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Water and carbon oxides on monoclinic zirconia:
experimental and computational insights†

Sonja Kouva,a Jenni Andersin,b Karoliina Honkala,b Juha Lehtonen,a Leon Leffertsac

and Jaana Kanervo*a

Zirconium oxide (ZrO2, zirconia) is an interesting catalytic material to be used in biomass conversion,

e.g., gasification and reforming. In this work, we show that reducing and hydrating pretreatments affect

the surface sites on monoclinic zirconia. The multitechnique approach comprises temperature-

programmed surface reactions (TPSR) under CO and CO2 at 100–550 1C, in situ DRIFTS investigations

of the surface species and density functional theory (DFT) calculations. The key findings of the work

are: (1) formates are formed either directly from gas-phase CO on terminal surface hydroxyls or via

the linear CO surface species that are found exclusively on the reduced zirconia without water

treatment; (2) formates are able to decompose at high temperature either reversibly to CO or

reductively to CO2 and H2 via surface reaction between formates and multicoordinated hydroxyls; and

(3) a new weak reversible binding state of CO is found exclusively on ZrO2 that is first reduced and

subsequently hydrated.

1 Introduction

Water-gas shift, flue gas oxidation, (dry) reforming, and partial
oxidation of methane are significant industrial reactions and
they all involve carbon oxides either as a reactant, product or
both.1–4 Especially oxidic support materials play a significant
role in catalyst activity and selectivity: adsorption and desorption
of the surface species on the support can significantly impact the
catalytic turnover.5–7 Even though the reaction would mainly
occur on the active metal distributed on the support, under-
standing the support effect in the reaction network is of utmost
importance for rational catalyst development. Zirconium oxide
has been suggested as an interesting support material and a
catalyst on its own for biomass processing.8–12 Thus, studying
the interaction of carbon oxides and zirconia support separately
from metal-loaded catalysts using spectroscopy and temperature-
programmed reaction experiments would provide valuable infor-
mation on the variety and extent of surface reactions occurring
on the support.

The qualitative interpretation of the species formed upon
the uptake of carbon oxides on zirconia is challenging due to
the variety of surface species shown in the IR literature.13–16

Both CO and CO2 have several potential surface reaction routes
and binding modes after the initial contact with zirconia.
Adsorption of CO on monoclinic zirconia involves at least
carbonate and formate formation13,14 depending on the surface
site (e.g. terminal or multicoordinated hydroxyls, coordinatively
unsaturated (c.u.s.) sites) and adsorption conditions.13 Adsorption
of CO2 creates bicarbonates and mono- and bidentate carbonates.16

The carbon-containing species desorb from the surface as CO and
CO2, usually as such13 or accompanied by hydrogen or water17,18

originating from the surface hydroxyl species in the bicarbonates
and formates. A few temperature-programmed studies15,17,19

carried out in a wide temperature range show remarkably
complex features for both CO and CO2.

It is presumable that the state of zirconia is affected by
pretreatments. Busca and Lorenzelli20 have already suggested
in 1982 that, for metal oxides, the extent of surface hydroxylation
affects formate and bicarbonate formation as well as chemi-
sorbed oxygen can lead to carbonate formation from CO. The
surface hydroxyl groups of pure and modified zirconia and
their effect on CO adsorption have gained attention for some
time already21–27 and deservedly so: the stabilization of surface
hydroxyl sites is the key to reproducible qualitative and quanti-
tative experimental data on the CO interaction. Nevertheless,
the amount and nature of surface hydroxyls is often overlooked
and that might lead to seemingly conflicting results when
initial conditions or used pretreatments are not sufficiently
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described. Studying the same starting material by variation of
reducing and hydrating pretreatments should enable one to
attribute the effect of the surface state on the interactions of CO
and CO2 with zirconia independent of other material prepara-
tion parameters.

In this work, three different initial states of the monoclinic
zirconia were created, varying the degrees of reduction and
hydroxylation of the zirconia. As will be shown, the chosen
pretreatments induced a clear difference in the interaction of
the zirconia with carbon oxides. In situ DRIFTS and temperature-
programmed surface reaction (TPSR) were chosen as the inves-
tigation methods due to their complementing natures: the in situ
DRIFTS spectra will provide a look at the zirconia surface and
the identity and stability of different hydroxyl, formate and
(bi)carbonate species. Temperature-programmed experiments
in a CO or CO2 atmosphere will offer information on the release
and uptake of gas-phase species on zirconia as a function of
temperature. The aim of the study is to assign the surface site
types, surface species formed upon the contact of carbon oxides
with ZrO2, and their behavior with increasing temperature.
This will be done by combining information obtained from
TP experiments and DRIFTS. The experimental results are then
linked to the computational DFT results to further confirm and
classify the nature of the observed interactions and species
along their energetics and vibrational frequencies. The combi-
nation of DFT calculations with experimental information in a
broad temperature window aims at a detailed description of
adsorption, desorption and conversion of CO and CO2 on the
zirconia surface.

2 Experimental and
theoretical methods
2.1 Catalyst preparation

Zirconium hydroxide (XZO1501/03, MEL Chemicals, England)
was calcined in synthetic air (4 L h�1) at 450 1C for 16 hours,
pelletized, ground, and sieved. Prior to all measurements, the
zirconia was calcined at 600 1C for two hours in a flowing oxygen-
containing gas (either synthetic air or O2–helium mixture).

2.2 Catalyst characterization

N2 physisorption, X-ray diffraction, Raman spectroscopy, X-ray
fluorescence, and X-ray photoelectron spectroscopy were used to
characterize the ZrO2 sample. See the ESI† for more details.

2.3 Temperature-programmed experiments

Temperature-programmed experiments were carried out in a flow-
through set-up at atmospheric pressure (Altamira Instruments
AMI-200R) and analyzed using a mass spectrometer (Hiden
QIC-20). All reactants, including water, were fed from gas
cylinders, and the gases (from Oy AGA Ab), their compositions
and purities are listed in the ESI† (Table S1). Preliminary
experiments with different particle size fractions and sample
sizes were carried out to confirm negligible mass transfer
limitations. In temperature-programmed experiments, the total

flow was always 20 sccm (standard cubic centimeter) to the
sample and when pulsing, 20 sccm of the pulse carrier gas
(usually helium) and 20 sccm of the gas to be pulsed.

Zirconia samples (dp = 0.25 to 0.42 mm) of 100 mg were
used. Prior to the experiments the samples were calcined at
600 1C (heating rate 15 1C min�1) for 2 hours in a 20 sccm flow
of 5% O2/He. After calcination, three alternative pretreatments
were used:
� cooling down to 100 1C in 0.1% H2O/He (‘hydrated’, H)
� 30 min flush at 600 1C with He, 30 min reduction at 600 1C

with 5% H2/He and either
– cooling down to 100 1C in 0.1% H2O/He (‘reduced and

hydrated’, R + H), or
– cooling down to 100 1C in helium (‘reduced’, R).
The cooling down phase took ca. 55 minutes. The zirconias

resulting from the pretreatments are called ‘hydrated’ or H-ZrO2,
‘reduced and hydrated’ or RH-ZrO2, and ‘reduced’ or R-ZrO2.

After cooling down to 100 1C, the sample was flushed with
helium for 60 minutes at 100 1C. Temperature-programmed
surface reaction (TPSR) experiments were carried out by feeding
2% CO or CO2 in helium, first for 90 minutes at 100 1C to stabilize
the gas phase composition and thereafter heating to 550 1C at a
rate of 15 1C min�1. The sample was flushed with helium for
90 minutes at 550 1C and then 500 mL pulses of 5% O2/He were fed
to the sample to quantitatively oxidize the carbon possibly formed
on the catalyst. In CO-TPSR experiments, traces of carbon
oxides were detected whereas on CO2-TPSR there was no carbon
formation. The term temperature-programmed surface reaction
(TPSR) was chosen rather than temperature-programmed reaction
(TPR) to avoid confusion with the well-established acronym for
temperature-programmed reduction, also TPR.

Blank experiments were performed to prevent any artifacts
due to the equipment:

(1) Otherwise as TPSR, but without a catalyst.
(2) Otherwise as TPSR, but only helium as feed during the

temperature-programmed (TP) phase.
(3) Otherwise as TPSR, but only helium as feed during the TP

phase and without a catalyst.
Based on the experiments performed without a catalyst, a

baseline correction has been applied to the CO2 feed signal.
Calibration was carried out as a single-point calibration for the
feed component (CO or CO2) and water, and as a pulse calibra-
tion for other components.

2.4 DRIFTS

DRIFTS (diffuse reflectance infrared Fourier transform spectroscopy)
experiments were carried out on the adsorption of CO and CO2

using the same pretreatment methods as in the TPSR experiments
(reducing, hydrating, and reducing and hydrating). The experiments
were performed using a Nicolet Nexus FTIR spectrometer with a
Spectra-Tech high temperature/high pressure reaction chamber.
Scans were taken at a resolution of 4 cm�1 using the spectrum
of an aluminum mirror measured under a nitrogen flow as the
background. The experimental parameters were designed to
match those of the TPSR set-up as well as possible, given the
different contact patterns of the flow and the sample.
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A fresh catalyst powder sample (dp = 0.044 to 0.062 mm, m E
26 mg) was pretreated in situ using the same pretreatment
methods as in the TPSR experiments (calcination 2 h, reduction
15 min), but with nitrogen as the inert gas instead of helium,
calcination in 10% O2/N2, reduction in 10% H2/N2 and hydra-
tion in 0.05% H2O/He/N2. The total gas flow was 50 mL min�1

during the whole experiment. After cooling down to 100 1C (at
the same rate as in the TPSR experiments) the spectrum of the
sample was measured (100 scans).

The adsorbate (5% CO or 4% CO2 in nitrogen) was fed to the
sample for 30 minutes at 100 1C; 30-scan spectra were measured
once a minute for the first five minutes and thereafter a 100-scan
spectrum every five minutes. After the initial adsorption the sample
was flushed with nitrogen for five minutes before collecting a
spectrum. After the spectrum, the adsorbate was again fed to the
sample and the sample was heated in 25 1C increments. Spectra in
the presence of the adsorbate in the gas (100 scans) were measured
every 25 1C and spectra after five minutes of nitrogen flushing
(100 scans) were collected every 50 1C between 100 1C and 550 1C
to also obtain spectra without the contribution of the gas phase,
all in one experiment.

2.5 DFT

All density functional theory calculations were performed using
the gpaw program package28 employing slab models representing
flat and stepped (separate models for edge and corner sites)
monoclinic ZrO2 structures. The Kohn–Sham equations were
solved self-consistently using the PBE functional.29 Inner electrons
were replaced by PAW30 while valence states were described in a
grid basis with a grid spacing of 0.2 Å. The lattice parameters were
optimized to be a = 5.21 Å, b = 5.28 Å, c = 5.38 Å, and the angle
b = 99.31 which agree well with the previously calculated values.31

The terrace sites on a zirconia particle were represented by a
four-layer thick (%111) monoclinic zirconia surface with a (1 � 1)
surface unit cell consisting of 48 atoms in total. The nanoparticle
edge sites were modeled with a four-layer thick stepped (%212)
zirconia surface with a (1 � 2) unit cell. The highly uncoordi-
nated corner sites were modeled by doubling the unit cell of the
(%212) surface in the x-direction and removing atoms to form a
corner site. See Fig. S1 in the ESI† for more details. The periodic
boundary conditions were applied in the xy-plane, and at least
13(5) Å of a vacuum was added above (below) the slab in the
z-direction. A (2 � 2 � 1) Monkhorst–Pack k-point mesh was
employed throughout the surface calculations. In all cases, only
the bottom oxide layers were fixed into their ideal positions
while all the rest of the atoms were optimized until the residual
force was below 0.05 eV Å�1. Transition states were located
using the nudged elastic band method32 and the optimization
threshold was 0.05 eV Å�1.

3 Results
3.1 Characterization

The BET surface area of a fresh, calcined sample (dp = 0.25 to
0.42 mm) was ca. 90 m2 g�1. Based on XRD and Raman experiments

(detailed results presented in the ESI†), the phase of the
zirconia seems to be monoclinic, yet a trace of tetragonal phase
cannot be completely excluded. According to DRIFTS, the
sample is monoclinic.

XRF (X-ray fluorescence spectroscopy) results show that
the bulk of the sample consists of zirconium and hafnium
(ca. 2 wt% HfO2). XPS (X-ray photoelectron spectroscopy) results
show no trace contaminants in the sample.

3.2 Temperature-programmed experiments

Temperature-programmed experiments show adsorption and
desorption but also surface reactions. The reactions may include
interactions with the zirconia surface: consumption of surface
oxygen or hydroxyl groups, or addition of surface oxygen.
Temperature-programmed surface reaction (TPSR) experiments
using CO with R, H, and R + H pretreatments are presented in
Fig. 1. Level ‘0’ corresponds to the feed level, i.e., 0 mol s�1 g�1 for
all, except that for CO the feed is 2.97� 10�7 mol s�1. With a sample
size of ca. 100 mg that is approximately 2.97 � 10�6 mol s�1 g�1.

On R-ZrO2 (Fig. 1a) there is a clear net uptake of CO (outflow o
feed, i.e., molar flow o 0) until ca. 330 1C. The net CO release
(outflow 4 feed, i.e., molar flow 4 0) begins immediately after
the net uptake and reaches its maximum at 370 1C.
The expressions ‘net uptake’ and ‘net release’ are used as the
actual processes are partly overlapping. Water evolution begins
at above 300 1C, seemingly at the same temperature as the
CO release. CO2 release begins at above 300 1C, a little earlier
than the hydrogen release. Both CO2 and H2 reach a maximum
at ca. 530 1C.

H-ZrO2 (Fig. 1b) displays similar features during CO-TPSR to
R-ZrO2 (Fig. 1a) but the overall magnitude of the responses is
slightly higher. Note that the y-axes in the figures are different.
Unlike on R-ZrO2, there is minor evolution of CO already
between 100 1C and 200 1C. CO release begins a bit later than
on R-ZrO2, at ca. 350 1C.

RH-ZrO2 (Fig. 1c) shows two distinct processes of CO release:
one between 150 1C and 300 1C, and the other above 320 1C
up until 550 1C. Water release begins at the same time with
the lower-temperature CO release at approximately 150 1C
and continues until 550 1C. Hydrogen and CO2 are released
at same temperatures, showing similar trends beginning at
above 300 1C, with a shoulder at 400 1C and a maximum
at 520 1C.

Temperature-programmed surface reaction (TPSR) experi-
ments using CO2 with R, H, and R + H pretreatments are
presented in Fig. 2. As in CO-TPSR, level ‘0’ corresponds to
the feed level; in CO2-TPSR the only feed component is CO2:
2.97 � 10�7 mol s�1 (or 2.97 � 10�6 mol s�1 g�1).

During CO2-TPSR on R-ZrO2 (Fig. 2a), there are two different
CO2 release processes, one between 100 1C and 300 1C
(maximum at 160 1C), and the other above 300 1C (maximum
at ca. 450–500 1C). The latter one coincides with water and
CO evolution, the maximum for water evolution occurs at
ca. 400 1C.

Fig. 2b shows the H-ZrO2 during CO2-TPSR and its behavior
is similar to that of the reduced catalyst (Fig. 2a); however,
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the intensities of CO2 and water at high temperatures (above
300 1C) are ca. 50% higher than those with R-ZrO2. Note that
the y-axes in the figures are different.

CO2-TPSR on RH-ZrO2 (Fig. 2c) shows an almost constant
response of CO2 throughout the temperature range, with several
distinct characteristics. Water evolution begins already

Fig. 1 (a–c) CO-TPSR as a function of temperature with different pre-
treatments. ‘0’ refers to feed level, CO at 2.97 � 10�6 mol s�1 g�1, others
at 0 mol s�1 g�1.

Fig. 2 (a–c) CO2-TPSR as a function of temperature with different pre-
treatments. ‘0’ refers to feed level, CO2 at 2.97 � 10�6 mol s�1 g�1, others
at 0 mol s�1 g�1.
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at ca. 170 1C, reaching its peak at around 300 1C. A minor CO
response begins simultaneously with the water evolution.

The quantified results of the evolution of the carbon oxides
during the temperature-programmed (TP) stage are shown in
Table 1. The evolved amounts equal the amount of CO or CO2

released during the heating ramp (the amount fed during
heating subtracted from the measured response), i.e., uptake
subtracted from the release during heating (net release). The
amounts are reported based on the transient stage instead of
the initial adsorption stage as the adsorption process, especially
for CO, is slow and thus more prone to error in quantification.
The presented values can be compared to the number of surface
oxygen atoms, in CO-TPSR the evolved amounts of CO are in the
range of 6–17% (low-temperature CO release from RH-ZrO2

corresponds to ca. 6%) and the amounts of CO2 10–14% of
the surface oxygen atoms. CO2-TPSR amounts for CO2 are much
more significant, corresponding to 24–87% of the surface oxygen
atoms while the CO amount is ca. 3%.

Water releases during CO-TPSR and CO2-TPSR are qualitatively
similar for each pretreatment. Results of the blank with the TP
phase in helium (temperature-programmed desorption, TPD) are
presented for R- and RH-ZrO2 in the ESI† (see Fig. S3) as they show
the water release without COx in the gas phase. Again, qualitative
similarity to water release during COx-TPSR is evident; R-ZrO2

releases water above 300 1C and RH-ZrO2 has an additional process
starting already at 150 1C.

3.3 DRIFTS

The DRIFTS results are presented in different wavenumber
regions: 3800–3600 cm�1 for OH groups, 3050–2700 cm�1 for
formate vibrations, 2300–2000 cm�1 for the gas-phase and
linear CO and 1650–1300/1200 cm�1 for C–O vibrations present
in the formate and (bi)carbonate species. In Fig. 3, the spectra
of the OH region (3800–3600 cm�1) during CO experiments are
shown. From left to right, the spectra correspond to the
experiments on reduced (R), hydrated (H), and reduced and
hydrated (R + H) zirconia. The top spectra (pre-CO) show the
pretreated samples measured at 100 1C before CO was introduced
into the system. Starting from H and R + H, the spectra are similar
with a clear maximum at ca. 3675 cm�1 and a smaller one at
3728 cm�1, whereas R-ZrO2 produces two equally intense maxima
at 3767 cm�1 and 3669 cm�1. The maxima at 3675/3669 cm�1

correspond to multicoordinated OH (m-OH) groups (see Table 2
for assignments and references), the one at 3767 cm�1 to terminal
OH (t-OH) groups,16 and the one at 3728 cm�1 typically corre-
sponds to the OH species characteristic of tetragonal zirconia,16

often assigned to the bicoordinated OH species. The OH behavior

Table 1 Evolved amounts of carbon oxides for the temperature-
programmed stage

Feed

Evolved amount (mmol gcat
�1)

CO CO2

R-ZrO2 CO 130 110
H-ZrO2 CO 240 150
RH-ZrO2 CO 380 150
R-ZrO2 CO2 70 1240
H-ZrO2 CO2 90 1950
RH-ZrO2 CO2 70 550

Fig. 3 Hydroxyl region during CO-DRIFTS with different pretreatments with CO present in the gas phase. The inset shows the intensity of
multicoordinated OH species on R-ZrO2 as a function of temperature.
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of pretreated samples without COx contact is presented in the
3800–3600 cm�1 spectra of R- and RH-ZrO2 in Fig. S4 in the ESI.†

In the H and R + H spectra (Fig. 3), the t-OH maximum
(3745/3741 cm�1) is not visible until at ca. 450 1C, the m-OH
maxima (initially at 3680/3674 cm�1) shift with increasing
temperature to lower wavenumbers (ca. 3655 cm�1) and especially

at below 250 1C several maxima can be discerned, indicating
heterogeneity in the m-OH species. The minor peak at
3621 cm�1 (H and R + H at 100 1C) probably indicates an OH
vibration as well, as other vibrations characteristic for a bicarbonate
species are missing. On R-ZrO2, t-OH intensity starts decreasing
slightly at 100 1C during CO adsorption (Fig. 3), presumably due to
formate formation on the t-OH, and decreases further along with
increasing formate intensity. The t-OH groups are partially restored
along with formate decomposition. The state of the zirconias at
550 1C is very similar in all three pretreatment methods.

In Fig. 4, the spectra of the 1650–1300 cm�1 region during
CO adsorption are presented. At first look, the spectra of all
three samples show the same main features: the most intense
maximum at 1568/67 cm�1, three or four overlapping maxima
at 1390–1354 cm�1 and on H- and R-ZrO2 some minor peaks
at 1539/34 cm�1 and in the lower 1400-region. The maxima at
ca. 1567 cm�1, 1385 cm�1, 1377 cm�1, and 1367 cm�1 correspond
to the formate species, HCOO�, and this is supported by peaks at
2960 cm�1, 2870 cm�1, 2755 cm�1 and 2730 cm�1 in the same
temperature range (see Fig. S5 in the ESI†).23 The formates
appear at 100–125 1C (R) or at 175–200 1C (H, R + H), reach a
maximum at 325 1C (R) or 375 1C (H, R + H) and are present up to
550 1C. The fourth peak of the overlapping maxima, at 1356/
54 cm�1, is in the region of COO vibrations. The minor peaks at
1539/34 cm�1 remain unidentified. According to Bianchi et al.,17

the maximum at 1415 cm�1 could be the carboxylate species as
it should have another maximum at 1560 cm�1; in our case
there is one already because of the formates at ca. 1567 cm�1.
In the formate region at ca. 2870 cm�1 on RH-ZrO2 and H-ZrO2

Table 2 Assigned surface species of observed wavenumbers on ZrO2

Wavenumber
(cm�1) Species Ref.

3780–3760 Terminal –OH 14, 16, 33, 34
3690–3650 Tribridged –OH 14, 16, 33, 34
3615 Bicarbonate 35
2965 nas(COO) + ns(COO)

and d(CH) + ns(COO) formate
27, 36, 37

2880 n(CH) formate 23
2754 ns(COO) + d(CH) formate 36, 37
2740 ns(COO) + d(CH) formate 36, 37
2733 ns(COO) + d(CH) formate 37
2192 & 2184 Linear CO 38
1820/1800 Bridging carbonate 35
1630–1610 Bicarbonate 35, 39
1570–1560 nas(COO) formate,

bidentate carbonate
27, 35–37, 39

1524 Monodentate carbonate 40
1490 Monodentate carbonate 40
1450 Bicarbonate, ns of ionic carbonate 35, 39
1397 Monodentate carbonate 40
1387 d(CH) formate 23, 36
1379 ns(COO) formate 27, 36, 37
1367–1360 ns(COO) formate 23, 27, 37
1322 Bidentate carbonate 15, 16, 35, 37
1230–1223 Bicarbonate 15, 16, 35, 37, 39

Fig. 4 1650–1300 cm�1 region during CO-DRIFTS with different pretreatments with CO present in the gas phase.
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(Fig. S5 in ESI†), the peak is split especially at 275–300 1C, and
the maxima occur at 2873 cm�1 and 2864 cm�1.

During the initial adsorption at 100 1C on R-ZrO2 the for-
mation of linear CO species can be observed at ca. 2190 cm�1

presented in Fig. 5 on the left hand side. In the middle spectra
there are the formate bands at 1569 cm�1 and on the right
hand side are the formate bands at 2975 cm�1, 2965 cm�1 and
2884 cm�1. Note that the order of the spectra is different in the
leftmost spectra. Looking at the linear CO spectra on the left,
the linear species reaches its maximum intensity after one
minute in CO and the intensity thereafter decreases (plotted
in the inset). The band at ca. 2110 cm�1 is caused by the
P branch of gas-phase CO and the R branch is overlapped by the
linear CO species at ca. 2180 cm�1. From the formate bands we
can observe that initially there are no formates and their
formation is slow, the intensities clearly denoting formates
only after three minutes in the CO and the intensities still increase
from 15 to 25 minutes in CO. The spectra corresponding to the
middle one in Fig. 5 for H- and RH-ZrO2 are presented in Fig. S6
in the ESI,† and they show no signs of formate formation
during CO adsorption at 100 1C.

Fig. 6 presents the spectra of the 1650–1200 cm�1 region
during CO2 adsorption up to 400 1C. The spectra remain the
same from 400 1C up to 550 1C. The four maxima at 100 1C in all
three cases, namely 3616 cm�1 (not shown), 1626–1620 cm�1,
1435–1415 cm�1, and 1223–1220 cm�1 are assigned to the
bicarbonate species,16 HCO3

�, with their maximum intensity
at 100 1C, and they are observed in the presence of CO2 in the

gas phase up to 350–375 1C. Without CO2 in the atmosphere,
the bicarbonates disappear at 250–300 1C (not shown). The
maxima at ca. 1557 cm�1 and 1332–1328 cm�1 correspond
to bidentate carbonates,16 CO3

2�, and they are also at their
maximum intensity at 100 1C. Bidentate carbonates are
detected under CO2 until 550 1C, but they show a declining
trend with increasing temperature. Without CO2 in the atmo-
sphere bidentate carbonates vanish almost completely around
450–500 1C (not shown). Even at 550 1C the surface has
adsorbed carbonates as the spectra still differ from the blank
spectra (Fig. S4 in the ESI†). When comparing the intensity
ratios of bidentate carbonates (ca. 1560 cm�1) to bicarbonates
(ca. 1620 cm�1) on differently pretreated zirconias, it is evident
that that the ratio is the highest on R-ZrO2. The maximum at
ca. 1530 cm�1 might be monodentate carbonate40 with its other
characteristic peaks at 1490 cm�1 and 1390 cm�1 overlapped by
the maximum at 1440 cm�1 related to the bicarbonate at below
350 1C and unidentified at high temperatures up to 550 1C.

3.4 DFT

Experimentally, three different pretreatments are applied to
the zirconia sample. Computational representation of these
pretreatments is not possible with the present knowledge of
their structural properties. However, we model the heterogeneity
of zirconia nanoparticles employing three different surface site
models namely terrace, edge, and corner where Zr and O atoms
display different coordinations (see Fig. S1 in ESI†). The adsorp-
tion of carbon oxides on the applied surface models was calculated

Fig. 5 Linear CO band (left) and formate bands (center and right) during the initial CO adsorption at 100 1C on R-ZrO2. The inset in the leftmost spectra
shows the intensity of the 2192 cm�1 band vs. adsorption time.
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mainly using hydrated model surfaces. For a (%111) surface, we
adopted the same hydration that was previously found to be
adequate by Korhonen et al.37 The model employs a 0.25 mono-
layer (ML) coverage of dissociated water which corresponds to one
water molecule per surface unit cell. The calculated adsorption
energy for one dissociated water molecule on the most stable
adsorption geometry on the terrace is �106 kJ mol�1 (exothermic
adsorption energy), in line with the calculations of Korhonen
et al.37 The hydrated edge and corner surfaces also contain one
dissociated water molecule; this is a reasonable model as a water-
derived OH group is preferably located at low-coordinated
sites. The adsorption energies are �119 kJ mol�1 (edge) and
�297 kJ mol�1 (corner), making the adsorption on these sites
more exothermic than on the terrace. In both cases the water-
derived hydroxyl group was bound to low-coordinated Zr-atoms
while a H atom from water forms a surface OH group behind edge/
corner sites. Unlike on the (%111) surface, there is no hydrogen
bonding between the OH groups.

According to calculations, CO favors adsorption as a formate on
the three different model surfaces. Also a weakly bound linearly
adsorbed CO is found on the undercoordinated Zr atom on the
corner surface. In accordance with earlier computational work,41

we found four stable formate structures on the zirconia terrace
with very similar adsorption energies as reported earlier. The most
stable geometry is formed from t-OH, it is a bridging bidentate
between two Zr atoms, as shown in Fig. 7a, and it has an
adsorption energy of �170 kJ mol�1. The adsorption on the

edge and corner sites leads to more weakly bound bidentate
formates with adsorption energies of �134 kJ mol�1 and
�140 kJ mol�1, respectively. The corresponding structures are
shown in Fig. 7b and c. All the calculated adsorption energies of
formates are collected in Table S2 in the ESI.† The adsorption
energy of linear CO is �45 kJ mol�1.

CO2 adsorbs both as carbonates and bicarbonates on
the different model surfaces. Fig. 7d–i display the most stable
bicarbonate and carbonate structures on the three different
model surfaces. Carbonate adsorption on the hydrated or bare
ZrO2(%111) is almost thermoneutral. Minor differences in adsorption
energies compared with the previous calculations are probably
due to the differences in computational details.41 For the edge
structure, two strongly exothermic carbonate adsorption geo-
metries were identified. The most stable one (Fig. 7e) corre-
sponds to a bridging monodentate geometry at the step edge
and has an adsorption energy of �109 kJ mol�1. Carbonate
adsorption on a corner surface is slightly weaker than on the
step, being�73.3 kJ mol�1 exothermic. The adsorption geometry
is bridging bidentate as shown in Fig. 7f. On both stepped and
corner surfaces, carbonate adsorption competes for the adsorp-
tion sites with hydroxyl groups owing to their nearly equal
adsorption energies. Therefore the above adsorption energies
were calculated on the bare surface. Bicarbonates form from
a water-derived t-OH group. Adsorption energies are nearly
structure independent being close to �50 kJ mol�1 for all the
model surfaces, and the corresponding adsorption geometries

Fig. 6 1650–1200 cm�1 region during CO2-DRIFTS with different pretreatments with CO2 present in the gas phase.
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are bidentate bridging. For the terrace structure, the bicarbo-
nate adsorption energy and geometry correspond to the most
stable one reported by Korhonen et al.41 All the calculated
adsorption energies of bicarbonates and carbonates are collected
in Table S3 in the ESI.†

Present and previous experiments13,40 indicate that formate
formation is an activated process, therefore we have calculated
the activation barrier for the process on the ZrO2(%111) surface.

Formate production is a complex process that requires simul-
taneous cleavage or formation of at least three bonds. These
include the rupture of an O–H bond, and the formation of O–C
and H–C bonds. Thus, it is not surprising that the lowest
calculated activation energy is as high as 154 kJ mol�1. This
most likely follows from the fact that the bond making
and breaking processes are not surface-assisted: CO attacks
adsorbed OH from the gas-phase or from the weakly bound

Fig. 7 (a–i) Calculated formate, carbonate and bicarbonate species on terrace, edge, and corner sites. The color coding is as follows: Zr atoms light gray,
O atoms in ZrO2 red, C atoms dark gray, H atoms white, and O derived from water blue.
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surface species, and the OH group stands upright while the
O–H bond breaks.

Since TPSR experiments have indicated that the formate
decomposes at elevated temperatures (above 325 1C) not only
reversibly to CO, but also possibly along with water and additionally
to CO2 and H2 thus reducing the zirconia surface; these surface
reactions were addressed by DFT calculations. We computed
reaction energies for formate decomposition to carbon monoxide
and water, and to carbon dioxide and hydrogen according to
the following equations

HCOO* + H* - CO + H2O

HCOO* + H* - CO2 + H2.

Table S4 in the ESI† summarizes the reaction energies.
Decomposition is a strongly endothermic process with reaction
energies varying from 178 kJ mol�1 to 436 kJ mol�1 supporting
the observed high formate decomposition temperatures. We
note that here the reaction energies give a lower limit for an
activation energy of the given process, and the calculation of
explicit activation energies could possibly lead to even more
strongly activated decomposition. In general, formate decom-
position to carbon dioxide is less activated than that to carbon
monoxide, on average by 80 kJ mol�1. The desorptive decom-
position shows clear structure dependence: corner sites release
their formates less willingly than terrace and edge sites which
display similar behavior.

For the most stable adsorption geometries, calculated formate
and (bi)carbonate vibration frequencies corresponding to the
measured IR wavenumber range are reported in Table 3 and the
full results are given in Table S5 in the ESI.† The carbonate
frequencies were obtained on the bare zirconium oxide surface
but we tested for one case that surface hydration does not have a
significant effect on the vibration frequencies. On all the model
surfaces, the formate adopts a bridging bidentate geometry. The
different coordinations of the Zr atoms to which a formate is

bound introduce a slight frequency variation ranging from 10 to
40 cm�1 reflecting the variation of formate adsorption energies
from one model surface to another. For the carbonate species
somewhat larger frequency shifts are seen, which is in accor-
dance with more pronounced differences in adsorption energies.
This in turn follows from both the variance in binding modes
and the coordination of Zr atoms in contact with the carbonate.
The frequency variation for bicarbonates falls between those for
the formate and carbonate species.

4 Discussion
4.1 CO interaction

The interaction of CO with the pretreated samples was probed
from 100 1C up to 550 1C using TPSR and DRIFTS. R-ZrO2 is
the only sample that shows the adsorbed carbon-containing
surface species (see Fig. 4 and 5) already at 100–125 1C: in
addition to formates there is also weakly, linearly adsorbed CO
at ca. 2190 cm�1 (Fig. 5). Linear CO species are not stable if CO
is removed from the gas phase (not shown), and they can be
recreated in the presence of CO below 250 1C (not shown), in
line with the observation of Pokrovski et al.13 that during CO
adsorption at 250 1C, only formates are formed. According to
DFT calculations, the adsorption energy of linear CO on an
undercoordinated Zr atom is �45 kJ mol�1, well in agreement
with the results obtained with transmission IR,42 reporting
values of �42 to �55 kJ mol�1, and microcalorimetry,38 (CO)L

at ca. �50 kJ mol�1 and (CO)H at ca. �75 kJ mol�1. The (CO)H

species is the likely reason for the observation at the higher
temperatures. These linear species show a decline in intensity
during the initial isothermal adsorption at 100 1C, justifying the
assumption that the adsorbed species are consumed to form
another surface species. A simultaneous increase in formate
intensity indicates that the interaction of the linearly adsorbed
CO species with a terminal OH group is one possible pathway for
formate formation (shown in Fig. 8), as suggested by Bianchi
et al.17 A similar formate formation mechanism has been proposed
by Jackson and Ekerdt43 for methanol synthesis and by Rhodes
and Bell44 for CO hydrogenation. On H- and RH-ZrO2, however,
this low-temperature formate formation route is suppressed as no
linear or formate CO species are detected below 175 1C (Fig. 4). The
former is expected according to the results of Morterra et al.25

There is a significant CO release process (ca. 6% of a
monolayer) on RH-ZrO2 (Fig. 1c) occurring simultaneously with
the water release starting already at ca. 170 1C. The CO response
remains on the net release side even during the strongest

Table 3 Selected vibration frequencies expressed as wavenumbers and
energies based on DFT calculations

Terrace Edge Corner

E (meV)
Wavenumber
(cm�1) E (meV)

Wavenumber
(cm�1) E (meV)

Wavenumber
(cm�1)

Formates
168 1353 166 1336 164 1326
176 1420 172 1385 170 1368
194 1561 194 1565 190 1534
363 2929 362 2918 367 2957

Carbonates
145 1172 164 1320 137 1101
223 1802 188 1519 225 1812

Bicarbonates
146 1174 144 1160 138 1116
171 1376 170 1373 175 1415
199 1608 200 1615 194 1562
461 3720 457 3689 463 3732 Fig. 8 Formate formation via linear CO.
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uptake phase of the two other pretreatments (Fig. 1a and b);
presumably a similar activated CO uptake to formates is
masked by this low-temperature CO release on RH-ZrO2. The
weak reversible adsorption mode of CO is found exclusively on
RH-ZrO2, and has not been reported before. DRIFTS does not
provide information on the identity of this weakly adsorbed CO
species (see Fig. S6 in the ESI†), and it is not observed in the
same region as the linear CO on R-ZrO2 (Fig. 5). The simulta-
neous release of both CO and H2O in CO-TPSR (Fig. 1c) and the
qualitatively similar water release in TPD (Fig. S3 in ESI†) of
this sample suggest that R + H pretreatment creates a unique
binding site for CO and that the stabilities of the site and the
water-derived surface species are connected. The binding site
formed upon exposure to water is not identified, and neither is
the way in which CO interacts with the site. It is hypothesized
that these hydrogen-bonded water-derived ensembles serving
as sorption sites for CO create a surface species with an extinc-
tion coefficient that is too low to allow IR detection. It should be
noted that even though the low-temperature hydroxyl bands for
RH-ZrO2 and H-ZrO2 are identical, the weakly bound CO is found
only on RH-ZrO2; thus the IR-visible hydroxyl chemistry does not
provide clear explanations.

In all three CO-TPSR experiments (Fig. 1), the results show
that the behavior above 300 1C is fairly similar: a net desorption
process of CO (see Fig. 9) combined with surface dehydration/
dehydroxylation (H2O response, see Fig. 10) and a reductive
formate decomposition (Fig. 11) shown by the CO2 and H2

responses. This similarity encourages assigning the effect of varying
pretreatments as modifications mainly to the low-temperature
behavior of CO interaction. This effect is also shown in the CO
uptake resulting in different surface species and stabilities during
the initial CO adsorption on R- and RH-ZrO2 (Fig. 1). The effect of
pretreatment variation to the high-temperature behavior is limited
almost exclusively to the magnitude of the responses, even the ratio
of released CO2 of the combined COx released above 300 1C
remains about the same (36–38%), indicating that the reaction

pathways are not drastically changed by varying surface hydroxyl
content. These similarities are also supported by DRIFTS results
(Fig. 3 and 4) that are very similar for all samples above 300 1C.
The maximum intensity temperature of formates (325 1C for
R-ZrO2 and 375 1C for H- and RH-ZrO2) seen in DRIFTS (Fig. 4)
is in agreement with the temperature range in CO-TPSR where
the CO uptake is complete or the low-temperature release
process is over, around 320–350 1C depending on the pretreat-
ment. In agreement with experiments, the calculations find CO
to adsorb as a formate species on all the zirconia surface structures
studied (see Table S2 in the ESI†) and formate formation is an
activated process with an activation energy of 154 kJ mol�1. Several
different adsorption geometries were identified within the range of
98–170 kJ mol�1 in adsorption energies, suggesting formate
adsorption to be structure sensitive. Qualitatively calculated vibra-
tional frequencies for formates (Table 3) match well with measured
wavenumbers (Fig. 4 and Fig. S5 in the ESI†): one vibration is at
ca. 2950–2900 cm�1 and three vibrations are in the range from
1560 cm�1 to 1320 cm�1 further supporting the identification of
the adsorbed species typically observed at 2965 cm�1 or 2880 cm�1,
1570–1560 cm�1 and between 1390 cm�1 and 1360 cm�1. The
scattering of the calculated frequencies highlights the impact
of the surface structure on the adsorption.

As the high-temperature behavior in CO-TPSR has been
assigned to formate chemistry (activated formation, reversible
and reductive decomposition) using terminal OH (t-OH) groups,
we must conclude that pretreatments do not bring about large
changes in the nature and abundance of t-OHs. A major portion
of those t-OH species must exist in the material prior to calcina-
tion. Since the pretreatments including hydration (H and R + H)
somewhat increase the magnitude of high-temperature CO-TPSR
responses (see Fig. 1b and c) related to formate chemistry, we
conclude that hydration creates additional t-OH.

Above 500 1C, the most intense response in CO-TPSR (Fig. 1)
is due to irreversible formate decomposition (seen in Fig. 4
as decreasing formate intensity), leading to the formation of
hydrogen and carbon dioxide (Fig. 1), as previously reported by
Bianchi et al.17 Their formation is strongly coupled above
350 1C, and at lower temperatures some CO oxidation is
observed on R- and H-ZrO2 as CO2 formation occurs prior to
H2 evolution to the gas phase. The high-temperature reductive
decomposition to CO2 and H2 is also shown in DFT as calcula-
tions render the reductive decomposition as an activated process
(see Table S4 in the ESI†), and the calculated reaction energies
(178–363 kJ mol�1) seem reasonable considering the tempera-
ture regime where the process takes place. However, the reaction

Fig. 9 Reversible formate formation.

Fig. 10 Dehydroxylation mechanism.

Fig. 11 Formate decomposition to CO2 and H2.
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energy for forming CO and H2O (253–436 kJ mol�1) is even
more than for CO2 and H2. Hence, we suggest that instead of
formate decomposition simultaneously to CO and H2O, formates
decompose reversibly to CO and then dehydroxylation takes
place, as dehydroxylation occurs at the same temperature range
also in an inert atmosphere (Fig. S3 in the ESI†). The strong
coupling of CO2 and H2 can also be observed at ca. 400 1C on
RH-ZrO2 (Fig. 1c) as there is a more distinct shoulder compared
to the two other pretreatments (Fig. 1a and b). This might be
just redistribution between formate decomposition pathways
due to differences on the surface. CO2 is formed according to
the surface reactions already discussed, the released amounts of
CO2 correspond to removing 10–14% of surface oxygen atoms
either from surface oxygen atoms or the hydroxyl species. CO2 is
apparently desorbed immediately and not trapped on the surface
as the carbonate species are not observed in the IR spectra.

Based on the DRIFTS spectra (Fig. 3 and Fig. S4 in the ESI†),
the terminal and multicoordinated surface hydroxyl species
(t-OH and m-OH) are observed prior to, during, and after
CO adsorption. During formate decomposition, the m-OH
(ca. 3680 cm�1) intensity decreases with all samples more than
in blank experiments (shown for R-ZrO2 in the inset of Fig. 3
and Fig. S4).† This indicates that the formate decomposition
pathway takes place between the formate species and a multi-
coordinated OH site, shown for Pt on ZrO2 by Graf et al.27 They did
not observe similar phenomena for pure ZrO2 but the observed
temperature range was only up to 400 1C whereas in this work the
temperature range was up to 550 1C.

4.2 CO2 interaction

The CO2-TPSR results (Fig. 2) again show a strong similarity
between R- and H-ZrO2 samples (Fig. 2a and b) and a similar
interaction both qualitatively and quantitatively at below 200 1C
for all three pretreatments. DRIFTS experiments with CO2

(Fig. 6) show the bidentate carbonate, bicarbonate and mono-
dentate carbonate species. The bicarbonate species after all
three pretreatments are still on the surface after five-minute
flushing at 250 1C but disappear at 300 1C (not shown), which is
in agreement with the results of Viinikainen et al.15 As the
bicarbonate species is the least stable among the CO2 adsorp-
tion modes according to both DRIFTS results and DFT calcula-
tions, the bicarbonate may induce the joint TPSR behavior of all
three samples at below 200 1C (Fig. 2), perhaps together with
some bidentate carbonate species.

CO2 adsorption leads to immediate bicarbonate and bidentate
carbonate formation (Fig. 6 at 100 1C), the bicarbonates supposedly
form on t-OH sites16 (see Fig. 12) and the bidentate carbonates on
the c.u.s. (coordinatively unsaturated) Zr4+–O2� pairs16 (Fig. 13).
This is supported by the intensity ratio between these species: the
relative amount of bidentate carbonates compared to bicarbonates
(1560 cm�1 vs. 1620 cm�1 in Fig. 6) is the highest on R-ZrO2 and
this can be linked to the amount of t-OH surface sites and to
the lack of c.u.s. pairs at edge sites.

As in the CO-TPSR experiments, RH-ZrO2 (Fig. 2c) produces
a response different from the two other samples; in this case
the differences are significant in the temperature window from

200 1C up to 550 1C. The response of RH-ZrO2 corresponds
to 24% of a monolayer and shows a fairly constant release of
CO2 from the surface all the way up to 550 1C. When comparing
RH-ZrO2 to the two others (Fig. 2a and b, 55 and 87% of a
monolayer, respectively), the differences in the overall CO2 level
are most likely caused by a much subdued carbonate formation
on the surface as, according to DFT results, they compete with
OH groups on the low-coordinated sites. Water release is also
different on RH-ZrO2 than on the other two, resembling more
the water response in the corresponding CO-TPSR experiment
and especially the one in the TPD experiment (Fig. 1 and Fig. S3
in the ESI†). H-ZrO2 responses (Fig. 2b) are in general higher
than with R-ZrO2 (Fig. 2a), as in the CO-TPSR experiments. This
might be due to the abundance of OH groups on the surface
and their positive effect on bicarbonate formation compared to
the R-ZrO2. We also suggest that the uptake of bidentate
carbonates might be enabled through the dehydration of the
zirconia surface.

The computational results show an energetically versatile
species on different surface sites (terrace, edge, corner) for
carbonate adsorption (see Table S3 in the ESI†). The results
indicate that the carbonate species bind mainly to structural
defects in zirconia whereas the bicarbonates have similar
adsorption energies independent of the surface structure.
According to calculations, CO2 creates both bidentate and
monodentate carbonates, and bidentate bicarbonates, in agree-
ment with the interpretation of the DRIFTS experiments
(Fig. 6). Bicarbonates form solely on t-OH sites in calculations
as hypothesized based on experimental results and previous
reports.16 The best match between measured (bi)carbonate
bands and calculated (bi)carbonate frequencies (Table 2
and Table S5 in the ESI†) is with the edge-adsorbed species,
but when comparing the obtained values with the measured
spectra (Fig. 6), there is most likely not just a single species
but a distribution of several species on a non-ideal surface.

Fig. 12 Bicarbonate formation.

Fig. 13 Bidentate carbonate formation.
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There are some discrepancies between the experimental and
calculated vibrational frequencies for all the studied species,
1–80 cm�1 for formates, 10–250 cm�1 for carbonates, and
10–120 cm�1 for bicarbonates. The discrepancies are attributed
to the inaccuracies in the computations as such and also to
the slight deviation between the real zirconia surface and the
computational material model established to describe it.
The achieved accuracies are in line with those reported for
oxide surfaces.45,46

In CO2-TPSR (Fig. 2), CO is observed constantly after 300 1C,
yet no formates are observed in the DRIFTS experiment (Fig. 6)
even though around 300 1C they should be most abundant on
the surface assuming the presence of gas-phase CO (see Fig. 4).
As the bicarbonate species are still on the surface at that point,
they might be blocking the t-OH sites and thus preventing
formate formation. Competition favors bicarbonates at low
temperatures since formate formation is activated.

4.3 Zirconia surface sites

After the pretreatments all samples contained m-OH and t-OH
species; m-OH bands were noticeable in all experiments
whereas the t-OH band was clearly resolved only on R-ZrO2

(Fig. 3 and Fig. S4 in the ESI†). For RH- and H-ZrO2

the existence of t-OH species became evident in DRIFTS as the
temperature was raised to above 300 1C and indirectly via the
formate chemistry that is rather equivalent in all the samples
(Fig. 4). According to Morterra et al.,24 the lack of t-OH intensity
(ca. 3770 cm�1) on H- and RH-ZrO2 is likely due to hydrogen-
bonding that can obscure the terminal OH maximum completely
from the spectra. The band observed in the 3730 cm�1 region
(typically assigned to bibridged OH on tetragonal zirconia) is
also observed in the work of Morterra et al.24 during dehydration
of the surface. When comparing the DRIFTS spectra of thermal
and reactive treatments (Fig. 3 and Fig. S4 in the ESI†) at 550 1C,
equal amounts and types of hydroxyls were found on all samples,
implying that the modifying effect of the pretreatments was then
eliminated. All in all, hydroxyls exist with different thermal/
chemical stabilities that are explained by different coordination
environments. According to the DFT results, formation of multi-
coordinated hydroxyls on an oxygen vacancy on a terrace or an
edge site (�266 to �311 kJ mol�1) is clearly more favored
energetically than on a clean, undefected surface site (�106 to
�119 kJ mol�1). However, defect formation is strongly endothermic
on all of these sites.

Pretreatments bring about changes in the type and abun-
dance of the hydroxyl species. All differences between hydroxyls
(seen by DRIFTS in Fig. 3) do not manifest in CO and CO2

interaction and conversely all the differences between CO and
CO2 interaction (seen by COx-TPSR in Fig. 1 and 2) do not find
explanations solely in hydroxyl chemistry. Water treatment
increases the abundance of the m-OH species based on the
direct comparison of DRIFTS data for the hydrated H- and
RH-ZrO2 and the non-hydrated R-ZrO2 sample (Fig. 4). Increase
of the abundance of t-OH species via water treatment is
deduced from the increased intensity of the formate-related
gas-phase responses in CO-TPSR (smallest intensity for R-ZrO2).

The origin of the heterogeneity seen in the multi-OH region
(3690–3650 cm�1) of the H- and RH-ZrO2 is unclear, perhaps
the extended hydration creates OH species in versatile environ-
ments as the heterogeneity is subdued at ca. 300 1C. The water
treatment also eliminates c.u.s. Zr4+ sites quantitatively as
evidenced by the emergence of linear CO exclusively on R-ZrO2.
Water evolution as a function of temperature is qualitatively
similar for R- and H-ZrO2 during COx-TPSR and TPD, starting
above 300 1C, whereas for RH-ZrO2 the evolution begins already
at ca. 170 1C (Fig. 1 and 2 and Fig. S3 in the ESI†). Pretreatments
thus induce differences in the water-derived species, whereas
water evolution is relatively independent of the prevailing atmo-
sphere during the TP experiment. The only slight exception to
this is CO-TPSR where the water evolution process starts and
ceases in a more abrupt manner than in the other experiment
types (Fig. S3 in the ESI†). This is explained by the competition
of the m-OH species required for the dehydroxylation process
and for the formate decomposition to CO2 and H2. Inspecting
in parallel the water evolution in TPD and m-OH and t-OH
intensities in DRIFTS (Fig. S3 and S4 in the ESI†) as a function
of temperature it is apparent that the water evolution above
300 1C is explained by the surface dehydroxylation mechanism
shown in Fig. 10.

Water evolution from RH-ZrO2 implies that this pretreat-
ment induces a unique binding mode for water along with
the qualitatively similar hydroxyl chemistry prevailing on the
R- and H-ZrO2. The joint contribution of unshielded Zr3+

(induced by surface oxygen removal during the H2 reduction)
and water vapor treatment creates a novel binding state for
the unidentified water-derived species. This novel binding
state accommodates the water-derived species in a relatively
unstable manner releasing them above 200 1C irrespective of
the atmosphere (Fig. 1 and Fig. S3 in the ESI†). This tempera-
ture range (100–200 1C) is unfavorable in DRIFTS in terms of
visibility: the m-OH species involvement in this binding state
can be ruled out based on the similarity of m-OH character-
istics for RH-ZrO2 and H-ZrO2 and the t-OH region is blurred
due to hydrogen bonding. The uniqueness of R + H pretreatment
is also manifested in CO2-TPSR being qualitatively dissimilar to
those of the other two samples; this kind of modification of
carbonate chemistry requires that R + H pretreatment eliminates
specific c.u.s. Zr4+–O2� sites.

Altogether, the initiation of CO and water release processes
(Fig. 1) clearly occurs concurrently, whether the CO originates
from the formate or from CO in the new, weak binding state
present exclusively on RH-ZrO2. This implies that water and CO
releases are mechanistically connected and that the apparent
stability of the carbon-containing surface species is actually
dependent on the stability of hydroxyls or other, unidentified
water-derived species.

5 Conclusions

In this work, we have investigated water and carbon oxides on
the monoclinic zirconia surface. As a result of this investigation,

PCCP Paper

Pu
bl

is
he

d 
on

 1
3 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 A

al
to

 U
ni

ve
rs

ity
 o

n 
15

/1
0/

20
15

 0
7:

30
:3

9.
 

View Article Online

http://dx.doi.org/10.1039/c4cp02742f


This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 20650--20664 | 20663

we state that the used pretreatments (reduction, hydration, and
their combination) have an effect on the properties and quantity of
surface hydroxyl groups on zirconia. These effects are also shown in
the interaction of carbon oxides with the pretreated catalyst:
hydration following calcination creates a different kind of a surface
than hydration after H2 reduction as shown in COx-TPSR. The
variation created by the selected pretreatments is more pronounced
in the low-temperature (o300 1C) interaction with CO and in the
high-temperature (4200 1C) interaction with CO2. The combi-
nation of techniques applied here turned out to be powerful: TPSR
outperformed the more conventional TPD as it provided informa-
tion on the weakly bound and activatedly formed surface species.
Applying any of the used techniques alone would have resulted in a
significantly deficient interpretation.

One of the main findings in this work is that formate
formation has two possible pathways on zirconia: via linear CO
on the reduced zirconia surface and also directly from gas-phase
CO. The former pathway seems favorable at lower temperatures
while the latter requires a higher temperature for its occurrence.
In accordance with previous reports, the linear CO pathway can
be blocked using surface hydration treatment. Formate decom-
position also has two possible reaction routes: reversible decom-
position releasing CO from the t-OH surface site or reductive
decomposition to CO2 and H2. The latter has been typically
observed on metal-loaded zirconia, not on zirconia as such.

Based on our results, both carbonate species and OH groups
are preferably formed on low-coordinated sites. This competition is
observed as subdued carbonate formation on samples pretreated
with water vapor. A general remark concerning high-temperature
interactions of carbon oxides with zirconia is that both carbonates
and formates can still be formed even at 550 1C, making them
possible reaction intermediates even at high temperatures.
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