV@19.8 mA cm−2 N/A 1M KOH GC 29 

Ni(OH)2–Pt/C 157 mV@5 mA cm−2 N/A 0.1M KOH GC 30 

Pt–Ni/NiS 70 mV@37.2 mA cm-2 N/A 1M KOH GC 31 

NiO/Ni-CNT 100 mV@10 mA cm-2 N/A 1M KOH GC 32 

1T-MoS2/NiOOH 73 mV@10 mA cm-2 N/A 1M KOH GC 33 

MoSe2@Ni0.85Se 117 mV@10 mA cm-2 N/A 1M KOH GC 34 
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