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Zero-Valent Iron Nanoparticles Supported on Si/N
Codoped Carbon Materials: From Biomass to Oxygen
Reduction Electrocatalysts and Supercapacitors

Lilian Moumaneix,* Oktay Safarov, and Tanja Kallio*

1. Introduction

The rise in global CO2 emissions necessitates a re-evaluation of
our approaches to material production. In 2022, a sustainable ma-
terials roadmap was published,[1] considering the best alternatives
for energy production, conversion, and storage. Carbon-based
materials often stand out, in conjunction with a few transition

metals, for example, iron. Nowadays, energy
conversion technologies rely on the inten-
sive use of mineral resources, whose extrac-
tion and refining are associated with large
greenhouse gas emissions, land pollution,
or geopolitical tensions.

In recent years, biochar, a coal-like mate-
rial originating from biomass, has attracted
global attention due to its long-term carbon
storage capabilities.[2] Biomass certainly
displays the highest efficiency in binding
CO2 from the atmosphere, although for a
limited time as its decomposition liberates
an equivalent amount of carbon atoms. The
conversion of biomass to biochar binds the
carbon atoms in a stable form and, there-
fore, actively contributes to carbon seques-
tration.[3] In addition to that, biomass can
be sustainably harvested, is easily available
and accessible around the globe, and is eas-
ily incorporated into a circular economy.[4]

In recent decades, hydrothermal carboniza-
tion (HTC) has been reintroduced as an
energy-efficient process to convert biomass
feed into hydrochar. If these hydrochars
have been extensively employed for air or

water treatment,[5] their application in the field of energy is
greatly limited due to their poor electronic conductivity and
lack of intrinsic catalytic activity for reactions of interest. Post-
treatments, for example, pyrolysis, are typically employed to
enhance the material properties in relation to the targeted appli-
cation. Nonetheless, HTC presents unique qualities thanks to its
versatility, allowing one to reach unique structures and high het-
eroatom doping, and is well-known for improving the yield and
retention of heteroatoms in the material structure during subse-
quent post-treatments.[6]

Carbon materials are very versatile and their physicochemical
properties can be extensively tailored. Carbon can form numer-
ous structures and microstructures and tends to form strong
covalent bonds with a variety of heteroatoms, for example, B,
N, O, Si, P, or S. Nitrogen-doped carbon materials have been
extensively studied for the oxygen reduction reaction (ORR), for
which their promising properties emerge from the modification
of the charge distribution on C atoms neighboring N atoms, yield-
ing adsorption sites for O2 and facilitating its dissociation.[7]

N-doped carbon materials were also shown to provide good
anchors for the support of metal nanoparticles.[8] In contrast, Si
doping has seen little investigation, partly due to its difficulty to
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Biomass has a unique ability to capture atmospheric CO2, although temporarily
as its decomposition eventually releases an equivalent amount of CO2.
Converting biomass into hydrochar offers a promising way to stabilize atmo-
spheric carbon in solid form. Herein, nitrogen, silicon, and iron codoped
nanostructured hydrochar is synthesized via single-step hydrothermal carboni-
zation of biomass. Silica is found to aid the formation of C─C bonds, resulting in
the formation of crystalline carbon layers. After pyrolysis treatment, the resulting
material features uniformly dispersed zero-valent iron nanoparticles (Fe NPs)
encapsulated in graphitic or iron oxide shells. A growth mechanism is proposed,
and the materials’ structure and microstructure are characterized using com-
plementary multi-scale techniques. The electrocatalytic activity toward oxygen
reduction reaction is evaluated in a three-electrode setup and a proton exchange
membrane fuel cell, achieving onset potentials and power densities as high as
0.76 V versus RHE and 14.2 mW cm�2, respectively. Stability is assessed through
accelerated stress tests and continuous load measurements. Poststability anal-
yses reveal that electrocatalytic activity is maintained only by the graphite-
encapsulated Fe NPs. Finally, the capacitive properties of the composite
materials are examined, with the best sample showing specific capacitance and
energy of 60 F g�1 and 8.1 Wh kg�1, respectively.
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achieve as a result of the large difference in atomic radius between
C (77 pm) and Si (117 pm) atoms. Nonetheless, Si is abundant on
Earth, being in the biomass (e.g., rice husk, bamboo, sugarcane, or
sage)[9] or in the soil, whichmakes it particularly interesting for the
design of sustainable functional materials. In addition to doping,
some Si-containing molecules have been reported to catalyze the
formation of carbon–carbon bonds, which is of great interest for
the conversion of biomass at low temperatures.[10–12] So far, silicon
doping has mainly revolved around the modification of the tribo-
logical properties of diamond-like amorphous carbon films,[13,14]

or the tailoring of carbon quantum dots properties.[15]

Likewise, iron is an abundant element on Earth, whose low-cost
production and relative environmental friendliness in comparison
to other metals make it particularly attractive. Iron-based electroca-
talysts can be separated into two main categories: iron single-atom
catalysts (SACs) and iron nanoparticles (NPs). Fe SAC typically con-
sists of a Fe cation stabilized in a host structure (generally carbon-
based) via its coordination by pyridinic nitrogen functions, forming
a well-known Fe-N4 species.[16] In this configuration, iron atoms
display their highest electrocatalytic activity for ORR, but also a rel-
atively low number of active sites per unit volume and poor stabil-
ity.[16,17] On the other hand, Fe NPs can be prepared from a variety
of synthesis methods.[18] If Fe NPs were initially thought to be
largely inactive for ORR, recent studies found that Fe NPs, and
more specifically zero-valent iron NPs, encapsulated in a carbon
shell present promising electrochemical activity, high stability,
and high resistance to surface poisoning.[19]

Herein, we employ amorphous silica in conjunction with fruc-
tose (or maple leaves) and iron salts to prepare radially organized
Si/N codoped carbon sheets with atomically dispersed iron, from
a single-step HTC. We demonstrate the suitability of the synthe-
sized hydrochars to generate a reductive atmosphere during
pyrolysis leading to the formation of core-shell zero-valent iron
NPs. The electrochemical properties of the materials are assessed
for the ORR in acidic media, in both three-electrode and fuel cell
setups, as well as for supercapacitor applications.

2. Results and Discussion

2.1. Physicochemical Characterization

After hydrothermal carbonization, the FNS hydrochar (Fructose–
iron Nitrate–Silica) exhibits spherical particles, 0.2–1 μm in
diameter, composed from the aggregation of thin material sheets
that seem to emanate from the center of the particle, betraying
their likely radial growth mechanism (Figure 1a). Some layered
nanostructures can be easily observed in transmission electron
microscopy (TEM) (Figure S1, Supporting Information), although
they quickly degrade under the focused electron beam. Selected
area electron diffraction confirms the polycrystalline nature of
these structures which may be related to defective turbostratic
graphite oxide, presenting larger d-spacing than typical graphite
(�4.70 versus 3.35 Å) due to the presence of oxygen functions
or intercalates, for example, Si atoms.[20,21] Additionally, a few typ-
ical spherical hydrochar particles are present in the samples, easily
recognizable from their seemingly smooth surface (cf. Figure S2,
Supporting Information). These two types of particles are subse-
quently referred to as “radially organized carbon sheets” (ROCS)

and “hydrochar”, respectively. Energy-dispersive X-ray spectros-
copy (EDX) analysis of the two groups of particles revealed that
if ROCS are constituted of a mix of C, O, N, Si, and Fe (cf.
Table 1, Figure 1a), the hydrochar particles are almost free from
Si and Fe atoms (cf. Figure S2, Supporting Information). EDX
mapping shows that N, Si, and Fe atoms are evenly distribut-
ed in ROCS, at the atomic scale (cf. Figure 1a), suggesting an
N/Si/Fe codoping. However, it cannot be concluded from TEM
only if these atoms are integrated into the carbon lattice or present
as surface functions. This result highlights HTC’s capabilities in
forming unique microstructures from biomass. It could be argued
that, in the case presented here, the likely bottom-up mechanism,
that is, from fructose molecules to micro-scale carbonmaterials, is
responsible for the specific structure of the reported material. Yet,
similar syntheses using maple leaves in place of fructose led to
nearly identical results (cf. Figure S3, Supporting Information).
The complex processes occurring during HTC have been studied
in earlier investigations[22] and yield the fragmentation of biomass
into small molecules which should be very favorable to the incor-
poration of heteroatoms into the carbon network. A few studies
investigated the conversion of biomass into biochar in the presence
of silica through direct pyrolysis,[23] but none achieved such results.

Figure 1. TEM micrographs of a) FNS with corresponding EDX mapping,
b) FNS-600, c) FNS-700, d) FNS-800, and e) FNS-900.
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This indicates that, during HTC, the biomass feed yields functions
that can chemically react with SiO2, or specific Si-centered mole-
cules that can assist the formation of a C─C network. Two samples
were prepared either without silica (noted FN) or without iron
nitrate (FS) to identify if one of these components is responsible
for the growth of ROCS. Interestingly, none of these two samples
exhibited ROCS but rather revealed the segregation of the elements
into hydrochar particles, iron oxides, and silica (cf. Figure S4,
Supporting Information). This indicates that specific interactions
occur when the three elements are present together in the batch
reactor, although this is not the focus of the present study.
Besides the formation of ROCS, the adjunction of silica to the batch
reactor greatly enhances the surface area of the materials, from
137.5 to 273.1m2 g�1, and the total pore volume, from 0.188 to
0.377 cm3 g�1, for FN-800 and FNS-800, respectively (cf. Figure S5,
Supporting Information).

After pyrolysis at 600 and 700 °C (Figure 1b,c), the samples do
not seem to experience significant microstructural modifications.
However, after pyrolysis at 800 °C (Figure 1d), the material under-
goes a dramatic change with the apparition of iron nanoparticles
(NPs) with a bimodal size distribution (12� 2 and 81� 26 nm, cf.
Figure S6, Supporting Information), evenly distributed on the
material surface. X-ray diffractograms exhibit clear peaks corre-
sponding to metallic Fe for FNS-800 (Figure 2), in addition to
small peaks attributed to iron carbide (Fe3C) and iron oxide
(Fe3O4). The broad peak located in the range of 20–30° is attribut-
ed to nanocrystalline carbon structures (e.g., small graphitic
domains) and/or silicon dioxide. Due to the lack of certainty, this
peak will not be discussed further. The apparition of Fe NPs may
come from the oxidation of the carbon structure and subsequent
demetalation of Fe functions. This was previously observed under
electrochemical conditions at oxidative potentials where FeN4 spe-
cies demetalated to form Fe2þ.[24] We postulate here that such a
process could occur upon thermal degradation of the carbon struc-
ture. Additionally, Varnell et al. suggested that N species act as
nucleation sites for forming Fe NPs,[19] which could explain the
uniform distribution of particles on the ROCS. After pyrolysis
at 900 °C (Figure 1e), the iron NPs are larger (137� 44 nm, cf.
Figure S6, Supporting Information), which suggests a diffusion
process of Fe atoms on the ROCS surface to nucleation points
and the subsequent ripening of small Fe NPs into larger ones.
This hypothesis was tested by reducing the pyrolysis duration at
800 °C, from 120 to 60, 30, and 15min. As a result, the average
Fe NPs diameter decreased to 40� 13, 9.0� 1.6, and 7.4� 1.5 nm,
confirming the ripening of the Fe NPs during the pyrolysis
(cf. Figure S7, Supporting Information). The presence of metallic

iron NPs in the samples despite their exposition to air and water
suggests either the formation of a passivation layer or their encap-
sulation inside carbon shells. The observation of graphitic carbon
shells (�5–20 nm thick, interlayer spacing 0.33� 0.02 nm, cf.
Figure S8, Supporting Information), as well as oxygen-rich layers
around the Fe0 particles (�3–8 nm thick, cf. Figure S8, Supporting
Information), suggests that both mechanisms are occurring. TEM
also suggests that carbon-encapsulated Fe0 NPs are on average
smaller than their counterparts, likely due to their relative insensi-
bility to ripening. This explains the bimodal particle size distribu-
tion observed for FNS-800, with the smallest particles (12� 2 nm)
being encapsulated in a carbon shell, while the larger ones
(81� 26 nm) are encapsulated in a FeOx shell. X-ray diffraction
(XRD) performed on FNS-800 right after synthesis and after
1 month of exposition to air exhibited no significant change,
confirming the stability of the Fe metallic cores (cf. Figure S9,
Supporting Information).

The presence of iron oxide only as a minority phase, as seen in
electronic microscopy and XRD, is due to the reductive atmo-
sphere generated during the hydrochar decomposition, notably
through in situ production of CO and H2.

[25,26] Although the car-
bon source generates only small quantities of these reductants
through its decomposition, the presence of metal (X) oxide,
for example, iron oxide, leads to secondary reactions that sustain
their evolution (Equation (1) to (4))

Table 1. Chemical composition of ROCS measured from TEM-EDX spectra.

Sample ID C at% Si at% [C:Si] Fe at% [C:Fe] N at% [C:N] O at% [C:O]

FNS 23.4� 4.8 12.5� 2.8 [1.9:1] 9.8� 2.0 [2.4:1] 4.0� 0.8 [5.9:1] 50.3� 5.7 [0.5:1]

FNS-600 42.0� 1.1 7.6� 0.9 [5.5:1] 6.6� 1.0 [6.4:1] 4.1� 0.1 [10.2:1] 39.7� 2.5 [1.1:1]

FNS-700 45.0� 1.0 7.1� 0.3 [6.3:1] 5.4� 0.3 [8.3:1] 4.6� 0.2 [9.9:1] 37.9� 0.6 [1.2:1]

FNS-800a) 41.8� 9.7 11.1� 2.4 [3.8:1] 6.6� 2.5 [6.4:1] 3.5� 0.5 [11.9:1] 37.1� 9.4 [1.1:1]

FNS-900a) 26.4� 8.5 14.1� 2.4 [1.9:1] 12.0� 9.2 [2.2:1] 2.2� 0.4 [12.2:1] 45.3� 14.4 [0.6:1]

a)The large error margins are due to the variable number of Fe NPs in the measured areas.

Figure 2. X-ray diffractograms of the FNSx series samples (Cu Kα1). ICDD
Fe: #04-002-1833; C (graphite): #01-074-2328; SiO2: #01-077-8624;
Fe3O4: #04-026-7459; Fe3C: #04-006-5565.
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CO þ XO ⇄ X þ CO2 (1)

CO2 þ C ⇄ 2CO (2)

H2 þ XO ⇄ X þ H2O (3)

C þ H2O ⇄ CO þ H2 (4)

From there, the reduction of iron oxides into metallic iron fol-
lows the pathway from Equation (5) to (10)

3Fe2O3 þ H2 ⇄ 2Fe3O4 þ H2O (5)

3Fe2O3 þ CO ⇄ 2Fe3O4 þ CO2 (6)

Fe2O3 þ H2 ⇄ 2FeO þ H2O (7)

Fe3O4 þ CO ⇄ 3FeO þ CO2 (8)

FeO þ H2 ⇄ Fe þ H2O (9)

FeO þ CO ⇄ Fe þ CO2 (10)

Thermogravimetric analysis (TGA) was employed to investi-
gate the decomposition of the hydrochar under N2, mimicking
the pyrolysis conditions. The thermogram obtained with FNS

is displayed in Figure 3a. Water desorption occurs below 100 °C,
followed by two regions of interest, 1) between 350 and 600 °C
and 2) between 700 and 900 °C. The first region corresponds to
the devolatilization of the hydrochar,[27,28] that is, the transforma-
tion of the carbon-based material into gases, tar, and solid resi-
due. The gas formation is related to the thermal decomposition
of functional groups and the release of light molecules. The sec-
ond region corresponds to H2, CO2, and CO evolution, according
to Equation (1) to (4). It is important to note that the peaks in this
high-temperature region mainly occur in the presence of FeOx

and are almost absent for pure carbon materials.[25] The synthe-
sis mechanism aligns with the sample composition obtained
with EDX (Table 1). The C:O ratio roughly doubles after pyrolysis
at 600 or 700 °C as compared with unpyrolyzed FNS, indicating
the removal of the most volatile fraction of the hydrochar. Above
800 °C, the C fraction decreases due to intense CO and CO2 evo-
lution, accompanied as a result by an increase in the relative con-
centration of Si and Fe. The fraction of O significantly increases
at 900 °C which is likely coming from the oxidation of the Fe NPs
surface under air after synthesis.

A second series of samples was prepared in the same condi-
tions as the FNSx series, simply replacing the iron precursor
from Fe(NO3)3·9H2O to FeSO4·7H2O, to investigate the effect

Figure 3. Thermogravimetric analysis of a) FNS and b) FSS at 3 °Cmin�1, and c) thermogram of FNS from 30 to 800 °C at 3 °C min�1 followed by a 2 h
isotherm at 800 °C.
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of the counter-ion. This series is thereafter noted as FSSx
(Fructose–iron Sulfate–Silica). As can be seen from the thermo-
gram reported in Figure 3b, FSS exhibits only weak peaks in the
700–900 °C region, thus indicating the relative absence of iron
oxide to initiate the reactions described in Equation (1) and (3).
Further analysis with scanning electron microscopy (SEM) and
XRD (cf. Figure S10, Supporting Information) revealed that the
FSSx series mostly failed to generate iron particles after pyrolysis,
due to poor integration of Fe atoms in the materials after HTC,
with �2–4 wt% versus 20–25 wt% of Fe in FSS and FNS, respec-
tively. No specific nanostructure was observed in TEM (such
as ROCS), and the C and Si atoms seem segregated between
hydrochar-like and SiO2 particles. This result illustrates the
importance of N atoms and their interactions with C, Si, and
Fe atoms in forming the ROCS.

Raman spectra were fitted with two main peaks, the well-
known G band (�1580 cm�1) and D1 band (�1350 cm�1), re-
spectively attributed to the vibration of C sp2 in the graphenic
plan and the breathing mode vibration of aromatic cycles in
the presence of defects in the graphenic structure. A Gaussian
fit was employed to account for the random distribution of pho-
non lifetimes in disordered carbon materials.[29] Three additional
bands were necessary to reach a satisfying fitting (cf. Figure 4a),
located around 1100 cm�1 (D4), 1500 cm�1, and 1750 cm�1

(D5).[30] The D4 band typically appears for defect-rich carbon
materials. Its presence may be attributed to sp3 bonding in tet-
rahedral amorphous carbon.[31] The D5 band is attributed to
C═O bonds.[30] The prominence of the shoulder at 1500 cm�1

(noted Si─C) is unusual for carbonmaterials and is indeed attrib-
uted to the stretching of Si─C bonds,[32] indicating the successful

doping of the carbon structure with Si atoms. The intensity ratio
ISi–C/IG in Figure 4b seems to indicate that the incorporation of
Si atoms in the carbon structure rises with the pyrolysis temper-
ature, in line with EDX measurements (cf. Table 1). No peak
associated with Si─O bonds was identified, usually located in
the range 800–1000 cm�1, indicating the total incorporation of
Si in the carbon structure and/or the removal of silica during
the washing step. In the same manner, the typical triplet peak
�800 cm�1 associated with crystalline SiC was not observed
for any samples.[33]

The intensity ratio ID/IG (Figure 4b), as well as the position of
the G band (Figure 4c), increases with the temperature of pyrol-
ysis. This observation is in accordance with the transition from
amorphous carbon to nanocrystalline graphite.[29] The fraction
of sp3 in the FNSx series is likely below 15%, as further increase
would generate a rebound of the G band position to higher
values,[29] which is observed for the unpyrolyzed sample FSS
(cf. Figure S10, Supporting Information). The improvement
in crystallinity along with the increase in pyrolysis tempera-
ture is confirmed by electrical conductivity measurements
(Figure 4f ), reaching values as high as 1.44 S cm�1 for FNS-
900. As a comparison, the conductivity of commercial carbon
black Vulcan XC-72 was measured at 2.79 S cm�1, in good
agreement with the literature.[34,35] The number of Si─C bonds,
that is, silicon doping, seems to increase with the pyrolysis
temperature up to 800 °C, followed by a sudden decrease at
900 °C (Figure 4b). This may indicate a thermal degradation
of the material’s structure and a change in the Si atoms’ envi-
ronment, for example, disruption of Si─C bonds and formation
of Si─Si bonds.

Figure 4. a) Raman spectra (532 nm) of samples from FNSx series. b) Pyrolysis temperature dependency of the intensity ratios ID/IG and ISi–C/IG, c) the G
band position and FWHM (G), and d) the electrical conductivity at 1.3 t cm�2.
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2.2. Electrochemical Characterization

2.2.1. Oxygen Reduction Reaction Electrocatalysis

The polarization curves recorded on the FNSx series samples in
O2-saturated 0.5M H2SO4 (Figure 5a) establish a clear trend in
activity with FNS-800> FNS-900> FNS-700> FNS-600> FNS.
This result can be correlated to the formation of encapsulated
zero-valent iron particles, which were shown to be active sites
for the ORR.[19] The lower activity of FNS-900 is likely attribut-
able to the larger Fe NPs diameter, that is, smaller active surface
area. Cyclic voltammograms (CVs) reveal reduction and oxidation
peaks located around 0.5 and 0.7 VRHE, respectively (Figure 5b). In
N2-saturated electrolyte (cf. Figure S11, Supporting Information),
these redox peaks appear around 0.67 VRHE, which could be indic-
ative of the oxidation and subsequent reduction of Fe3O4, observed
with XRD (Figure 2), into Fe2O3.

[36] The ORR onset potential, mea-
sured as the potential where a current density of 0.3mA cm�2

is reached, as well as the exchange current density, exhibits a
peak for FNS-800, with values of 0.76 VRHE and 77 μA cm�2,
respectively (Figure 5c). These results are comparable with other
studies dealing with iron particle-based electrocatalysts in acidic
conditions.[19,37–39] Interestingly, similar activity was recorded
with the sample prepared from maple leaves MNS-800, with an
onset potential �0.68 VRHE and an exchange current density of
34 μA cm�2 (cf. Figure S2, Supporting Information), although
in this case, the optimal sample may have been at a different pyrol-
ysis temperature.

The ORR mechanism was further investigated on FNS-800
with a rotating ring disk electrode (RRDE). The disk potential
was swept from 1 to 0 VRHE, while the ring potential (Pt) was
maintained at 1.4 VRHE. The polarization curves displayed in
Figure 5d show the detection of H2O2 from �0.65 VRHE onward,
and an initial number of electron n around 2.7. After adsorption
of O2 on a catalytic site (Equation (11)), the ORR can follow
two main reaction pathways, namely the 2- and 4-electron pro-
cesses. In the 2-electron process, O2 is first partially reduced
to H2O2 (Equation (12)), before being further reduced to H2O
(Equation (13)). In the 4-electron pathway, O2 is fully reduced
to H2O (Equation (14)), without forming the intermediate H2O2.

This route is typically preferred as the intermediate H2O2 can
desorb from the catalyst surface before forming H2O, which
can lead to the early degradation of cell components via chemical
oxidation. In this case, the n value suggests a mix of both path-
ways, with a slight predominance of the 2-electron process.

O2, gas ⇄ O2, ads (11)

O2 þ 2Hþ þ 2e� ⇄ H2O2 ðE0 ¼ 0.67VÞ (12)

H2O2 þ 2Hþ þ 2e� ⇄ 2H2O ðE0 ¼ 1.76 VÞ (13)

O2 þ 4Hþ þ 4e� ⇄ 2H2O ðE0 ¼ 1.229VÞ (14)

An accelerated stress test (AST) procedure was performed at
25 °C to assess the stability of the catalyst and the possible
changes in reaction pathways. During the 6000 cycles, that is,
48 h, the number of electrons (taken at 0 VRHE) gradually
increases to �3.0 (49% H2O2) after about 3000 cycles, before
gradually coming back down to �2.65 (68% H2O2) after 6000
cycles (Figure 5e). The sudden peak in the curves is due to a
perturbation of the cell and should not be interpreted as a change
in the electrocatalytic activity. Throughout the AST, the ORR
onset potential exhibits remarkable stability around 0.72–
0.74 VRHE, similar to the current density at 0 VRHE, which stabil-
izes after�1000 cycles, with values in the range of 0.85mA cm�2

(Figure 5f ). Interestingly, post-AST TEM characterizations reveal
that only carbon-encapsulated Fe NPs remained in the sample
(cf. Figure S12, Supporting Information). This indicates that
1) FeOx-encapsulated Fe NPs are unstable and get dissolved
in the acidic electrolyte and 2) carbon-encapsulated Fe NPs alone
are responsible for the electrocatalytic activity toward ORR.
Additionally, the Fe0 cores are in the range of 10� 2 nm, similar
to before AST (12� 2 nm), thus showing the stability and relative
isolation of the cores with their environment. However, empty
graphitic carbon shells can be observed after AST, which could
be due to carbon oxidation (electrochemical or chemical due to
the presence of H2O2) and exposure of the Fe0 cores to the elec-
trolyte. In the long run, the oxidation of the Fe0 cores may be
detrimental in a fuel cell configuration, as the concomitant pres-
ence of H2O2 and Fe2þ is known to oxidize organic compounds

Figure 5. a) Polarization curves at 10mV s�1; b) CVs of the FNSx series samples at 50mV s�1; c) pyrolysis temperature dependency of the onset potential
and exchange current; d) polarization curves with RRDE at 10mV s�1; e) cycle dependency of the H2O2 fraction and number of exchange electron (taken
at 0 VRHE); and f ) onset potential and maximum current density.
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(Fenton reaction). The concentration of Fe in the sample after
AST was estimated by SEM-EDX (data not shown). In accordance
with the TEM observations, the concentration of Fe greatly de-
creased, with only �0.1 at% (�0.4 wt%) remaining after AST,
compared with�5.9 at% in the fresh material. This result reveals
that a very small fraction of the Fe NPs is responsible for most of
the catalytic activity, as no significant deactivation occurred dur-
ing AST.

Finally, the electrocatalytic properties of FNS-800 were studied
in a fuel cell at 50 °C to assess its possible implementation in a
real conversion device. Three membrane electrode assemblies
(MEAs) were prepared with different catalyst loading on the cath-
ode, that is, 2.5, 5.0, and 10.0mg cm�2. In contrast to precious
metals, the loading of the present catalyst is not limited by its cost
or availability of materials, but rather by the electrode thickness
which, if too large, creates mass transport losses at high current
densities. From Figure 6a, it is clear that the total activity of the
catalyst layer benefits from large loadings, with the current den-
sity at 0.1 V increasing from 45 to 109mA cm�2 for loadings of
2.5 and 10.0mg cm�2, respectively. The power density reaches a
maximum of 14.2mW cm�2, which is about 15-fold lower than
the one of the state-of-the-art 20 wt% Pt supported on carbon
material measured in our setup at 50 °C, with a loading of
0.5mgPt cm

�2 (cf. Figure S13b, Supporting Information). As
determined in the last paragraph, only a small fraction of the
Fe NPs is actively catalyzing the ORR and would correspond
to loadings of the three measured MEAs of �10, 20, and

40 μg cm�2. This result is very promising considering the room
for optimization still available with this type of material. A sta-
bility measurement under constant load (10mA cm�2) was car-
ried out with the MEA with the highest loading. The material
showed remarkable stability over the whole �215 h of measure-
ment with the cell voltage varying around 0.38 V (Figure 6b).
Some voltage fluctuations were recorded due to variations in
the cell temperature (�52� 2 °C). Three periods of flooding were
recorded, resulting in a sudden voltage drop (red arrows in
Figure 6b) as the catalyst layer became partially obstructed.
The polarization and power density curves (cf. Figure S13a,
Supporting Information) recorded before and after the stability
measurement report a �28% decrease in the maximum power
density over the whole analysis. In-depth investigation via elec-
trochemical impedance spectroscopy (EIS) (cf. Figure S13c–e,
Supporting Information) reveals the slow increase in the ca-
thodic charge transfer resistance, from an initial 1.8 to 2.0Ω
at the end of the measurement, while the anodic charge transfer
and ohmic resistance remain stable around 0.08 and 0.12Ω,
respectively. Overall, these results are very promising and dem-
onstrate the high potential of carbon-encapsulated Fe0 NPs to cat-
alyze the ORR over long periods.

2.2.2. Capacitive Performances

The capacitive performance of the prepared samples was inves-
tigated in a three-electrode setup with N2-saturated 0.5MH2SO4,
by performing cyclic voltammetry and galvanostatic charge–
discharge (GCD) cycles, in the potential window 0–1 VRHE.
FNS-800 outperformed all the other prepared samples (Figure 7a),
presenting the best capacitive behavior with near-rectangular
CVs (Figure 7b) and quasi-triangular GCD profiles (Figure 7c).
The material exhibits a specific capacitance and specific energy at
1mA cm�2 (�0.86 A g�1) of 60 F g�1 and 8.1Wh kg�1, respec-
tively. The rate capability of FNS-800 was investigated between
1 and 10mA cm�2 (Figure 7d). In this range, the specific capaci-
tance and energy of the materials drop by �20% and �44%,
respectively. The good performance of FNS-800 compared to
other samples from the FNSx series (Figure 7e) reveals the
important part played by the pseudocapacitive behavior of the
Fe NPs. The decrease in specific capacitance and energy between
FNS-800 and FNS-900 is likely related to the increase in the Fe
NPs diameter, that is, decrease in the surface area (�40% here,
data not shown).

The cyclic performance of FNS-800 was studied with GCD
cycles in the potential window from 0 to 1 VRHE, at 1 A g�1.
During cycling, the specific capacitance exhibits a nearly linear
decay (Figure 7f ) and, after 2000 cycles, retained �83.6% of
its initial capacitance, while the specific energy decreases from
5.9 to 5.0Wh kg�1 (�15%). In the meantime, the Coulombic effi-
ciency decreases from �98.2% to �86.8% (Figure 7g). It is rea-
sonable to believe that, in contrast to electrocatalytic properties,
both FeOx- and carbon-encapsulated Fe NPs play a role in the
pseudocapacitive behavior of the prepared materials. Hence,
the decay of the capacitance can be attributed to the gradual dis-
solution of FeOx-encapsulated Fe NPs, as mentioned in the pre-
vious section.

Figure 6. a) Polarization curves (5 mV s�1, solid lines) and power density
curves (dashed lines) for MEAs with increasing cathodic catalyst loading.
b) Constant current (�10mA cm�2) chronopotentiometry; red arrows
indicate periods of cell flooding. 50 °C, H2/O2 50mLmin�1, RH 100%.
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3. Conclusion

A nanostructured carbon material codoped with N, Si, and
Fe was successfully synthesized through a hydrothermal carbon-
ization process. After pyrolysis, the atomically dispersed het-
eroatoms in the host structure formed zero-valent Fe NPs, encap-
sulated in either graphitic or FeOx shells. Increasing the pyrolysis
temperature from 600 to 900 °C improved the crystallinity and
electronic conductivity, although the highest temperature also
led to undesirable NP ripening. Thermogravimetric analysis
performed in conditions mimicking the pyrolysis treatment
was shown to be an interesting tool for predicting the formation
of iron nanoparticles and finding the optimal temperature range.
Electrocatalytic performance for the oxygen reduction reaction
was evaluated in both a three-electrode system and a proton
exchange membrane fuel cell, achieving onset potentials of
0.76 VRHE and power densities up to 14.2mW cm�2. RRDE
measurements provided insight into the ORR mechanism,
occurring as a mix of the 2- and 4-electron pathways. Stability
tests, including accelerated stress cycles (6000 cycles) and contin-
uous load measurements (215 h), demonstrated the promising
durability of the materials. Post stability analysis revealed that
the electrocatalytic activity was mainly attributed to the graph-
ite-encapsulated Fe NPs, as FeOx-encapsulated NPs dissolved
over time. Lastly, the capacitive properties of the composites were
evaluated, with the best-performing sample exhibiting a specific
capacitance of 60 F g�1 and a specific energy of 8.1Wh kg�1.

4. Experimental Section

Preparation of the Carbon-Silicon-IronMaterials: In a typical synthesis, 1 g
of fructose (5.55mmol, Sigma–Aldrich, ≥99%) was mixed in a 50mL pol-
ypropiolactone (PPL) liner (Shilpa Enterprises) with 0.3 eq of iron

salt (1.67mmol), either Fe(NO3)3·9H2O (Sigma–Aldrich, ≥98%) or
FeSO4·7H2O (Honeywell, ≥99%), 0.3 eq of silicon dioxide (1.67mmol,
Aldrich, 5–15 nm, 99.5%), a catalytic amount of citric acid (5.5 mg, Sigma–
Aldrich, ≥99%), and 10mL of deionized water (Milli-Q, 18.2MΩ cm).
The mixture was stirred extensively by hand before closing the vessel
and putting it in a stainless-steel hydrothermal autoclave. The autoclave
was closed on a vice to prevent its opening during the reaction due to
thermal expansion/contraction. The autoclave was placed in an oven
Memmert 100–800 and heated up to 280 °C (1.5 °C min�1) for 24 h.
The resulting mixture was vacuum-filtered on polypropylene membrane
filters (0.2 μm, Merck), and the solid residue (hydrochar) was washed first
with denatured ethanol (91.2% ethanol, 3% acetone, Anora Industrial) and
then with deionized water. The hydrochar was dried in a vacuum oven
(Heraeus VTR 5022) for about 1 h. Finally, the hydrochar was pyrolyzed
under N2 (250mLmin�1) for 2 h at 600–900 °C (4–5 °Cmin�1) in a tube
furnace Nabertherm RS80/500/11.

Physicochemical Characterizations: The electrical resistivity was mea-
sured with a custom cell in a two-probe configuration. A small quantity
of material was inserted between two stainless-steel pistons (10mm diam-
eter), enclosed in a nonconductive polymer jacket, and pressed to reach
�1.3 t cm�2. A series of electrical currents was injected between the two
pistons using a Keithley source measure unit (Keithley 2400) and the
resulting voltages were recorded. The materials’ electrical resistance R
(Ω) was converted into specific resistivity ρ (Ω cm) using the following
equation

ρ ¼ R ⋅
A
l

(15)

where A is the cross-sectional area of the sample (cm2) and l the thickness
of the sample (cm). The materials’ resistance was corrected from the resis-
tance of the empty cell, typically around 0.3Ω. The thickness of the mate-
rial’s layer, in the range of 2–5mm, was measured using thickness gauges,
by comparing the dimensions of the cell with and without sample under
identical pressure. Raman spectroscopy was performed on a Renishaw
inVia with a laser wavelength of 532 nm, in the range of 200–2000 cm�1.
Before measurements, samples were positioned on glass microscope
slides and gently compressed to achieve a flat surface. The baseline
was subtracted from all spectra before analysis. The spectra were

Figure 7. a) CV curves at 100mV s�1; b) CV curves of FNS-800 at different scan rates from 10 to 100mV s�1; c) GCD curves of FNS-800 at different current
densities; d) rate performance of FNS-800 based on GCD data; and e) temperature of pyrolysis dependency of the specific capacitance and specific energy
based on CV data (black squares) and on GCD data (black triangles and red lozenges). f ) Cyclic performance and g) Coulombic efficiency of FNS-800 at 1 A g�1.
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deconvoluted with Gaussian and Lorentzian curves, in accordance with the
literature,[30] and the fitting was optimized by minimizing the absolute dif-
ference between experimental and calculated data. TEM was carried out
with a JEOL JEM-2800 operated at 200 kV. The samples were dispersed in
ethanol (Etax Aa, Anora, >99.5 wt%) before being drop cast on holey car-
bon grids (AGS147-3, Agar Scientific). EDX analysis was obtained with a
high-speed detector on the same equipment. XRD was performed on an
X’pert Pro MPD (λ= 1.5406 Å). The sample composition was analyzed
against the International Centre for Diffraction Data (ICDD) database.
TGA was carried out on a TGA 5500 from TA Instrument in an inert atmo-
sphere (N2, 25mLmin�1). About 10mg of material was inserted in an
alumina crucible, held in the furnace by a Pt pan. The thermograms were
recorded with a heating ramp of 3 °Cmin�1.

Electrochemical Characterizations: The electrocatalysts were studied in a
three-electrode setup. The catalyst-containing inks were prepared by mix-
ing 5mg of catalyst with 100 μL of deionized water, 100 μL of ethanol (Etax
Aa, Anora,>99.5 wt%), and 20 μL of perfluorinated resin solution contain-
ing Nafion 1100W (5 wt%, Sigma–Aldrich). After thorough stirring, 10 μL
of ink was drop cast on a 0.196 cm2 glassy carbon (GC) tip and let to dry
under ambient conditions. Once dried, the GC was inserted into a Teflon
holder and immersed into hot 0.5M H2SO4 for about 30 s to mitigate the
hydrophobic nature of the catalyst layer. The electrochemical setup con-
sisted of three electrodes introduced into a glass cell. The working elec-
trode was mounted on a rotator (Pine MSRX speed control), rotating at a
rate of 1600 rpm, the counter electrode was a platinum wire, and the ref-
erence electrode was a reversible hydrogen electrode (RHE) (Gaskatel,
Hydroflex). The analyses were performed in 0.5M H2SO4 electrolyte
(Merck, Titripur) at 25 °C. Nitrogen was bubbled for 30 min before the first
measurement to ensure the removal of O2 dissolved in the electrolyte. The
measurements were piloted with an Autolab potentiostat (PGSTAT128N).
All samples were characterized following the same procedure. Between 30
and 50 CVs (25mV s�1) were recorded in the region 0.0–0.6 VRHE until 10
successive cycles exhibited no significant change. Potentiostatic EIS was
carried out at open-circuit potential (OCP) to estimate the iR contribution,
in the frequency range 10 kHz to 100mHz with an AC fluctuation of
10mV. Two CVs were recorded in an extended range from 0.0 to
1.2 VRHE, at a scan rate of 50mV s�1. Following this step, the electrolyte
was saturated with O2 (Woikoski, ≥99.999%) for 30 min, and the gas
flow was maintained throughout the next characterizations. EIS at OCP
(�0.8–0.9 VRHE) and CVs between 0.0 and 1.2 VRHE were repeated simi-
larly as in N2-saturated electrolyte. Linear sweep voltammograms (LSV)
were recorded from 1.0 to 0.0 VRHE at 10mV s�1 after 10 s of stabilization
at 1.0 VRHE. The onset potential was determined from the LSV curves, taken
as the potential at which the current density exceeds �0.3mA cm�2. The
exchange current density i0 was calculated from the fitting of the LSV curves
with the Butler-Volmer Equation (16) in the overpotential (η) range from
0 to �100mV.

i ¼ i0 ⋅ exp
�
αFη
RT

�� �
(16)

where i is the current density, α the charge transfer coefficient, F the Faraday
constant, T the absolute temperature, and R the universal gas constant. The
determination of i0 was performed by minimizing the error between
the experimental and calculated data. Following the characterization of
the ORR kinetics, the electrolyte was saturated once again with N2 for
30min to measure the capacitive behavior of the materials. CVs were
recorded between 1.0 and 0.0 VRHE at 10, 25, 50, and 100mV s�1. The cur-
rent I (A) was converted into capacitance C (F) via Equation (17)

C ¼ I
ν

(17)

where ν is the scan rate (V s�1). The specific capacitance Csp was calculated
by dividing the average capacitance over a full CV (at 100mV s�1) by the
mass of material m deposited on the GC (�0.23mg). Galvanostatic
charge–discharge (GCD) curves were recorded between 0.0 and 1.0 VRHE
at current densities of 1, 2, 5, and 10mA cm�2, that is, �0.86, 1.72, 4.3,

and 8.6 A g�1. The specific capacitance Csp and specific energy E were cal-
culated using Equation (18) and (19), respectively

Csp ¼
It

ΔVm
(18)

E ¼ 1
7200

CspðF ⋅ kg�1ÞΔV2 (19)

where I is the constant discharge current, t the discharge time,m the mass
of material, and ΔV the potential window. Stability was assessed on fresh
material in N2-saturated electrolyte by performing 2000 GCD cycles at
1 A g�1. The Coulombic efficiency CE of each cycle was calculated as

CEð%Þ ¼ qdischarge
qcharge

⋅ 100 (20)

where qcharge/discharge is the electric charge stored/released (C). Rotating ring
disk electrode (RRDE) measurements were performed with an E6R2 Fixed-
Disk RRDE (Pine Research, disk area: 0.2376 cm2, ring area: 0.2356 cm2),
displaying a collection efficiency of 38.3%. The material was first submitted
to a conditioning procedure in N2-saturated electrolyte consisting of 30 CVs
between 0.6 and 0.0 VRHE at 25mV s�1, followed by an EIS at OCP. After
saturating the electrolyte with O2 for 30min, an accelerated stress test pro-
cedure was initiated, consisting of an alternation of 25 CV cycles from 1.0 to
0.2 VRHE (100mV s�1) with one LSV from 1.0 to 0.0 VRHE (5mV s�1). The
ring potential was kept at 1.4 VRHE, sufficiently high to oxidize H2O2

(E0= 1.14 VRHE). The fraction of H2O2 produced by the electrocatalyst
and the corresponding number of electron n were calculated according
to Equation (21) and (22), respectively

H2O2ð%Þ ¼ 2JR=N
JD þ JR=N

⋅ 100 (21)

n ¼ JD
JD þ JR=N

⋅ 4 (22)

where JR is the ring current (A), JD the disk current (A), and N the collection
efficiency. Fuel cell measurements were performed in a commercial cell
(Fuel Cell Technology, Inc.) at 50 °C and relative humidity (RH) of the gases
of 100%. H2 (50mLmin�1, Woikoski, ≥99.999%) and O2 (50mLmin�1,
Woikoski,≥99.999%) were fed at the anode and cathode sides, respectively.
Measurements were carried out with an Autolab potentiostat (PGSTAT100).
Cathodic catalysts inks were prepared by mixing FNS-800 with deion-
ized water, iso-propanol (Honeywell, Chromasolv, ≥99.9%), and Nafion
solution (Sigma–Aldrich, 5 wt%). The quantities were chosen assuming a
spraying efficiency of 45%, so that the catalyst loading reaches 2.5, 5.0,
or 10.0mg cm�2, and the Nafion concentration in the catalyst layer is con-
stant at 30 wt%. The quantities of deionized water and isopropanol were
determined from empirical data, with volume-to-mass ratios (μLmg�1 of
catalyst) of 3 and 20, respectively. The anodic catalyst ink was prepared
identically, employing 20 wt% Pt@C (Premetek) and aiming at a loading
of 0.5mgPt cm

�2. MEAs were prepared by spraying the catalyst inks on both
sides of a 20 cm2 Nafionmembrane 115 (Ion Power), using a square pattern
of 5.29 cm2. The membrane was dried for 2 h at 80 °C in a vacuum oven
(Heraeus) and weighed before and after each spraying tomeasure the actual
catalyst loading on each side of the membrane. The MEAs were pressed
under 5 t at 130 °C for 2min and stored in deionized water before being
introduced in the cell, sandwiched between two gas diffusion layers
(Sigracet 22 BB).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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