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Co3O4 is a promising catalyst for removing CO from H2 streams via the preferential CO oxidation (PROX).
A Mars-van-Krevelen redox mechanism is often suggested but a detailed knowledge especially of the oxi-
dation state of the catalytically active surface under reaction conditions is typically missing. We have
thus utilized operando X-ray absorption spectroscopy to examine structure and oxidation state during
PROX, and near atmospheric pressure-XPS at low photoelectron kinetic energies and thus high surface
sensitivity to monitor surface composition changes. The rather easy surface reduction in pure CO (start-
ing already at �100 �C) and the easy reoxidation by O2 suggest that molecularly adsorbed CO reacts with
lattice oxygen, which is replenished by gas phase O2. Nevertheless, the steady state concentration of oxy-
gen vacancies under reaction conditions is too low even for XPS detection so that both the bulk and sur-
face of Co3O4 appear fully oxidized during PROX. Furthermore, the effect of adding CeO2 (a less active
material) to Co3O4 was studied. Promotion of Co3O4 with 10 wt% CeO2 increases the reduction tempera-
tures in CO and H2 and enhances the PROX activity. Since CeO2 is a less active material, this can only be
explained by a higher activity of the Co-O-Ce interface.

� 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The hydrogen-fueled proton exchange membrane fuel cell
(PEMFC) is an attractive pollution-free power source for portable
and stationary applications, but it requires hydrogen of high purity.
The current hydrogen production is mainly based on methane
steam reforming, oil/naphtha reforming, and coal gasification to
syngas (CO + H2), followed by the water-gas shift reaction (WGSR)
(i.e., CO + H2O? CO2 + H2), and separation processes [1–3]. How-
ever, even after these processes the hydrogen produced still con-
tains CO traces, typically 1–100 ppm, which bind strongly to the
Pt/C anode and reduce the number of Pt surface sites available
for H2 adsorption/dissociation and oxidation, thus lowering the
overall efficiency of PEMFC [4]. For long-term PEMFC operation, a
very deep purification of hydrogen for obtaining CO-free H2 is thus
crucial. Purification of H2 can be achieved through Pd membrane
separation, catalytic methanation (i.e., CO + 3H2 ? CH4 + H2O) or
preferential oxidation of CO (PROX) (2) [5,6].

PROX : COþH2 þ 0:5O2 ! CO2 þH2

DH298 ¼ �283 kJ=mol ð1Þ
During catalytic methanation there is an apparent loss of H2

which can be avoided for PROX, provided this reaction runs selec-
tive. However, the competitive adsorption of CO and H2 on the cat-
alyst surface and similar enthalpies of CO oxidation (2) and H2

oxidation (3) facilitate their parallel occurrence:

COþ 0:5O2 ! CO2 DH298 ¼ �283kJ=mol ð2Þ

H2 þ 0:5O2 ! H2O DH298 ¼ �242 kJ=mol ð3Þ
The challenge of PROX is thus to achieve a high CO oxidation

rate at moderate temperature and with high selectivity, thereby
avoiding H2 oxidation and methanation, accompanied by resis-
tance toward deactivation (e.g., by coking).

The PROX catalysts most frequently investigated are supported
noble metals (e.g., Pt, Rh, Ru, Ir) [3], but none of them meets all

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2016.09.002&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.jcat.2016.09.002
http://creativecommons.org/licenses/by/4.0/
mailto:karin.foettinger@tuwien.ac.at
http://dx.doi.org/10.1016/j.jcat.2016.09.002
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


2 L. Lukashuk et al. / Journal of Catalysis 344 (2016) 1–15
requirements. In recent years, due to their price and limited avail-
ability, increasing attention has been directed toward non-noble-
metal alternatives, such as transition metal oxides. Especially
copper-based and cobalt-based catalysts show potential for PROX
[7–15]. While copper-based PROX catalysts exhibit high activity
even at low temperature, they operate in a rather narrow temper-
ature window (50–160 �C) and show limited stability at higher
temperatures [16–18].

In contrast, cobalt-based catalysts operate in a wider tempera-
ture window, offering a higher stability with regard to hot spots
induced by the exothermicity of both CO oxidation and H2 oxida-
tion. However, the onset temperature of CO oxidation of current
catalysts needs to be lowered, and the ideal catalyst should start
working already at room temperature (RT) and have high activity
and selectivity around 80–100 �C. Thus, research has been directed
toward the improvement of the catalytic performance of cobalt
oxide catalysts via addition of other reducible metal oxides (e.g.,
MnO2, CeO2) [14,15,19–21]. Nevertheless, the improvement of
effective cobalt-based catalysts requires a fundamental under-
standing of the active catalyst.

Previous studies of PROX on cobalt-based catalysts have
demonstrated that the oxidation state of cobalt is the most impor-
tant factor. For example, a study of the active cobalt species using
substituted cobalt spinel oxides, such as ZnxCo3�xO4 (x = 0–1),
AlxCo3�xO4 (x = 0–2.5), and FexCo3�xO4 (x = 0–2.5), has shown that
octahedrally coordinated Co3+ surface ions are crucial for high oxi-
dation activity and selectivity in the presence of H2 [22]. However,
another investigation of PROX over Co3O4 and CoO has demon-
strated that CoO shows higher activity than Co3O4, while the
metallic Co phase induces methane formation, resulting in a
decrease of selectivity [11]. Thus, the current understanding of
PROX over cobalt-based catalysts remains ambiguous with contra-
dicting results concerning the role of Co2+ and Co3+. This is due to
the fact that the investigations of PROX on cobalt-based catalysts
were mostly based on ex situ analyses of the catalysts. A recent
in situ X-ray absorption (XAS) study of Gewade et al. on Co3O4-
CeO2 catalyst has revealed that the catalyst (bulk) is Co3O4 under
the reducing PROX reaction environment at 175 �C when CO oxida-
tion is dominant [14]. But it is still unclear whether the surface is
also composed of Co3O4 or is partially reduced. Furthermore, the
structure of ceria is unknown.

As outlined, the correlation between the cobalt (surface) oxida-
tion state and its catalytic activity is an important topic of cobalt
oxide PROX catalysis. This encompasses also fundamental ques-
tions of how Co3O4 undergoes reduction in (pure) H2 or CO atmo-
spheres and how to preserve the ideal cobalt oxide over a wide
temperature range, thereby preventing reduction to metallic cobalt
e.g. on hot spots, which promotes side reactions. Several studies
have already been performed to obtain an understanding of
Co3O4 reduction in H2 that include primary structural investiga-
tions by in situ X-ray diffraction (XRD), in situ environmental elec-
tron microscopy, and temperature programmed reduction (TPR)
[23–26]. In contrast to H2 reduction, Co3O4 reduction in CO atmo-
sphere has been much less investigated and very little is known on
a fundamental level [27].

In this study, we aimed to improve the understanding of PROX
over cobalt oxide catalysts by applying in situ (operando) method-
ology, in particular to shed light on the correlation of the surface
and bulk oxidation state with the specific activity/selectivity [28–
30]. While the Mars van Krevelen mechanism is widely accepted
for CO oxidation on Co3O4, the oxidation state and structure of
the catalyst under PROX conditions and whether (surface) reduc-
tion of Co3O4 by CO or reoxidation by O2 proceeds faster is
unknown. This applies particularly for the surface. Thus, we com-
bined advanced operando methods, i.e. in situ XAS at the Co K edge
to reveal bulk structural changes, whereas for surface composition
changes (information depth around 0.5 nm) in situ near atmo-
spheric pressure X-ray photoelectron spectroscopy (NAP-XPS)
was applied. One should be aware, however, that due to different
cell designs the different operando studies may still show differ-
ences (for details see Section 3.6). Along these lines, cobalt oxide
reduction in H2 or CO was also examined, because none of the pre-
vious studies examined, for the same material, the oxidation state
in H2, CO, and in the PROX reaction mixture. We also investigated
the promotional role of CeO2 on the improvement of Co3O4

reactivity.
2. Experimental

2.1. Catalyst synthesis

Co3O4 was used as received from Fluka (purity 99.5%). CeO2-
Co3O4 with 10 wt% CeO2 loading was prepared via wet impregna-
tion of Co3O4. In a typical synthesis, 0.504 mg of Ce(NO3)3�6H2O
was dissolved in 7 mL of distilled water, added to 1.8 g of Co3O4,
and stirred overnight. After that, the catalyst was dried at 110 �C
for 3 h and further calcined at 400 �C for 2 h.

CeO2 powder catalyst has been prepared via surfactant-assisted
precipitation method. In a typical synthesis, 6 mmol of surfactant
Pluronic F-127 (Sigma-Aldrich, used as received) was dissolved in
200 mL distilled water at room temperature and 10 mmol of Ce
(NO3)3�6H2O was added to it. After that, an aqueous solution of
NaOH (0.3 mol L�1) was added to the solution under vigorous stir-
ring until pH 10 was reached. Then the obtained mixture was aged
at 90 �C for 3 h. The precipitate was filtered, washed 3 times with
deionized water, and dried at 110 �C for 12 h. Afterward, the pow-
der was calcined at 500 �C for 4 h.

Absence of impurities like sodium (in surface(near) regions) in
both materials was confirmed by overview XPS spectra.

Basic characterization of the materials was done by N2

physisorption, X-ray powder diffraction (XRD) and high resolution
transmission electron microscopy (HRTEM). Experimental details
are provided as supplementary material.

2.2. Temperature programmed reduction (CO-TPR, H2-TPR)

CO-temperature programmed reduction (CO-TPR) and H2-
temperature programmed reduction (H2-TPR) experiments on cat-
alysts (ca. 20 mg) were performed in a continuous-flow fixed-bed
quartz reactor under atmospheric pressure. Before each experi-
ment, the catalysts were pretreated with synthetic air
(50 mL min�1) at 400 �C for 30 min (heating rate 10 �C min�1) to
remove contaminants. The samples were then cooled to 30 �C
under a flow of synthetic air and purged with helium for 5–10 min.

For CO-TPR and H2-TPR, the pretreated samples were exposed
either to a mixture of 5 vol.% CO and 95 vol.% He (CO-TPR) at RT
or to 5 vol.% H2 or 50 vol.% H2 in He (H2-TPR). The total flow was
always adjusted to 50 mL min�1. Then, the system was heated to
700 �C with a heating rate of 10 �C min�1. The gas stream was ana-
lyzed by an online quadrupole mass spectrometer (Prisma Plus
QMG 220, Pfeiffer Vacuum) equipped with a Faraday detector.

2.3. Catalytic preferential CO oxidation

Preferential CO oxidation on Co3O4 and CeO2-Co3O4 catalysts
was performed in a continuous-flow fixed-bed quartz reactor
under atmospheric pressure. The sample (ca. 20 mg), mixed with
quartz powder to avoid mass and heat transfer limitations, was
loaded into the reactor and pretreated with synthetic air
(50 mL min�1) at 400 �C for 30 min (heating rate 10 �C min�1).
The sample was then cooled to 30 �C under a flow of synthetic
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air, before a 1 vol.% CO, 1 vol.% O2, 50 vol.% H2 and 48 vol.% He mix-
ture (total flow 50 mL min�1) was introduced. Then, the system
was heated to 200 �C with a heating rate of 2 �C min�1. The concen-
trations of CO and CO2 in the outlet stream were monitored by gas
chromatography using a HP-PLOT Q column and a flame-ionization
detector with a methanizer.

In addition, the following temperature programmed reaction
experiments were carried out in the same setup as PROX: PROX
(1 vol.% CO, 1 vol.% O2, 50 vol.% H2), CO oxidation (1 vol.% CO,
1 vol.% O2), hydrogen oxidation (1 vol.% O2, 50 vol.% H2), CO metha-
nation (1 vol.% CO, 50 vol.% H2), CO2 hydrogenation (1 vol.% CO2,
50 vol.% H2), and water gas shift (1 vol.% CO, 3 vol.% H2O), reactions
(total flow 50 mL min�1). The gas stream was analyzed by an
online quadrupole mass spectrometer (Prisma Plus QMG 220, Pfeif-
fer Vacuum, equipped with a Faraday detector) during heating the
catalyst in the reaction mixtures from RT to 350 �C with a heating
rate of 2 �C min�1.

2.4. Operando XAS

Operando X-ray absorption spectroscopy studies at the Co K
edge (7709 eV) were carried out in transmission geometry at the
I811 beamline at the MAX-lab synchrotron radiation source, Lund
University, Sweden, in a reaction cell supplied by MAX-lab II [31].
The flow cell is very similar to the continuous-flow fixed-bed lab-
oratory quartz reactor used in the laboratory for our catalytic
experiments. It consists of a heatable stainless steel holder, a plate
with a window mounted onto the holder, the reaction cell com-
partment, and another plate with a window on top. The holder pro-
vides the heating plates and a thermocouple. Al foil with a
thickness of 15 lm was used as window. Co metal foil was used
for energy calibration. Higher harmonics were rejected using a
double crystal monochromator detuned by �50% of the maximum
Bragg intensity. Typically, ca. 2.5 mg of the catalyst diluted with
10 mg of BN was loaded into the cell and pretreated in 20 vol.%
O2 in He at 400 �C for 30 min. The sample was then cooled to RT
and purged with He at RT for 15 min, before the PROX reaction
mixture of 1 vol.% CO, 1 vol.% O2, 50 vol.% H2 and 48 vol.% He was
introduced. XAS spectra were recorded at RT and during subse-
quent heating to 350 �C. The gas stream outlet was controlled by
an MKS mass spectrometer equipped with a SEM detector. In addi-
tion to PROX, CO-temperature programmed reduction (5 vol.% CO
in He) followed by O2-temperature programmed oxidation
(20 vol.% O2 in He) and H2-temperature programmed reduction
(50 vol.% H2 in He) experiments were performed. All experiments
were carried out at ambient pressure with a total flow of
50 mL min�1. The duration of each Co K edge XAS scan was 5 min.

Details on data analysis are provided as supplementary
material.

2.5. Operando NAP-XPS

Operando near atmospheric pressure X-ray photoelectron spec-
troscopy was performed at the ISISS beamline at the synchrotron
radiation facility BESSY II of the Helmholtz-Zentrum Berlin, Ger-
many. The setup consists of a reaction cell attached to a set of dif-
ferentially pumped electrostatic lenses and a separately pumped
analyzer (Phoibos 150 Plus, SPECS GmbH), as described elsewhere
[32]. Typically, the powder sample (ca. 30 mg) was pressed into a
Tantalum grid (to minimize potential charging effects) together
with a K-type thermocouple, fixed to a sapphire sample holder
and mounted inside the XPS reaction cell in front of the first aper-
ture of the differentially pumped electrostatic lens system. The
heating of the samples was done from the back using an infrared
laser. Before the experiments, the sample was pretreated in the
XPS reaction cell by oxidation (0.5 mbar O2 at 400 �C) until all
residual surface carbon and carbonates disappeared. After cooling
the sample to RT, either CO (0.15 mbar), H2 (0.4 mbar) or the CO
+ O2 + H2 PROX mixture (1/1/12 ratio at 0.5 mbar) was introduced
with the partial pressure of the gasses controlled by calibrated
mass flow controllers, and photoemission spectra were recorded.
Then, the sample was heated to 100, 150, 200, 250 and 300 �C with
a heating rate of 5 �C min�1, and photoemission spectra were
acquired at these temperatures. To ensure surface specificity, the
Co 2p, Ce 3d, and C 1s core-level regions were recorded using
selected photon energies that resulted in photoelectrons with
200 eV kinetic energy and a 0.6 nm inelastic mean free path for
cobalt. The gas phase composition was monitored on-line by an
electron impact Quadrupole mass spectrometer and multichannel
gas chromatograph, which were connected to the XPS cell via a
gas dosing valve. Details on data analysis are described in the sup-
plementary material.
3. Results and discussion

3.1. Structural characterization of Co3O4 and CeO2-Co3O4 catalysts

The structural and textural properties of Co3O4 and CeO2-Co3O4

catalysts were studied by X-ray diffraction (XRD) (Fig. S1) and N2

adsorption (Fig. S2). For Co3O4 the (average) crystallite size was
28 nm, for CeO2-Co3O4 it was again 28 nm for Co3O4 but 4 nm for
CeO2, as determined from XRD. The specific surface area, average
pore diameter, and pore volume for Co3O4 and CeO2-Co3O4 were
similar: 38.3 m2/g, 14.2 nm, 0.15 cm3/g for Co3O4 and 36.2 m2/g,
13.0 nm, 0.15 cm3/g for CeO2-Co3O4. Thus, wet impregnation of
Co3O4 with 10 wt% CeO2 did not alter the textural properties of
Co3O4. The structure and morphology of the catalysts were further
investigated by high resolution transmission electron microscopy
(HR-TEM). The low magnification TEM image of Co3O4 (Fig. 1a)
illustrates that Co3O4 is present as nanospheres with sizes between
20 and 50 nm. The HRTEM image (Fig. 1b) shows lattice fringes
with a 0.466 nm spacing that corresponds to (111) planes of
Co3O4. (HR)TEM images were also taken for CeO2-Co3O4 (Fig. 1c
and d). The lattice fringes of 0.311 nm with slightly darker contrast
correspond to CeO2 (111), indicating CeO2 particles with diame-
ters of 5–10 nm supported on Co3O4. Elemental mapping by EELS
and HAADF-STEM confirmed that the small CeO2 particles were
homogeneously distributed throughout the sample (Fig. S3).

3.2. PROX activity of Co3O4

To examine PROX reaction profiles, temperature programmed
reaction experiments were performed over Co3O4 catalyst
(Fig. 2a). Following the concentration of the educts (CO, O2) and
products (CO2, H2O, CH4), three temperature windows were identi-
fied. On Co3O4, CO oxidation is the dominant reaction from 50 to
175 �C, with only negligible amounts of H2O being produced above
100 �C (Fig. 2a). Above 175 �C the concentration of CO and H2O
increased, while that of CO2 decreased. At 230 �C methane forma-
tion started and water production strongly increased. The H2O
peak at 260 �C is due to reduction of Co3O4 (see below).

To better understand the temperature-dependence of the PROX
reaction profile, the corresponding individual reactions were
examined as well. This holds for reactions of the educts (CO oxida-
tion (I), H2 oxidation (II), CO hydrogenation (III)), as well as for
reactions of products with reactants (CO2 hydrogenation (IV),
H2O + CO (water gas shift reaction) (V)).

2COþ O2 ! 2CO2 ðIÞ

2H2 þ O2 ! 2H2O ðIIÞ



Fig. 1. (HR) TEM of Co3O4 (a, b), and CeO2-Co3O4 (c, d).
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COþ 3H2 ! CH4 þH2O ðIIIÞ
CO2 þ 4H2 ! CH4 þ 2H2O ðIVaÞ
CO2 þH2 ! COþH2O ðIVbÞ
COþH2O ! CO2 þH2 ðVÞ
CO oxidation (I) starts around 75 �C and reaches a maximum at

150 �C, when 100% conversion is reached. For H2 oxidation (II), a
similar pattern is observed with the water peak at 260 �C being
due to Co3O4 reduction (Fig. S4). For CO hydrogenation (III), metha-
nation was observed above 225 �C with the water again peaking at
255 �C due to Co3O4 reduction. For CO2 hydrogenation (IVa; Saba-
tier reaction), formation of CH4 and H2O was observed above
220 �C when the CO2 concentration strongly decreases, whereas
there was no activity for reverse water gas shift reaction (IVb;
RWGS). However, the Sabatier reaction runs via CO. It might be
that CO that is formed via RWGS immediately undergoes CO
methanation, because CO methanation on Co3O4 starts in the same
temperature range at around 225–230 �C (III). Note that the water
peak at around 255 �C is not so pronounced because of the high
concentration of water that is formed. For CO + H2O (water gas
shift reaction) (V), it was observed that the conversion of CO to
CO2 starts only above 350 �C. Apparently, the presence of water
hinders Co3O4 reduction by CO. Only a small peak of CO2 was
observed at around 250 �C.

Based on these reactivity patterns one can conclude that CO oxi-
dation dominates up to 175 �C, between 175 and 230 �C there is
both CO oxidation and H2 oxidation occurring, and above 230 �C
methane formation prevails. Secondary reactions of CO2 with H2

do not occur below 230 �C, and above 230 �C CO2 and CO hydro-
genation is identical (RWGS and CO methanation (II) may occur
sequentially). The water gas shift does not take place below
350 �C and is thus not relevant for CO2 formation. In order to better
understand the temperature-dependent changes in selectivity we
have examined the reduction behavior of Co3O4 in pure H2 and
pure CO. In both cases reaction with lattice oxygen creates oxygen
vacancies (and water or CO2, respectively). We will start with H2-
TPR because its behavior is somewhat simpler than that of reduc-
tion by CO. Under PROX conditions the oxygen vacancies will be
replenished by gas phase oxygen but the oxidation state will
depend on whether reduction or (re)oxidation dominates. Thus,
the catalyst oxidation state during PROX was examined as well.

3.3. H2-temperature programmed reduction of Co3O4: in situ XAS and
in situ NAP-XPS

The reducibility of Co3O4 in H2 was studied in a continuous-flow
fixed-bed reactor with different concentrations of H2 (5 and 50 vol.
% H2) to reveal the influence of H2 concentration/pressure on the
TPR profile (Fig. 3a). This is crucial for comparison with operando
experiments (e.g., XAS and XPS), which mimic experimental condi-
tions but cannot be carried out in exactly the same reaction envi-
ronment as in a continuous-flow fixed-bed reactor. For both H2

concentrations, two rather broad peaks were observed that can
be attributed to Co3O4 ? CoO and CoO? Co reduction (at lower
and higher temperature, respectively). The absence of a larger, nar-
row TPR peak characteristic of the reduction of Co3O4 to CoO on the
low-temperature side suggests that in the present case the H2

reduction of Co3O4 is not a well-defined two-step reduction pro-
cess consisting of two clearly separated steps (i.e., Co3O4 to CoO
and CoO to Co, involving CoO as an thermodynamically stable
intermediate). The reduction of Co3O4 is rather a one-step process
that occurs around 290 �C. A similar effect for Co3O4 reduction in
H2 was observed by Kuznetsov and Kulish [33]. Based on isother-
mal investigations, they concluded that CoO is thermodynamically
unstable below 291 �C. Therefore, Co3O4 undergoes reduction ‘‘di-



Fig. 2. Temperature programmed reactions on Co3O4: (a) PROX reaction (1 vol.% CO, 1 vol.% O2, 50 vol.% H2); (b, I) CO oxidation (1 vol.% CO, 1 vol.% O2); (c, II) H2 oxidation
(1 vol.% O2, 50 vol.% H2); (d, III) CO hydrogenation (1 vol.% CO, 50 vol.% H2); (e, IV) CO2 hydrogenation (1 vol.% CO2, 50 vol.% H2); (f, V) H2O + CO (water gas shift reaction)
(1 vol.% CO, 3 vol.% H2O), total flow 50 mL min�1. I-V refer to the reaction equations given below.
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rectly” to metallic cobalt. On the contrary, CoO is stable above
291 �C; thus, Co3O4 reduction becomes a two-step process.

The bulk electronic structure during H2 reduction of Co3O4 was
studied by in situ XAS while heating from RT to 400 �C in 50 vol.%
H2 in He. XANES spectra at the Co K edge, acquired during H2-TPR
of Co3O4 with Co foil as a reference, are shown in Fig. 3b. To quan-
tify the extent of cobalt reduction, the H2-TPR XANES spectra were
fitted with a linear combination of reference spectra (i.e., Co3O4,
CoO, and Co), and the result is presented in Fig. 3c. Analysis of
the XANES spectra reveals that the bulk structure of Co3O4 remains
intact up to 200 �C in H2; at 250 �C reduction begins, and at 300 �C
formation of CoO and Co (in addition to Co3O4) was observed. From
the time-dependent in situ XANES spectra at 300 �C (Fig. S5a) it can
be seen that Co3O4 undergoes reduction from Co3O4 to metallic
cobalt very fast. The linear combination analysis indicates that dur-
ing the first 5 min only 20% of metallic Co is present but after
15 min �60% of cobalt atoms are metallic (Fig. S5b). At 350 �C
the main phase is metallic cobalt (�90%). Based on the in situ
XANES data it can be concluded that the reduction of Co3O4 to
metallic Co proceeds via intermediate formation of CoO, but it is
not a slow two-step reduction process with a well-defined CoO
intermediate phase. Similar effects have been observed by
Potoczna-Petru et al. and Garces et al. using TEM and in situ
XRD, respectively [23,25]. The study of Potoczna-Petru et al. on
Co3O4 particles reduction (�12 nm and 20 nm) suggests that two
effects are responsible for such unusual reduction behavior: diffu-



Fig. 3. (a) H2-TPR for Co3O4: 50 vol.% H2 in He (black) and 5 vol.% H2 in He (red), total flow 50 mL min–1. (b) XANES spectra at the Co K edge of Co3O4 during H2-temperature-
programmed reduction (50 vol.% H2 in He, total flow 50 mL min�1) and (c) amount of reduced versus oxidized cobalt calculated by linear combination of reference spectra. (d)
Operando NAP-XPS H2-temperature-programmed reduction of Co3O4: Co 2p region (hm = 1015 eV), 0.4 mbar H2 and (e) amount of reduced versus oxidized cobalt calculated
from linear peak fit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sion limitations and differences in surface defects [25]. However, a
simple consecutive two-step reduction mechanism of Co3O4 (i.e., 1.
Co3O4 ? CoO; 2. CoO? Co) has been more frequently discussed in
the literature [24,26]. In contrast, our in situ study rather points to
the simultaneous presence of Co3O4, CoO, and Co under H2 reduc-
tion conditions, in agreement with Garces and Potoczna-Petru
[23,25].

According to in situ XAS, the bulk of Co3O4 remains intact up to
200 �C. Nevertheless, the surface of Co3O4 may already be partially
reduced at 200 �C in H2 and may already exhibit oxygen vacancies
or defects (as indicated by the H2 oxidation activity in Fig. 2 (II)). To
address this question and to examine surface changes of Co3O4,
NAP-XPS H2-TPR was performed from RT to 300 �C in 0.4 mbar
H2. The Co 2p spectra are presented in Fig. 3d for a kinetic energy
of 200 eV, corresponding to an inelastic mean free path of 0.6 nm
(i.e., probing mainly the two topmost layers). To quantitatively elu-
cidate the extent of Co3O4 reduction, the Co 2p region was fitted.
The peak positions, full width at half maximum (FWHM), and con-
straints are presented in Table S1. According to the literature [34],
the peak at 779.4 eV corresponds to Co3+, the peak at 780.0 eV to
Co2+ in CoO, and the signal at 782.4 eV to Co2+ in Co(OH)2. For
the fitting also the two shake-up satellites (surface and bulk plas-
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mons) of cobalt ions were included [35], in addition to Co3+, Co2+ in
CoO and Co2+ in Co(OH)2. In situ NAP-XPS data in the Co 2p region
indicate that at temperatures up to 250 �C no significant surface
reduction of Co3O4 to CoO took place (i.e. there was no growth of
satellite peaks and the area fraction of the peak at 779.4 eV repre-
sentative of Co3+ were 26% at RT, 25% at 100 �C, 25% at 200 �C, and
25% at 250 �C). Only above 250 �C the surface started to be reduced.
At 300 �C, metallic cobalt (peak at 778.1 eV) was formed, while a
small fraction of CoO was still present. The difference in the reduc-
tion temperature for Co3O4 in XAS and NAP-XPS experiments is
likely related to the different H2 pressures, which influence the
reduction temperature of cobalt oxide, as demonstrated in Fig. 3a.

3.4. CO-temperature programmed reduction of Co3O4: in situ XAS and
in situ NAP-XPS

During PROX, based on previously suggested mechanisms, CO is
assumed to react with surface lattice oxygen and to reduce the sur-
face. For a better understanding of the resulting oxidation state we
have thus examined the interaction of Co3O4 with CO in a wide
temperature range, performing CO-TPR in a continuous-flow
fixed-bed reactor (Fig. 4a). The CO2 profile (Fig. 4a) shows a small
broader peak around 245 �C which is attributed to the reduction of
Co3O4 to CoO. Note that the low temperature peak is much more
pronounced than that in H2-TPR (Fig. 3a). The sharp peak at
286 �C is assigned to the reduction of CoO to metallic Co, as previ-
ously reported in the literature [27]. The second peak exhibits a
shoulder at higher temperature (�315 �C), which could be
explained by the potential presence of intermediate wurtzite CoO
beside the rocksalt CoO being reduced at somewhat shifted tem-
peratures or by Co3O4 with different particles sizes. XRD, however,
shows only the presence of the cubic CoO phase. Overall, the CO-
TPR profile of Co3O4 indicates a two-step reduction with (the
expected) ratio of �1:3 between the intensities of the 1st and
the 2nd peaks. Above 450 �C, small amounts of CO2 further evolve
up to 650 �C due to CO disproportionation (2CO? CO2 + C) or CO
dissociation (CO? C + O) on metallic Co [36–38].

Interestingly, during CO-TPR, H2 evolution (Fig. 4b) was
observed at 260 �C and 300 �C. It most likely originates from a sur-
face reaction of CO with OH groups of the catalyst via a WGSR
(2CO + 2OH? 2CO2 + H2) [39].

The amount of CO2 evolved from WGSR was estimated to be
10% of the total CO2 production (i.e., most of the CO2 is due to
the cobalt oxide reduction). For CeO2 materials WGSR is well
known to be one of the mechanisms of CO2 production [40,41].
The (nearly) parallel formation of CO2 and H2 suggests that the
onset of reduction by CO creates active sites for the reaction of
CO with surface OH groups. However, according to our reactivity
data presented in Fig. 2, in the presence of gaseous H2O WGSR only
occurs above 350 �C.

To monitor changes in oxidation state during CO interaction
with Co3O4, in situ XAS (50 mbar CO in He) and in situ NAP-XPS
(0.15 mbar CO) were performed. XANES spectra at the Co K edge,
acquired during CO-TPR of Co3O4, are presented in Fig. 4c, while
linear combination fitting results displayed in Fig. 4d. As expected,
the reduction profile of Co3O4 in CO atmosphere is different from
that in H2 atmosphere. No bulk reduction of Co3O4 was observed
up to 200 �C; however, at 250 �C nearly 40% of CoO was present,
whereas at 250 �C in H2 the major phase was still Co3O4 for bulk
and surface. Further heating to 300 �C in CO reduced Co3O4 com-
pletely to CoO, but no metallic Co was formed, and no significant
time dependent reduction was observed (Fig. S6). In contrast, in
H2 atmosphere at 300 �C Co3O4, CoO, and Co were present. At
350 �C in CO atmosphere CoO and metallic Co were present;
whereas in H2 Co was mainly metallic. Thus, XAS suggests that
the reduction of Co3O4 in CO atmosphere started at lower temper-
ature and proceeded faster at 250 �C but, in contrast to reduction in
H2, it was rather a well-defined two-step reduction (with only one
or two phases coexisting, but not three).

To investigate the re-oxidation of the catalyst after CO-TPR, O2-
temperature-programmed oxidation was performed and the
results are presented in Fig. S7. From the XANES spectra it is seen
that the oxidation of (metallic) cobalt starts above 200 �C, and at
300 �C the edge shifts to higher energy due to the oxidation of Co
to CoO and Co3O4. At 400 �C, the sample was fully (re)oxidized to
Co3O4.

It is possible that CO undergoes dissociation (CO? C + O) at
higher temperatures and that the carbon deposited on the surface
slows down reduction. Thus, the evolution of Co 2p and C 1s upon
heating from RT to 300 �C were also studied by NAP-XPS (CO
0.15 mbar) (Figs. 4 and 5). Contrary to Co3O4 reduction in H2, par-
tial reduction of Co3O4 started already at RT and proceeded as the
temperature increased (Fig. 4e). The area fraction of the peak rep-
resentative of Co3+ decreased from 28% (RT in O2) to 23% at 200 �C,
and an increase of the satellite peaks was observed. At 250 �C, the
surface was completely reduced to CoO, as observed by the strong
increase of the satellite features and shift of the peak to 780.0 eV.
Thus, NAP-XPS also indicates the intermediate formation of CoO,
in good agreement with operando XAS data. At 300 �C, the surface
was partially reduced to metallic Co (peak at 778.1 eV), and, in
addition, a small fraction of CoO was still present.

In Fig. 5a the C 1s core level region is presented, acquired during
exposure of Co3O4 to CO from RT to 300 �C. Three carbon species
were detected, at 288.2 eV, 286.1 eV, and 284.7 eV. The peak at
288.2 eV can be attributed to carbonates/carboxylates [42–44].
We assign this peak to carbonates, as observed by Jansson et al.
[45] by FTIR spectroscopy. The peak at 286.1 eV may be assigned
to C-O (i.e., molecularly adsorbed CO on Co3+ and/or Co2+) or C-
OH species [46,47]. In a recent study of CO adsorption on Co3O4

(111) thin films, Ferstl et al. reported formation of surface carbon-
ate species (C 1s 288.5 eV) that form at defects of the film and are
stable up to 127 �C, whereas molecular adsorption of CO to Co2+

was observed only at temperatures below �73 �C [44]. In our case,
elementary carbon (C 1s binding energy at 284.7 eV) was detected
in addition to carbonates and C-O, C-OH, indicating that CO disso-
ciates on Co3O4 already at RT (CO? C + O), depositing carbon at
the surface. From the C 1s region (Fig. 5a, Table S3) it is clearly seen
that the amount of elementary carbon increases at higher temper-
ature, indicating progressive CO dissociation, while the carbonates
decrease above 150 �C and the C-O species rather increase.

Based on these results, we suggest that CO adsorbs on the Co3O4

surface as a carbonate or molecularly, which both subsequently
desorb as CO2, extracting part of the surface lattice oxygen from
Co3O4. The oxygen vacancies, which are formed by lattice oxygen
removal, may then serve as sites for O2 adsorption/dissociation
and the neighboring Cox+ sites serve for CO adsorption. Also CO dis-
sociation likely occurs on oxygen vacancies.

In any case, the two-step reduction of Co3O4 is more pro-
nounced under CO than under H2 atmosphere, in agreement with
in situ XAS experiments.

Thus, XAS, NAP-XPS, and MS analysis of Co3O4 during CO-TPR
proves three pathways: lattice oxygen removal by CO, surface
water-gas shift reaction, and CO dissociation. On the contrary,
interaction of H2 with cobalt oxides proceeds via extraction of lat-
tice oxygen from cobalt oxide only.

3.5. PROX on Co3O4: operando XAS and operando NAP-XPS

Based on the H2- and CO-TPR experiments, we are now able to
understand the differences in Co3O4 reduction in H2 and CO atmo-
spheres. Nevertheless, it is essential to determine the catalyst state
in the PROX reaction mixture when both reducing gases (1 vol.% CO



Fig. 4. (a) CO-TPR for Co3O4 5 vol.% CO in He, total flow 50 mL min�1: CO2 evolution and (b) H2 evolution. (c) XANES spectra at the Co K edge of Co3O4 during CO-temperature-
programmed reduction (5 vol.% CO in He, total flow 50 mL min�1) and (d) amount of reduced versus oxidized cobalt calculated by linear combination of reference spectra. (e)
Operando NAP-XPS CO-temperature-programmed reduction (0.15 mbar): Co 2p region (hm = 1015 eV); (f) amount of reduced versus oxidized cobalt calculated from linear
peak fit.
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and 50 vol.% H2) are simultaneously present and, in addition, there
is an oxidative (1 vol.% O2) gas. The oxidation state of Co3O4 was
thus studied during PROX employing (again) operando XAS, while
the surface changes were studied by operando NAP-XPS. The reac-
tion conditions and reaction environment for operando XAS were
very similar to those of a continuous-flow fixed-bed reactor in
the laboratory. The operando MS data are shown in Fig. 7.

The operando Co K edge XANES spectra of Co3O4 during heating
from RT to 350 �C in the PROX reaction mixture are displayed in
Fig. 6a, and linear combination fitting results are shown in
Fig. 6b. The analysis of XANES reveals that from RT to 250 �C the
phase of the catalyst did not change and that solely Co3O4 was pre-
sent. As shown by the catalytic experiments in the laboratory reac-
tor in Fig. 2a, starting around 70 �C CO oxidation took place and
around 150–170 �C water production set in. Interestingly, methane
production started at 230 �C and increased with temperature, even
though the bulk structure of the catalyst was still Co3O4. However,
the catalyst surface may have already exhibited defective/reduced
structure (see below). Only at 300 �C Co3O4 was partially reduced
to CoO (14%) and metallic Co (11%). At 300 �C, CO and O2 were fully
consumed via hydrogenation and the excess H2 reduced the cata-
lyst, as in pure H2. Heating Co3O4 in the PROX reaction mixture
to 350 �C induced further reduction of cobalt oxide to metallic Co
(around 70%).

A comparison of operando XANES spectra during PROX with H2-
TPR and CO-TPR spectra demonstrates that the reduction of Co3O4



Fig. 5. C 1s region (hm = 465 eV) for operando NAP-XPS during (a) CO-TPR of Co3O4 (0.1 mbar CO); (b) PROX over Co3O4 (1.5 ml/min O2 + 1.5 ml/min CO + 17 ml/min H2,
0.5 mbar); (c) PROX over CeO2-Co3O4 (1.5 ml/min O2 + 1.5 ml/min CO + 17 ml/min H2, 0.5 mbar).
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in the PROX reaction mixture sets in at least 50 �C higher than
those in H2/He or CO/He atmospheres. Reduction of cobalt oxide
in H2/He started directly above 250 �C, and at 300 �C 60% of the cat-
alyst was already metallic Co, whereas in CO/He atmosphere the
reduction started at 250 �C, but at 300 �C CoO was the major single
phase.

It seems apparent that the comparably lower reduction state of
Co3O4 in the PROX reaction mixture, in comparison with H2/He or
CO/He atmospheres, is due to the reoxidation of the catalyst sur-
face by gas phase oxygen. At lower temperature up to 170 �C, CO
reaction dominates over H2 reaction, between 170 and 230 �C H2

reaction increases, and above 230 �C the reactants CO and H2

rather react with each other than to reduce the catalyst. At high
temperature the gas phase oxygen, together with produced water
and the oxygen supplied by CO dissociation, reoxidize the surface.
Clearly, above 250 �C the excess of hydrogen leads to increasing
Co3O4 reduction, as demonstrated by the O2-H2 TPR (Fig. S4), since
even in 1 vol.% O2, 50 vol.% H2 (in He) Co3O4 reduction starts at
260 �C.

According to operando XANES, it was evident that the (bulk)
oxidation state of Co3O4 did not change in the selective PROX tem-
perature window, in which CO oxidation was the dominant reac-
tion. However, it remains to be answered whether the surface of
Co3O4 was partially reduced during PROX, and if surface carbon
was also present when O2 was one of the reactants. Therefore,
operando NAP-XPS was also performed during PROX. It should be
mentioned that the ratio between CO, O2 and H2 was 1/1/12 due
to the total pressure limitation (0.5 mbar) of NAP-XPS. Although
the reaction conditions are somewhat different from those of a
continuous-flow fixed-bed reactor and operando XAS, NAP-XPS
may still help to gain further insights. The catalytic data obtained
by mass spectrometry during NAP-XPS and XAS experiments are
included for comparison in Fig. 7.

The evolution of Co 2p and C 1s under PROX conditions was
studied from RT to 300 �C. Fig. 6c shows Co 2p spectra that clearly
demonstrate the stability of the Co3O4 phase up to 250 �C. Even at
300 �C no Co3O4 reduction to CoO was detected during PROX. Thus,
in contrast to H2- and CO-TPR, for which the surface of Co3O4

started to reduce at lower temperature and for which a mixture
of CoO and metallic Co was present at 300 �C, Co3O4 did not
undergo surface reduction at 300 �C (even after 30 min) when O2

was present during PROX and available for surface re-oxidation.
To confirm this, CO and O2 were switched off from the PROX reac-
tion mixture at 300 �C and in H2 Co3O4 was rapidly reduced to CoO
and Co (after 5 min the surface was mainly metallic) (Fig. 6e). Thus,
the presence of O2 prevents reduction of the catalyst and its deac-
tivation. The presence of a minor amount of reduced Co species
observed at 300 �C in the corresponding operando XAS experi-
ments, which are not found in the XPS experiments at this temper-
ature, can be attributed to a slightly shift higher of the reduction to
higher temperatures due to the different characteristics of the
NAP-XPS cell.

In the C 1s region (Fig. 5b, Table S4) the formation of carbonates,
C-O species and elementary carbon were detected. The presence of
O2 apparently does not fully remove elementary carbon but lowers
its concentration, as compared to that observed during CO-TPR.
This is true especially above 150 �C, when carbon oxidation takes
place. For the CO-TPR experiment carbon increased continuously
with increasing temperature. This confirms that elementary carbon
originates from CO dissociation (and is clearly not an impurity).
The carbonates and C-O species also decreased at higher
temperature.
3.6. Correlation of oxidation state and catalytic performance in PROX

Because of differences in the design of the cells/reactors and the
conditions applied (i.e., dead volumes, pressures, pellet in XPS vs
sieve fraction of the catalyst used in the reactor and XAS cell, total
flows, contact time between catalyst and reacting molecules), the
temperature onset for the PROX reaction as well as for reduction
in H2 and CO differs for the NAP-XPS cell, the XAS cell, and the
fixed-bed flow reactor in the laboratory. This particularly applies
to NAP-XPS measurements, whereas conditions are much more
similar for XAS and laboratory reactor experiments. Nevertheless,
the trends observed for operando NAP-XPS, operando XAS and
fixed bed flow reactor data are still in good agreement which
allows us to correlate the oxidation state of cobalt and the catalytic
performance in PROX.

Therefore, based on the operando information of the surface
and bulk oxidation state of Co3O4 we can now try to understand
its temperature-dependent selectivity. Up to 250 �C, both the sur-
face and bulk remain fully oxidized, only above 250 �C XANES indi-
cates partial reduction of Co3O4 to CoO (14%) and Co (11%). It is
thus reasonable (and in agreement with previous knowledge) to
conclude that this ‘‘metallization” around 250 �C switches the
selectivity from PROX to CO hydrogenation to methane. NAP-XPS
detected minor surface reduction at 300 �C but this offset may be
due to different flow conditions (and a smaller fraction of H2).
The amount of elementary C, C-O and carbonate species is rather
low at 250 �C and even lower at 300 �C.

The situation is more complex below 250 �C, for which both
methods indicate a fully oxidized Co3O4 surface and bulk, despite
the change in selectivity around 170 �C. According to the reactivity
patterns in Fig. 2, the decrease in CO2 concentration and increase in



Fig. 6. (a) XANES spectra at Co K edge of Co3O4 PROX (1 vol.% CO, 1 vol.% O2 50% H2 in He, total flow 50 mL min�1) and (b) amount of reduced versus oxidized cobalt calculated
by linear combination of reference spectra. (c) Operando NAP-XPS during PROX over Co3O4 (1.5 ml/min O2 + 1.5 ml/min CO + 17 ml/min H2, 0.5 mbar): Co 2p region
(hm = 1015 eV); (d) amount of oxidized cobalt calculated from linear peak fit; (e) operando NAP-XPS after switching the gas flow from the PROX reaction mixture to H2 only at
300 �C over Co3O4, 17 ml/min H2, 0.5 mbar: Co 2p region (hm = 1015 eV).
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CO concentration starting at 175 �C is clearly due to competitive
hydrogen oxidation, whereas RWGS can be excluded. A likely
explanation for the increase in the competitive H2 oxidation is that
H2 oxidation has been reported to have a larger apparent activation
energy than CO oxidation (52 and 74 kJ/mol for CO oxidation and
H2 oxidation on Co3O4/CeO2, respectively) [15], which explains
the stronger increase of the H2 oxidation rate with temperature
as compared to the CO oxidation rate, even though the reaction
onset temperature is very similar (Fig. 2 (I) and (II)). Due to the
competition of H2 and CO for the limited amount of O2 available
under PROX conditions, the low concentration of CO at high con-
versions, the differences in activation energies and the fact that



Fig. 7. MS data of PROX on Co3O4 recorded during (a) operando NAP-XPS; (b) operando XAS at the Co K edge.
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H2 is present in large excess, the selectivity to CO2 decreases as H2

oxidation speeds up.
Another potential contribution to the decreasing CO oxidation

selectivity could be the onset of CO desorption between 150 and
220 �C, as indicated by the CO-TPD profile (Fig. S8), providing more
available sites for H2 oxidation (assuming site blocking by
adsorbed CO which could prevent the coadsorption of hydrogen).
Thus, H2 oxidation activity would increase in the 150–220 �C tem-
perature range, whereas CO oxidation selectivity decreases. This
suggestion is also confirmed by the hydrogen oxidation tempera-
ture programmed experiment (Fig. 2(II) and S4), in which the
hydrogen oxidation on Co3O4 catalysts started already at 90 �C
and increased rapidly to 135 �C, whereas during PROX H2 oxidation
started only around 150 �C. Interestingly, (in the absence of CO) H2

oxidation takes place already above 90 �C, despite measurable
Co3O4 reduction in H2 started only around 250 �C. Similar to PROX
conditions, we suggest that the concentration of oxygen vacancies
serving as O2 activation sites is apparently too low to be detected
by XPS and bulk-sensitive techniques like XAS.

Referring to the operando C 1s spectra, the amount of elemen-
tary C, C-O and carbonate species is increasing up to 150 �C and
decreasing above 150 �C, indicating effective carbon oxidation.

With respect to the detailed reaction mechanism, the current
steady-state experiments provide only limited information, how-
ever. We assume that during PROX CO adsorbs on Co3O4 molecu-
larly (linearly adsorbed to cobalt cations) and also as a carbonate.
Both species eventually (have) extract(ed) lattice oxygen from
the Co3O4 surface, inducing vacancy formation. The vacancies that
are formed then serve as sites for O2 adsorption/dissociation and
for reaction with another CO molecule adsorbed on the cobalt
cation. However, despite this Mars-van-Krevelen mechanism the
steady state concentration of oxygen vacancies is even below our
NAP-XPS detection level so that the catalyst appears ‘‘fully oxi-
dized”. Furthermore, CO adsorbed on a cobalt cation might
undergo dissociation, thereby depositing elementary carbon and
creating oxygen that either fills an oxygen vacancy or reacts with
another CO molecule (CO disproportionation). Depending on tem-
perature, elementary carbon may be re-oxidized to CO2.

Further details and, in particular, the contribution of the indi-
vidual reaction paths can, however, not be exploited based on
the current measurements. For example, we are currently unable
to evaluate whether the observed carbonate species are intermedi-
ates to CO2 formation or rather spectators. Studies involving iso-
topes and concentration modulation are planned for the near
future.
3.7. PROX on CeO2-Co3O4: operando XAS, operando NAP-XPS

Previous studies have reported that modification of Co3O4 with
CeO2 enhanced the activity for CO oxidation, preferential CO oxida-
tion, hydrocarbon oxidation, and diesel soot oxidation [15,48–51].
However, the exact nature of the promotional role of CeO2, espe-
cially in PROX, is unknown and calls for operando XAS and NAP-
XPS studies. We modified Co3O4 by wet impregnation with an
aqueous solution of Ce(NO3)3. This resulted in homogeneously dis-
tributed CeO2 particles on Co3O4 (Figs. S2 and S3) and enhanced
the catalytic activity for PROX (Fig. 8a). Already at 150 �C, CO oxi-
dation reached its maximum and the temperature window for CO
oxidation was widened by �25 �C (i.e., methane production started
at around 255 �C).

The promotional effect is even more clear from the reaction
rates and CO conversion data during catalytic PROX between 40
and 180 �C, presented in Table 1 and Fig. 8b. The T50% temperature
(i.e., the temperature at which 50% CO conversion is reached) for
Co3O4 is 139 �C, whereas for CeO2-Co3O4 T50% is 108 �C. The T90%
temperature of Co3O4 is 170 �C, and for CeO2-Co3O4 it is 142 �C.
This promotional effect (�30 �C shift) is remarkable, because the
onset temperature for (pure) CeO2 prepared as a reference catalyst
is �275 �C (Fig. S9).

TOF values were estimated assuming that Co3+ cations are the
active sites in analogy to the work of Harutás group. Co3O4

nanoparticles possess mainly (111) facets as revealed with
HRTEM, in agreement with Xie et al. [52] who described the mor-
phology of the nanoparticles as truncated octahedra, surrounded
by eight (111) and six (001) planes. (111) and (001) facets do
not contain octahedrally coordinated Co3+, only in the sub-layers.
Thus, Xie et al. [1] suggested that the active sites for CO oxidation
are surface defects located in the corners and edges of the spherical
particles, with the Co3+ being exposed in these defects. They pro-
posed a fraction of surface defects of around 5–10% of Co3+ for
Co3O4 nanoparticles with a mean size of 20 nm. In alternative
approach we estimated the turnover frequencies based on the total
number of surface Co atoms per m2 Co3O4 thus avoiding an
assumption on the nature of active sites. Again we assumed a cer-
tain distribution of low index planes from the shape of the
nanoparticles ((111) and (001) planes as described above) and cal-
culated the number of surface Co atoms per m2. In this way we
obtain the lowest (theoretical) limit of TOF values (TOFll) assuming
all Co surface atoms are active.

Fig. 8c shows the operando Co K edge XANES spectra of the
CeO2-Co3O4 catalyst during PROX, upon increasing the tempera-



Fig. 8. (a) Temperature programmed PROX reaction on CeO2-Co3O4; (b) CO conversion for Co3O4 and CeO2-Co3O4 in the presence of 1 vol.% CO, 1 vol.% O2, 50 vol.% H2, total
flow 50 mL min�1. (c) XANES spectra at the Co K edge of CeO2-Co3O4 under PROX conditions (1 vol.% CO, 1 vol.% O2 50% H2 in He, total flow 50 mL min�1) and (d) amount of
reduced versus oxidized cobalt calculated by linear combination of reference spectra. (e) Operando NAP-XPS during PROX over CeO2-Co3O4 (1.5 ml/min O2 + 1.5 ml/min CO
+ 17 ml/min H2, 0.5 mbar): Co 2p region (hm = 1015 eV); (f) amount of oxidized cobalt calculated from linear peak fit; (g) Ce 3d region (hm = 1110 eV) and (h) concentration of
Ce3+ determined by XPS.
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ture from RT to 350 �C. Similar to Co3O4, XANES of CeO2-Co3O4

reveals that up to 250 �C the Co3O4 oxidation state did not change.
This agrees with the study of CeO2-Co3O4 by Gawade et al. who
reported that Co did not change its electronic structure at 175 �C
in the active and selective PROX region [14]. A further increase of
temperature led to the reduction of the catalyst, as evident from



Table 1
Reaction rates of CO conversion and turnover frequencies (TOF) for Co3O4 and CeO2-Co3O4 in 1 vol.% CO, 1 vol.% O2, 50 vol.% H2 at a total flow of 50 mL min�1.

SBET
a.(m2/g) T10%

b (�C) T90%
c (�C) r70�C

d (mol/s�g) R70�C
e (mol/s�m2) RCo3O4_70�C

f (mol/s�g) gTOF_70�C (s�1) hTOFll_70�C (s�1)

Co3O4 38.3 80 170 1.02 � 10�6 2.66 � 10�8 1.02 � 10�6 0.12–0.24 � 10–2 3.3 � 10–3

CeO2-Co3O4 36.2 60 142 2.65 � 10�6 7.32 � 10�8 2.94 � 10�6 0.35–0.70 � 10–2 9.0 � 10–3

a BET surface area from N2 sorption.
b Reaction temperature for 10% CO conversion.
c Reaction temperature for 90% CO conversion.
d Reaction rate of CO oxidation at 70 �C per gram of a catalyst.
e Normalized specific reaction rates of CO oxidation on a unit surface area at 70 �C.
f Reaction rates on the basis of amount of Co3O4 at 70�C.
g Turnover frequency of Co3+ sites at 70�C assuming 5–10% of Co3+ in surface defects as active sites according to [1].
h Alternative calculation of turnover frequency at 70�C based on all surface Co atoms (ll, lower limit).
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the shift of the absorption edge to lower energy (Fig. 8c), explain-
ing the selectivity change to methanation. When comparing oper-
ando XANES of CeO2-Co3O4 and Co3O4, differences in the extent of
cobalt oxide reduction for CeO2-Co3O4 and Co3O4 are observed. It
seems that the first is more difficult to reduce to metallic cobalt.
At 300 �C, no metallic cobalt was formed in the case of CeO2-
Co3O4, whereas 11% of cobalt was metallic for the unpromoted
catalyst.

Moreover, an increase of the reduction temperature of cobalt
oxide for CeO2-Co3O4 compared with Co3O4 catalyst was found
by means of CO- (�11 �C) and H2-TPR (�35 �C for 5 vol.% H2 and
16 �C for 50 vol.% H2) performed in a continuous-flow fixed-bed
reactor (Figs. S10 and S11). All this might account for the broaden-
ing of the temperature window for CO oxidation on CeO2-Co3O4.

The Co and Ce surface changes and the evolution of adsorbates
during PROX were also examined by operando NAP-XPS, with Co
2p for CeO2-Co3O4 presented in Fig. 8e. Again, we compare the cat-
alytic data obtained by mass spectrometry during NAP-XPS and
XAS experiments in Fig. 9. Similar to Co3O4, there are no significant
changes of the Co 2p spectra. In the C 1s region, the formation of
carbonates and elementary carbon was again detected and they
also decreased above 150 �C (Fig. 5c). Interestingly, the concentra-
tion of elementary carbon with respect to carbonate and C-O, C-O-
H species during PROX was higher on CeO2-Co3O4 than on Co3O4

(Tables S5).
To monitor the Ce4+/Ce3+ evolution, Ce 3d spectra were

recorded for CeO2-Co3O4 during PROX, and the representative
spectra are presented in Fig. 8g. The signal of the Ce 3d level has
a complex satellite structure reflecting hybridization between the
Ce 4f and O 2p states. This results in two sets of spin-orbital mul-
tiplets u and v that are associated with 3d3/2 and 3d5/2 contribu-
tions, respectively [53,54]. The peaks of v, v00 and v000 correspond
to a mixing configuration of Ce(IV) (3d94f2) O(2p4), Ce(IV)
Fig. 9. MS data of PROX on CeO2-Co3O4 recorded during (a)
(3d94f1) O(2p5) and Ce(IV) (3d94f0) O(2p6), respectively. The peaks
vo and v0 are assigned to a mixture of Ce(III) (3d94f2) O(2p5) and Ce
(III) (3d94f1) O(2p6), respectively [53,54]. The same assignments
are also valid for the u series of peaks. In case of our Ce 3d spectra,
Ce(IV) has six peaks at binding energies of 916.5, 907.5, 900.9,
897.7, 889.3, and 882.4 eV; whereas Ce(III) peaks labeled vo, v0,
uo, and u0 are found to appear at binding energies ranging from
880.4 to 903.9 eV, in line with the literature [53,54]. To reduce
the error in the curve fitting procedure, constraints were applied.
The FWHM values together with the peak positions and constraints
are listed in Table S6. To estimate the (near) surface ratios of Ce(III)
to the total amount of Ce species (i.e., Ce(III)/(Ce(III) + Ce(IV))
ratio), the relative areas under the fitted XPS peaks of the u0, v0,
u0 and v0

0 with respect to the area of the entire Ce 3d region were
used. It should be mentioned that reduction of Ce(IV) to Ce(III)
may occur simply due to X-ray photons. Revoy et al. [55] reported
reduction of the surface with monochromatic Al Ka (1486.7 eV) X-
ray radiation for CeO2. Therefore, in order to avoid beam-induced
reduction, every Ce 3d spectrum was recorded from a new sample
spot.

From the Ce(III)/(Ce(III) + Ce(IV)) ratios, the degree of CeO2

reduction was determined for CeO2-Co3O4 during PROX from RT
to 200 �C. The Ce(III) content of the freshly oxidized sample in O2

was 23%. Upon heating in the PROX reaction mixture (1.5 ml/min
O2 + 1.5 ml/min CO + 17 ml/min, H2, 0.5 mbar) the Ce(IV) under-
goes reduction to Ce(III), and Ce(III) concentrations are 28% at
100 �C, 29% at 150 �C, and 30% at 200 �C. Selective oxidation of
CO to CO2 starts at 50 �C and proceeds selectively up to about
125 �C. The results indicate that the relative Ce(III) concentration
remains relatively constant during PROX between 100 and 200 �C.

How can the promotional effect be explained? Clearly, upon
adding CeO2 both Ce3+ ions and (additional) oxygen vacancies are
present. However, CeO2 by itself, with reaction onset temperatures
operando NAP-XPS; (b) operando XAS at the Co K edge.
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around 275 �C, is much less active than Co3O4 (Fig. S9). We
observed a similar trend in our previous study on CO oxidation
[40,51]. The CeO2 nanoparticles alone can thus not account for
the enhanced activity. It is apparent that the addition of CeO2 to
Co3O4 must create Co-O-Co-O-Ce-O-Ce interfacial active sites that
exhibit easier oxygen activation and/or oxygen vacancy formation.
Moreover, incorporation of cerium (atoms) into the cobalt oxide
surface (i.e., formation of local Co-O-Co-O-Ce-O-Co ensembles)
and distortion of the cobalt oxide structure, forming additional
vacancies, may also contribute to the catalytic improvement. The
role of Ce3+ (e.g., for CO adsorption) remains an open question.

PROX on CeO2-Co3O4 likely follows a similar reaction mecha-
nism as on Co3O4, but, in addition, specific ensembles such as
Co-O-Ce must play an important role, due to lower activation bar-
riers at the interfacial sites. Further experimental and theoretical
work is clearly needed to fully understand the reaction pathways
of PROX on Co3O4 and CeO2-Co3O4.
4. Conclusions

We have shown that during PROX on Co3O4 the catalyst appears
fully oxidized (i.e., both the surface and bulk oxidation state do not
change up to 250 �C). However, as revealed by reference measure-
ments in (pure) CO, CO reduces the catalyst (surface) starting
around 100 �C via reaction with lattice oxygen. However, the reox-
idation by O2 during PROX is fast enough to prevent overall reduc-
tion. Hence, despite this Mars-van-Krevelen mechanism the steady
state concentration of oxygen vacancies is so low - even below our
NAP-XPS detection level - that the catalyst appears ‘‘fully
oxidized”.

In (pure) H2, surface and bulk reduction both start above 250 �C.
While the Co3O4 reduction to CoO and Co around 250 �C explains
the selectivity change to methanation, the change in selectivity
around 170 �C from PROX (with predominantly CO oxidation) to
both CO and H2 oxidation cannot be explained by a change in (sur-
face) oxidation state. Rather, upon increasing the temperature the
difference in the increase of H2 oxidation rate vs CO oxidation rate
(higher apparent activation energy for H2 oxidation), as well as the
competition for the limited amount of O2, is responsible for the
decreasing CO oxidation selectivity. During PROX, elementary car-
bon, C-O species and carbonates were observed on the catalyst sur-
face, but it is currently unclear to which extent they contribute to
the overall reaction.

Adding CeO2 to Co3O4 promoted the PROX activity despite that
CeO2 is much less active than Co3O4. This suggests that interfacial
sites and/or Co-O-Ce ensembles account for the increased activity.
Operando experiments did not detect differences to unpromoted
Co3O4, apart from the presence of Ce3+. The current results encour-
age further dynamic studies of PROX over cobalt-based catalysts in
order to reveal the exact reaction pathways.
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