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Studies of CO, Hydrogenation over Cobalt/Ceria Catalysts with in situ Characterization:
The Effect of Cobalt Loading and Metal-Support Interactions on the Catalytic Activity

Kaixi Deng!, Lili Lin?, Ning Rui?, Dimitriy Vovchok?, Feng Zhang?, Shuhao Zhang?, Sanjaya
Senanayake?, Taejin Kim?3, Jose A. Rodriguez!?

. Department of Chemistry, Stony Brook University, Stony Brook, NY 11794, USA
2. Chemistry Division, Brookhaven National Laboratory, Upton, NY 11973, USA
3. Materials Science and Chemical Engineering Department, Stony Brook University, Stony Brook, NY
11794, USA

Abstract:

The catalytic activities of cobalt/ceria catalysts (Co loadings of 1, 2 and 4wt%) for CO, hydrogenation
at 250°C were measured. When catalyzed by samples with the same mass of cobalt, the CO, conversion
showed a trend where 4wt% = 2wt% > 1wt%. XRD results combined with XANES data of pristine and
reduced samples showed that the size of the cobalt particles was proportional to the admetal loading.
Moreover, XANES data of reduced catalysts indicated that samples with higher loading have a higher
percentage of metallic cobalt while a significant part of cobalt in the 1wt% Co/CeQO, sample remains as
CoOy after reduction By analyzing EXAFS data, it was found that the Co-O bond in the 1wt% and
2wt% Co/CeO, was about 0.16 A shorter than that of standard CoO, which explains its stability during
the reduction process. The positive charge on the cobalt atoms substantially affected the surface
chemistry of the CO, hydrogenation process. In situ DRIFTS experiments under reaction conditions
showed that the Ce** site density on the surface of the 1wt% Co/CeO, catalyst was much lower than
that of the other two samples. In addition, formates were found to be spectators in the 1wt% sample
while they could be further hydrogenated in the 2wt% and 4wt% Co/CeQ, surfaces. Based on these
results, we propose that the strong perturbations on the structural and electronic properties, which cause
positively charged cobalt atoms in the cobalt-ceria interface, make the highly dispersed cobalt on ceria
less active for activating hydrogen leading to a lower CO, hydrogenation efficiency in the case of 1wt%
Co/CeO,.

Introduction:

The CO, hydrogenation reaction is considered as a promising solution to the increased CO, level
in the atmosphere. With different catalysts, CO, can be hydrogenated into CO, CH,', CH;0H? and >
C2 chemicals 3 including ethanol?, olefins® and gasoline fuel®. A common type of catalysts for CO,
hydrogenation comprises of a metal and an oxide. 7 During the reaction, H, usually dissociates on the
metals '® while the oxide helps to activate CO,®. Many metals are found to be active in CO,
hydrogenation including primarily Pt, Pd, Ru, Rh, Cu, Ni and Co. 7 Among them, Cu, Ni and Co are
abundant metals which have higher potential for applications considering their much lower cost. Each
of these three metals has its special properties in catalyzing CO, hydrogenation reactions: Cu based
catalysts are primarily studied for methanol production at high pressure and the reverse water gas shift
at low pressure ¥; Ni based catalysts are known for their CO, methanation ability ''; and Co based
catalysts are primarily aimed at the Fischer—Tropsch process'? 3. Even though only a few cobalt based
catalysts have been studied for CO, hydrogenation, they have been reported to produce short chain
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alkanes '4. Different from Cu and Ni, CO, is found to dissociate on the cobalt surface even without the
help of hydrogen as cobalt has a higher tendency to bond with oxygen'>- . Because of this, most studies
about cobalt-based catalysts for CO, hydrogenation used inert materials as supports. While studies using
cobalt supported by an active oxide for catalyzing CO, hydrogenation are uncommon, it has been
reported that an active oxide support can promote CO, conversion. Recently, Diez-Ramirez et al
reported that a Co/CeQ, catalyst shows superior CO, hydrogenation activity compared to Co supported
on Zr0,, Gd,0s, and ZnO due to its enhanced reducibility '7. In comparison with other oxides, the
cation-O bonds in CeO, are easier to break and re-form making this system more efficient for activating
CO, molecules.'®!” In addition, previous works also suggest that oxygen atoms from CeO, have a higher
tendency to be transferred or shared with supported metals.!” In separate studies, it has been indicated
that supported metals forming small clusters tend to strongly interact with the oxide support making
their catalytic activity deviate from that of big metal particles?®2!. This is a highly intriguing subject as
is worth to invetigate its existence in Co/CeQ, systems since it can provide a tool or approach for the
rational design of better catalysts.

In this study, the combination of cobalt and ceria is selected for three main reasons: First, the pair
could have a strong metal-support interaction as cobalt tends to strongly bond with oxygen while ceria
is an active oxygen provider; Second, the cobalt/ceria combination has been reported to have good
activity for CO, hydrogenation'’; And third, there is no prior study focussed on examining metal-
support interactions between cobalt and ceria and their impact on the CO, hydrogenation activity. In
this study, cobalt loads of 1, 2 and 4wt% were dispersed on a ceria support with the aim of getting
different metal particle sizes?>?3. The CO, hydrogenation efficiency was found to follow the sequence:
4wt% > 2wt% > 1wt%. The effects of strong metal-support interactions led to the disappearance of the
Fischer—Tropsch ability of cobalt. In addition to in-situ X-ray absorption spectroscopy, surface sensitive
characterization techniques such as near ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS) and in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) were employed
to study the chemial state of the catalysts and the associated surface chemistry for CO, hydrogenation.

Experimental section:
Catalyst preparation:

Details of the synthesis method used in this study for the preparation of the cobalt-ceria catalysts
has been published elsewhere.?* In brief, the ceria (HSAS, Rhodia) supported cobalt catalysts (Co/CeQ,)
were prepared by incipient wetness impregnation of an aqueous solution with varying concentrations
of cobalt (II) nitrate hexahydrate Co(NO3),"6H,0O onto the CeO, support. After impregnation, the
samples were dried and subsequently calcined at 400 °C for 6 hours in air.

Catalytic activity measurements

The catalytic performance of catalysts was evaluated in a continuous-flow, fixed-bed microreactor
at about 1 atm pressure. Samples containing 0.08 mg of cobalt were mounted in a quartz tube reactor
with quartz wool. For example, 8 mg of 1wt%Co/Ce0O,, 4 mg of 2wt%Co/CeO, and 2 mg of
4wt%Co/CeO, were used in their activity test to make the total cobalt mass the same for each
measurement. To obtain a very good performance, the as-prepared catalysts were initailly reduced in
hydrogen. Each catalyst was pretreated in 10 sccm H, for 40 min at 450 °C with a ramping rate of
10 °C/min. After cooling down at a rate of about 5 °C/min to 250 °C in H,, 25 sccm H,, 5 sccm CO,
and 5 sccm Ar were introduced into the reactor. The concentrations of gas evolved were analyzed with
a gas chromatography instrument (Agilent 7890A) equipped with both flame ionization and thermal
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conductivity detectors. The reactivity was monitored in a total 8-hour experiment. The Ar in the gas
flow was used as the internal standard.

CO . (y F(CH4)outlet + F(Co)outlet o

conversion =

2 0 F(CO2) et 0

CH 1 t . (y F(CH4)outlet ‘V
4 SCLECUVILY %0 = Feci s F(CO)ouater°

F is the amount of certain reactants or products in the units of mol/s.
Catalyst characterization

BET Surface Area

The specific surface area of Co/CeQ, catalysts were calculated from N, adsorption/ desorption
isotherms using the Brunauer-Emmett-Teller (BET) theory. The Micromeritics ASAP 2010 device was
used at the liquid N, temperature of -196 °C for analysis. Before the analysis, 0.1 g of catalyst was
pretreated in vacuum at 300 °C for 4 hours to remove water and impurities.

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-OES)

The Co element content in the series of Co/CeO, catalysts was determined by the ICP-OES
technique. The ICP-OES experiment was carried out with an iCAP 6000 Series ICP-OES spectrometer
(Thermo Fisher Scientific) equipped with an ASX-260 Autosampler (CETAC). The samples were
dissolved in nitric acid before testing. A cobalt standard (1000 mg/L Co in 2% nitric acid, Sigma-
Aldrich) was used as the reference.

X-ray Diffraction (XRD)

The X-ray diffraction patterns of the Co/CeO, samples were collected at the Advanced Photon
Source (APS) 17-BM beamline with an X-ray wavelength of 0.24100 A. The samples were loaded in a
Clausen cell flow reactor with a quartz capillary tube (1.1 mm outside diameter (OD), 0.9 mm internal
diameter (ID)). The CeO, phase in the XRD data was analyzed using the Rietveld method as
implemented in the GSAS I software 2> 26,

X-ray Absorption Spectroscopy (XAS)

The X-ray absorption fine structure (XAFS) spectra of the catalysts were collected at the 8-ID
Inner-Shell Spectroscopy (ISS) beamline of the National Synchrotron Light Source II (NSLS-II),
Brookhaven National Laboratory (BNL), which is a high flux (10'* ph/sec at 10 keV) beamline. In the
tests, powder samples were loaded into quartz tubes with 1.0 mm OD and 0.9 mm ID. The Co K-edge
XAS spectra were collected in the fluorescence-yield (FLY) detection mode and calibrated with a Co
foil as a standard. The spectra were collected at 250 °C with samples in H, environment after they were
reduced at 450 °C for 30 mins in an H, flow. The X-ray absorption near edge structure (XANES) and
EXAFS data were processed using the Athena graphical interface 27 based on the IFEFFIT program
suite?®. The E, was determined using the “Fraction of edge step” algorithm in IFEFFIT.

Near Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-XPS)
The ambient pressure X-ray photoelectron spectroscopy (AP-XPS) spectra were collected using a
SPECS AP-XPS chamber equipped with a PHOIBOS 150 EP MCD-9 analyzer with an energy
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resolution of 0.4 eV at the Chemistry Department of BNL. The standard Ce 3d3,, binding energy
(916.9eV) of Ce(IV)O, was used for energy calibration. Typically, the fresh sample was pre-treated in
the NAP-XPS chamber by a 20 mTorr H, at 527 °C for 1 h. After pre-treatment, the XPS spectra of the
pre-treated samples were collected under UHV at 25 °C. And then a 30 mTorr CO,/H, (1:5 v/v) mixture
was subsequently introduced to the chamber before the reaction temperature was raised to 250 °C. The
spectra at the Ce 3d, O 1s, C 1s, and Co 2p regions were collected. Ce 3d regions were energy-corrected
according to the U’ component of the Ce 3d core line with a characteristic binding energy 0of 916.9 eV.
The deconvolution fitting of the Ce 3d region was carried out using the CasaXPS code. “E Tougaard”
type functions were used as background and the asymmetric line shape for the Ce 3d u and v features?*-3!
were fitted with an asymmetric modified Gaussian line-shape while the other peaks were fitted with a
Gaussian/Lorentzian convolution®2.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

In situ DRIFTS spectra were collected using an FTIR spectrometer (Bruker Vertex 70) equipped
with a Harrick cell and MCT detector at the Chemistry Department of BNL. The catalyst was reduced
in H, 10 sccm at 450 °C for 1 h and then it was cooled down to 250 °C in the H, flow. Backgrounds
were then collected at 250 °C in H, on corresponding samples before introduction of reaction gases.
The compositions of reactants were: 1 sccm CO,, 1 sccm He, and 5 sccm H; at 250 °C, 1 atm.

For in situ DRIFTS data collected in the flow system, regular in situ DRIFT experiments with
continuous gas flow, each data point was collected using 128 scans and took 1 min acquisition time.
For the data collected at the close system, each data point involved 64 scans and took 0.5 min. The
following procedure was applied for the closed system experiments: First, the DRIFTS cell was filled
with Hp;  Second, CO, was added to the cell to generate a CO,/H, reaction mixture; And third, the
valves were closed as in a batch reactor, the temperature was adjusted to the desired value, and IR was
used to monitor the CO, hydrogenation. The data were processed with the Kubelka-Monk (K-M)
equation to deduct the background. The evolution of different species during the reaction was monitored
according to the intensity of following positions: CH4 gas phase (3016 cm™!), adsorbed CO (1920-1990
cm!) and formate (2709-2710 cm™')

Results and discussion:
Table 1. The ICP-OES and BET surface area of catalysts as synthesized.

Sample Co wt % by Co wt% Difference Specific surface area
ICP-OES (Calculated/ICP-OES)  (m,/g)

CeO, 235

Iwt%Co/CeO, 1.0 1.00 182

2wt%Co/CeO, 2.1 0.95 191

4wt%Co/CeO, 3.8 1.05 180

The cobalt loadings and BET surface area of Co/CeQ, catalysts were measured and the results are
listed in Table 1. The ICP-OES results indicate that the actual cobalt loadings are close to their
preparation values and all the tested Co/CeQ, catalysts have similar BET surface area.
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(a) (b)
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Figure 1. Synchrotron XRD results in the region with signals of cobalt containing species of
Iwt%Co/Ce0,, 2wt%Co/CeO, and 4wt%Co/CeO, in their (a) pristine states and (b) after reduction at
450 °C in H,.

Synchrotron XRD measurements were carried out with pristine and reduced samples, and the
results are shown in Figure 1 and S1.A (Supporting Information). From the full data in Figure S1.A,
it is clear that the ceria phase is very similar for samples with different cobalt loadings. According to
our Rietveld refinement?® results (Figure S1.B and Table S1), the crystal size for the CeO, were 12 nm
and 14 nm for pristine and reduced catalysts, respectively. The results confirm that the CeO, structures

were stable since the ceria was only slightly sintered after reduction at 450°C. Figure 1 highlights the

region with the most intensive signal from the cobalt-based phases. Peaks corresponding to Co;04 were
observed in the pristine 2 and 4wt% Co/CeO, samples while no cobalt-based peaks were observed from
the 1wt% sample (1a), which indicates that the cobalt species in the 1wt%Co/CeQ, is well dispersed or
probably amorphous. After reduction, peak features from metallic cobalt and a CoO phase were
observed only in the 4wt%Co/CeO, (1b), indicating that cobalt oxides were reduced and formed
metallic cobalt particles with a dimension of not less than 2 - 2.5 nm (the limit of conventional X-ray
powder diffraction detection 33). The disappeared cobalt-based XRD peaks in the 2wt% Co/CeO,
indicates that the Co;0, particles in its pristine sample have been converted to some highly dispersed
or amorphous cobalt species after reduction. The XRD patterns of reduced samples clearly indicate that
the 4wt%Co/CeO, has the largest dimension of metallic cobalt among the series even though a reliable
cobalt particle size cannot be obtained by Rietveld refinement or the Sherrer equation.

Since amorphous or small size (usually less than 2 nm) cobalt/cobalt oxides do not show in XRD
patterns, in situ XANES measurements (Figure 2) were carried out to investigate the valence state of
cobalt in the catalysts. The data were analyzed by linear combination fitting (LCF) and the results are
shown in Figure S3.A (LCF on the flattened u(E)) and S3.B (LCF on the derivative flattened pu(E)).
The values of each analysis can be found on Table S2.A. It is noticeable that the valence states of cobalt
are very different in the pristine and reduced Co/CeO, samples as shown in Figure 3.
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Figure 2. Co K-edge XANES spectra of (a) pristine and (b) reduced samples of cobalt-ceria. Spectra
for cobalt foil, CoO and Co;0, are also shown for comparison.
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Figure 3. Composition of the three Co/CeO, catalysts determined by linear combination fitting of the
rough XANES data (Figure 2) for the (a) pristine and (b) reduced states.

Based on the LCF analysis (flattened or derivative w(E)), it is clear that CoO accounts for a
considerable percentage in the 1wt% and 2wt% systems while Co;0,4 dominates in 4wt%Co/CeQ,.
According to the T-p(O,) phase diagram of Co-O system, the Cos;0, is the stable phase for bulk
materials at the synthesis conditions of our samples which were calcined at 400 °C in air 3. This
suggests part of the cobalt in our samples has a strong interaction with CeQ, increasing the stability of
CoO. Since a stronger interaction is expected near the cobalt/ceria interface and smaller cobalt particles
should have a larger interface fraction, the CoO concentration in pristine samples should be inversely
proportional to the cobalt particle size. With these assumptions, the trend of cobalt particle size on the
pristine samples can be deduced from the XANES data: 4wt% > 2wt% > 1wt%. As for the reduced
samples, the CoO, near the interface is more difficult to convert into metallic cobalt due to metal-
support interaction . In a study on a similar system, a positive charge copper layer has been identified
on the Cu/ceria interface after reducing in hydrogen at a temperature as high as 773 K3¢. Therefore, the
remaining CoO concentration in the reduced samples should reflect the relative amount of the cobalt
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atoms near the cobalt/ceria interface. As Figure 3b shows, the relative amount of the CoO for the
reduced samples follows the trend 1wt% > 2wt% > 4wt%, which suggests the same trend of cobalt
particle size as deduced from the XANES data of the pristine samples. Similar trend is also found when
comparing the decrease of CoO percentage during reduction (Table S2.B), which follows 1wt% < 2wt%
< 4wt%. It is noteworthy that the quality of the LCF for the 1wt% and 2wt% are not good while a much
better fitting quality was achieved in the 4wt% Co/CeO, (Figure S3.A, S3.B). The poor fitting quality
suggests a large distortion of cobalt structure in the catalysts from the standard bulk materials.

(a)

Reduced 1wt% CoiCe0,| (P) (c) 03
—— Reduced 2wt% Co/Ce0,
Co0

Co-O shell
]
i

IFT [Kox(k)] (a.u.)

——Reduced 1wt% Co/CeO,|  -0.05
—— Reduced 2wt% Co/Ce0, Reduced 1wt% Co/CeO,

: : ‘ o0 ‘ Reduced Zwt% ColCeO,
e i T o | adn )
Figure 4. (a)The magnitude of y(R) (FT [k*y(R)]) for 1wt% Co/CeO,, Iwt% Co/CeO, and CoO (b) the
reverse Fourier transform result of %(R) in the first Co-O shell region (R = 1.3 ~ 1.8 A for reduced 1wt%
Co/Ce02 and reduced 2wt% Co/CeO,, R = 1.3 ~ 2.0 A for CoO (c) The first shell Co-O bond length
difference (evaluated with method detailed in the SI) in compared with standard CoO for reduced 1wt%

Co/Ce0,, 2wt% Co/CeO,

1
i
]

To get more information about the cobalt structure in our catalysts, their EXAFS data were
extracted and compared to the standard CoO and Co;0,4 as shown in Figure S4.A. Fitting results on the
Co-Co shell for the y(R) of 4wt% Co/CeO, are shown in Figure S4.B and Table S3.A. According to a
theoretical study on metal half sphere particle of fcc structure, within certain range, there is a
relationship between the 1st shell coordination number and the particle size’’. Using the relationship,
the cobalt particle size of the reduced 4wt%Co/CeOQ; is determined to be around 2.5 nm with upper limit
and lower limit 3.3 nm and 2.0 nm, respectively. As for the 1wt% and 2wt% Co/CeO,, a reliable fitting
cannot be achieved probably due to the limited data quality. However, we were still able to evaluate
deviation of their Co-O bond length in the first shell from the standard CoO using a method based on
Fourier filtering and transferability of phase shifts 3% 3°. And the details about the analysis is in the
supporting information. As shown in Figure 4 ¢, Figure S4.C and Table S3.C, the Co-O bond length
in the 1wt% and 2wt% is shorter than that of CoO by about 0.16 A. This is an important information as
it confirms that the cobalt in the reduced catalysts not only do not have a typical CoO crystal structure
but the local structure around Co is also quite different. The stronger bonding than that of standard CoO
explains their stability under reduction condition. As we will show in the following sections, even
though the strong Co-O bonding is detected in both 1wt% and 2wt% Co/CeO, catalysts, its impact on
their catalytic activities is very different.

Catalyst samples with a same cobalt mass (8 mg of 1 wt%Co/CeO,, 4 mg of 2wt%Co/CeO, and 2
mg of 4wt%Co/CeQ,) were used in the activity tests. The tests were carried out at high space velocity
conditions (437.5 L/g.pa/min) to eliminate the influence of equilibrium. Under CO, hydrogenation
conditions, CO and CH,4 were the only detected products in our GC. As a control, the CeO, (supporting
material) was confirmed to show no activity at the same conditions. As seen in Figure 5 a, b, the CO,
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conversion shows a trend with 4wt% =~ 2wt% > 1wt% while CH, selectivity of 1wt% is also significantly
lower than the other two. As the total mass of cobalt (0.08 mg) is the same for all three samples in the
activity tests, the efficiency of converting CO, (e.g., consumed CO, mole/min/surface area of cobalt)
follows the trend 4wt% > 2wt% > 1wt% considering different cobalt surface area resulting from their
particle size difference. The results are similar to a study for CO, hydrogenation on well-defined cobalt
nanoparticles supported on mesoporous silica which concludes that the conversion of CO, per surface
cobalt atom has the trend 3 nm <7 nm < 10 nm “*#!. The different cobalt particle sizes and oxidation
states could also be responsible for the low CH, selectivity in 1wt%Co/CeO, as similar result was
reported in Rh-based catalysts*?. It is clear that the interaction between cobalt and ceria on the interface
has a much larger influence on the catalytic activity of 1wt% Co/CeO,. Considering its smaller cobalt
particle size, this is understandable since the perturbation on the structure and electronic properties from
the cobalt atoms strongly bound to oxygen on the interface is expected to be influential only at a short
distance.

(a) (b)

1.6 60
—=—1wt% Co/CeO, —+—1wt% Co/CeO,
1.4 - —e— 2wt% Co/CeO, ] —o— 2wt% Co/CeO,
—a—4wt% ColCeO,|  *° T\ —/— 4wt% ColCeO,
e 2 1 N paso
< £ 40 A A R 0=0~0-0-0-0~0-0-0 —0~Oms
5 1.0 2 | TTTettaan
s 2
2 0.8+ g 304N
£ < =000~ Oy
o 9 - OO0~ T 0 oy
© 0.6 s
o T 20
o
O 0
10 ~
0.2
0.0 T T — - I - ¥ T T = T - 0 —Tr - 1 - I =~ - T = T © I -
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Reaction time (h) Reaction time (h)

Figure 5. (a) CO, conversion and (b) CH, selectivity obtained at fixed space-velocity on 437.5
[L/gcopa/min] for 1wt%Co/CeO,, 2wt%Co/CeO, and 4wt%Co/CeO, at 250 °C, 1 atm, Hy/Ar/CO, (5:1:1
v/v/v). 8 mg of 1wt%Co/CeO,, 4 mg of 2wt%Co/CeO, and 2 mg of 4wt%Co/CeO, were used in these
activity and selectivity tests.

Since our XRD and XANES measurements are not surface sensitive, NAP-XPS was employed to
investigate the inherent difference between Co/CeQO, catalysts of different metal loadings under
reduction with pure H, and CO, hydrogenation conditions. The pristine and reduced samples were
examined in UHV conditions at 25 °C and in situ characterization was carried out at 250 °C with 25
mTorr H, and 5 mTorr CO, after the samples were reduced in H, at 527 °C for 1h. A higher reduction
temperature was applied as the H, partial pressure in the NAP-XPS experiments was much lower than
that used in the activity measurements and other characterizations. The Ce 3d XPS data for the three
Co/CeQ, samples are shown at Figure 6 a, b, ¢. The Ce 3d data were analyzed by deconvolution fitting
according to literature® as shown in Figure S2 and the percentage of Ce’* peak area at different
conditions were summarized in Table 2. In the case of the pristine samples, the 1wt% sample has a
significantly higher Ce*" concentration than the other two as indicated by the values in Table 2, which
could be caused by substitution of Ce*" by Co?" on the CeO, surface**. Such substitution has been

8
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reported in other cobalt-based catalysts with low loadings synthesized by incipient-wetness
impregnation >4, The result agrees with our XANES analysis of the pristine 1wt% sample as it infers
stronger interaction between cobalt oxides and CeO, than for the other two samples. After hydrogen
treatment, a noticeable ceria reduction was observed in the 2 and 4wt% samples as their Ce®*
percentages increase to 35% from 10% and 12%, respectively. No significant change was observed in
Iwt%Co/CeO, compared with the pristine sample. It has been reported that the incorporation of cobalt
onto ceria based catalysts not only lowers the reduction temperature of ceria surface oxygen but also
enables a higher degree of reduction at the temperature range of 400 to 550 °C due to hydrogen spill-
over from cobalt to ceria 447, Similarly, the observed significantly higher ceria reduction degree in 2
and 4wt% catalysts suggests their better hydrogen activation ability in the cobalt species than that of
I1wt% Co/CeO,. At CO, hydrogenation reaction conditions, percentage of Ce3" in both 2 and 4wt%
samples decreases from 35% to 28% and 26%, respectively, which indicates a re-oxidation of ceria
caused by CO, dissociation on its surface. In contrast, no significant change in Igggsev/Iggoey ratio was
detected in the same process for the 1wt% sample. Figure 6 d shows the Co 2p XPS data of 4%Co/CeO,
under different conditions. The high noise level is a consequence of the low amount of Co in the sample.
However, it is clear that the majority of the cobalt was in a Co® state after reduction and in mild reaction
conditions. In the case of the 1wt% and 2wt% Co/CeO, samples, the Co 2p signals in NAP-XPS were
too weak to analyze.
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Intensity (a.u.)
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—— 1wt% reduced 527 °C H, 20 mTorr
—— 1wit% 250 °C 5H,+CO, 30 mTorr
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XPS data of 4wt%Co/CeO, at different conditions. The profiles from top to bottom are fresh samples
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in UHV at 25 °C (black traces), reduced samples in 20 mTorr H, at 527 °C with spectrum recorded in
UHV at 25 °C (red traces), and samples at 250 °C with 30 mTorr total pressure of CO,/H; (1:5 v/v)
(blue traces).

Table 2. The peak area percentage S(Ce**)/ S (Ce’* + Ce*") evaluated from peak deconvolution fitting
on Ce 3d NAP-XPS data.
Pristine at 25 °C UHV  Reduced at 527 °C H,

250 °C 5 H, + CO,

20 mTorr 30 mTorr
1wt %Co/CeO, 25% 23 % 23 %
2wt %Co/Ce0, 10 % 35% 28 %
4wt %Co/Ce0O, 12 % 35% 26 %

To get information about adsorbed species on the catalyst surfaces under reaction conditions, in
situ DRIFTS experiments were carried out at 250 °C and 1 atm total pressure with continuous gas flow
over the reduced catalysts. The samples were pre-treated in H, at 450 °C for 1 hour and then exposed
to a CO,/H, mixture at 250 °C (was introduced at “0 min” label in the IR figures shown below and in
Supporting Information). An analysis of the DRIFTS spectra showed the presence of carbonate and

hydrogencarbonate species on the catalyst surfaces.
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Figure 7. The evolution of carbonate and hydrogencarbonate species on (a) CeO,, (b) 1wt%Co/CeO,,
(¢) 2wt% Co/Ce0, and (d) 4wt% Co/CeO, in the region of 1200-1700 cm! collected by in situ DRIFTS
at 250 °C and 1 atm. Gases were switched from {5 sccm H,, 2 sccm He} to {5 sccm H,, 1 sccm CO», 1
sccm He} at the 0 minute time.

10

Page 10 of 26



Page 11 of 26 Catalysis Science & Technology

Table 3. Peak assignments and notations used in this article

Wavenumber  Vibration Assigned species Ref.

(cm) mode

1075 ~ 1085 v(CO) Type I carbonate: polydentate carbonate (tridentate in ) on Ce3* 48
(CO;3 D

1041 ~ 1051 v(CO) Type II carbonate: polydentate carbonate (tridentate in #¥) on Ce#*  48-50
(CO; IM)ag
/hydrogencarbonate
(CO3H).g

1009 ~ 1015 v(CO) Type III carbonate: bidentate carbonate (tridentate in ) 48,
(COs T, so-52

990 ~ 992 v(CO) Type IV carbonate: bidentate carbonate (tridentate in 4%) 48
(CO51V)yq

2703 26(OCH) Type I formate: formate I on Ce3* 33-56
(HCOO D)4

2709 ~ 2710 26(OCH) Type II formate: formate II on Ce**
(HCOO 1,4

2715 ~ 2720 26(OCH) Type III formate: formate III on Ce**
(HCOO II),q

1211 ~ 1216 3(COH)  hydrogencarbonate 49,50
(CO3H)aq

1940 ~ 2000 v(CO) on-top adsorbed CO on cobalt 37,58
(CO)uag

3016 v(CH) CH, gas phase 39,60
(CHa),

Carbonate and hydrogencarbonate: Figure S5 shows the region of 950 ~ 1120 cm™! for the C-
O stretching mode v(CO) in carbonate and hydrogencarbonate. Detailed peak assignments are
summarized in Table 3 and Table S4 (supporting information) 4830 52. 53, 61 The adsorbed methoxy
species on ceria can be excluded because its typical peak corresponding to v(CH) at 2750 ~ 2810 ¢cm!
or the v(CO) at 1100 ~ 1150 cm™!' was not observed >3, The 1200 ~ 1700 cm™! region, where v(CO)
intensity is strong, was not used for analysis because overlapping of carbonate, hydrogencarbonate and
formate peaks (Table S4) as well as water vapor features. Due to the different trends of peak evolution
as the increasing reaction time, the peaks in the 950 ~ 1120 cm™! region were assigned to four different
carbonate species. Type I (CO; I),4: 1075 ~ 1085 cm™! (polydentate carbonate on Ce?*), type IT (CO;
IT),q or (CO3H): 1041 ~ 1051 cm! (polydentate carbonate on Ce*" and /or hydrogencarbonate), type III
(CO;5I),q4: 1009 ~ 1015 cm! and type IV (CO;3 IV),q4: 990 ~ 992 cm™! (bidentate carbonates on different
sites)*-30: 52 61 According to the literature, the types III and IV carbonates are bidentate
carbonates bound to different surface sites but their exact structures are unknown. Since the
v(CO) of hydrogencarbonate overlaps with that of polydentate carbonate, the existence of
hydrogencarbonate was verified by the typical 3(COH) band 4%, As shown in Figure S6, the peak at
1211 ~ 1216 cm! is assigned to the 8(COH) band of hydrogencarbonate. The concentrations of
hydrogencarbonate in bare CeO, and 1wt% are much higher than those in 2wt% and 4wt% Co/CeQ,.
Since hydrogen dissociation on bare ceria is known to be weak, the presence of the 3(COH) signal in
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1wt%Co/CeO, indicates that it also has very weak diffusion of dissociated hydrogen®. The
hydrogenation of hydrogencarbonate has been reported in literature ¢, which could explain the weak
O(COH) band in 2wt% and 4wt%Co/CeO,. For these reasons, hydrogencarbonate is only expected to
be stable on the Ce** sites. Figure 7 illustrates the evolution of carbonate and hydrogencarbonate after
the introduction of carbon dioxide to yield a CO,/H, mixture . It appears that the bidentate carbonate
species (~990 cm™! and ~1010 cm!) are not stable as they quickly reach their maximum intensity and
start decreasing. The polydentate carbonate on Ce*'/hydrogencarbonate (1041 ~ 1051 cm™) quickly
levels off after 4 min while polydentate carbonate on Ce3* (1075 ~1085 cm™') keeps increasing. With
an increasing reaction time, the polydentate carbonate on Ce** (1078 ~ 1080 cm™!) becomes dominant
a species in 2wt% and 4wt%Co/CeO, while the polydentate carbonate on Ce*  and/or
hydrogencarbonate (1041 ~ 1041 cm!) are the major species on bared CeO, and 1wt%Co/CeQ,. This
result suggests that 2wt% and 4wt%Co/CeO, have higher Ce*" concentration than CeO, and
1wt%Co/CeO, under the reaction conditions.

Formate: It has been reported that several types of formates can be formed on ceria 4 33 6 but
their v,(CO), v{(CO), and §(OCH) peaks partially overlap with that of carbonates in the typical 1200-
1700 cm! region as seen in Table S4. Moreover, the typical v(CH) bands of different types of formate
in the 2800 ~ 2900 cm™! (Figure S7) region partially overlap with the combination band of carbonates
48 The weak peaks observed in the region of 2700 ~ 2730 cm™' (Figure 8) were reported and assigned
to an overtone 26(OCH) band of formate 4343, As these bands do not overlap with any other commonly
observed species (Table S4), they were used to track the evolution of formate.

As for the formate 26(OCH) peaks, as shown in Figure 8 and S8, there are major bands centered
around 2710 cm! for the CeO, and Co/CeO, samples. In the cases of the 2wt% and 4wt% samples, the
center of major peak stayed at 2710 cm™! during the whole set of experiments while the position of the
major band in the CeO, and 1wt%Co/CeO, gradually shifted to higher wavenumber during the IR
measurements. The shifting of the 2710 cm! peak indicates that a new band is gradually growing at
higher wavenumbers during the reaction. Meanwhile, a shoulder peak centered at around 2703 cm™! was
also seen in the 1wt%, 2wt% and 4wt%Co/CeO, systems even though the position of the band in the
4wt% seems to locate to a slightly lower wavenumber position.

In the literature, three types of formate (I, I, III) on partially reduced ceria has been reported,
which could correspond to the three different 26(OCH) band positions. Formate III is generally believed
to bond to Ce*" while formate I and II bond on sites with oxygen vacancies*® > . Since the 26(OCH)
band at wavenumbers higher than 2710 cm™! was only observed in the CeO, and 1wt%Co/CeO,, whose
Ce*" surface concentration is high, the band is assigned to formate on Ce*" (formate III). And the 2703
cm! and 2710 cm! features could be assigned to formate I and II on Ce?* sites, respectively. Formate
II dominated on all four samples when CO, was introduced and formate I started to appear after about
10 mins. Different from 2wt% and 4wt% catalysts, formate I1I accounted for a considerable amount in
formate at the end of 29 mins on the bare ceria and 1wt% systems. As formate should mostly form
around the cobalt particles where there is more dissociated hydrogen®’, the different pattern of formate
in the 1wt%Co/CeO, compared to the other two points to its different chemical environment even in
the more active region. In addition, while formate I and II bands were observed in the experiments of
both 2wt% and 4wt%Co/CeQO, catalysts, the evolution of them were very different. After 7 min, the
formate II, not leveling off like what was observed in the 2wt% sample, started decreasing in
4wt%Co/Ce0O,. The decline of the formate II concentration in 4wt% may indicate a faster formate
consumption than that of 2wt% Co/CeQ,.
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10 sccm H, into a {5 sccm H,, 1 sccm CO,, 1 sccm He} mixture at the 0 minute time.
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Adsorbed CO: The detected signals from DRIFTS are mostly ascribed to adsorbed species on
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ceria. On a cobalt surface, the only observable species is adsorbed CO, which was detected in all three
samples in similar positions at 1978 ~ 1984 cm! (Figure S9) when the signals reached highest intensity.
The peak was assigned to low coverage on-top (linear) carbonyls on metallic cobalt particles 37> 8. No
significant difference was observed between the three samples indicating there are metallic cobalt sites
of similar structure on the surface of all samples (Figure S9).

Evolution of species: To get information about the intermediates for CH, and CO production, the
evolution of adsorbed CO, formate Il and CH, gas were obtained from the in situ DRIFTS data. The
height of the representative position for each species was normalized by their highest intensity and
plotted as a function of time after CO, was introduced (Figure 9). It appears that the evolution of
formate was very different among the three samples: Kept increasing in the whole 30 mins for 1wt%;
reached a plateau at 9 mins for 2wt%; reached a maximum at 5-7 min and then declined for 4wt%. The
different trends may result from rate differences between formate production and consumption. Even
though evolution of formate is different among the three samples, their CH,4 gas phase evolution patterns
are similar, suggesting that formate may not play a major role in CH, production. As for adsorbed CO,
its evolution patterns were similar among the three samples: Reached a maximum at around 9 min and
then slightly decreased. However, it is noticeable that the adsorbed CO on the 1wt% sample declines
faster than on the other two.
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Experiments on a closed system: To further investigate the role of formate and CO in the reaction,
experiments were also carried out in a closed system with a small amount (about 1v%) of CO, in H, to
maximize CO, conversion.

Formate: The evolution of peak intensity for the formate 26(OCH) feature is shown in Figure 10.
In contrast to the continuous flow conditions, only a peak centered near 2709.5 cm™ (formate II)
appeared for all the three samples. This indicates that the formate in all samples adsorbs on a comparable
Ce’* site. However, the evolution of the formate intensity was dependent on the Co loading. The
intensity of formate II in 1wt% Co remained constant after it reacheed a maximum. In the case of 2wt%
and 4wt% Co, however, the formate II intensity decreased significantly with reaction time after it
reached a maximum. Similar evolution was also observed in the v(CH) band region (Figure S10).

Carbonate: As no similar (COH) band was observed (Figure S11) to the one detected in the
flow system experiments, only the peaks at 950-1120 cm'! can be attributed to carbonate species. The
evolution of four major carbonate features is shown in Figure 11 a, b and S14 a and their original
spectra are displayed in Figure S12. Different from the evolution in the flow system (Figure 7), all the
carbonate species decreased with CO, after 5 min.

Adsorbed CO: Not like the flow system experiments, adsorbed CO was not detected in the 1wt%
Co sample possibly due to its low concentration. As shown in Figure S13, the positions of the v(CO)
are at lower wavenumbers than those observed in the flow experiments due to even lower coverage. As
shown in the Figure 11 d and S11 b, CO, gas phase and adsorbed CO reach a maximum at the same
time, earlier than formate does.

Proposed reaction mechanism: as shown in Figure 11 and Figure S14, both the CO and CO,
reached maximum at same time. It could indicate that CO is directly formed from CO, and its
consumption is very fast. As for formate, it is clear that it is a spectator in 1wt% Co (Figure 11 ¢) while
it can be further hydrogenated in the 2wt% and 4wt% Co samples (Figure 11 d and Figure S14 b).
According to literature®®, there are two major mechanisms for CO, methanation: (1) associative
mechanism: the methanation process involves associative adsorption of CO, and the associated species
are further hydrogenated to CHy; (2). dissociative mechanism: CO, directly dissociates to adsorbed
carbonyl followed by hydrogenation of carbonyl to CH,. Figure 12 illustrates the proposed mechanism
for CO, hydrogenation on Co/CeQO, catalysts: CO, can quickly be converted into CO without forming
formate and the process of CO hydrogenation is the primary pathway for CH4 production (dissociative
mechanism). When there are sufficient hydrogen atoms migrating from cobalt particles to adjacent ceria
regions, the formate also can be further hydrogenated (associative mechanism). However, the formate
pathway is not the major channel for either CO or CH, production. In the process of methanation, if
carbonyl production is faster than its consumption, part of it will desorb into CO gas phase which is
seen in the conditions of our catalytic activity measurements.
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Figure 11. Evolution of formate, adsorbed CO, CH, gas phase and carbonate species, with
corresponding normalized peak intensity, derived from in situ DRIFTS experiments on a closed system

at 250 °C, 1 atm pressure. Approximate 1v%CO, in H, was introduced into the cell before valves were
switched off. Evolution of carbonate species of (a)lwt%Co/CeO, (b) 2wt%Co/CeO,. Evolution of
formate, adsorbed CO, CH,4 gas phase of (¢) 1wt%Co/CeO, (d) 2wt%Co/CeO,. The highest CO,
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Figure 12. Scheme of the proposed reaction mechanism for CO, hydrogenation on Co-ceria catalysts.

The dissociative mechanism is marked in blue arrows while red arrows indicate the associative

mechanism pathway.
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Conclusions

1. Inthis study, three Co/CeQ, catalysts were tested for their activity for CO, hydrogenation. With the
same weight of cobalt, the activity showed the trend: 4wt% ~ 2wt% > 1wt%.

2. For pristine samples, a Co;0, diffraction pattern was observed in XRD in pristine 2wt% and 4wt%
Co while no cobalt-based phase was observed in the 1wt% Co sample. After reduction, weak CoO
and a fcc Co patterns were observed for the 4wt% Co sample, while no diffraction pattern was seen
for 1wt% and 2wt% Co/CeO,. The results indicate that the 4wt% Co system had the largest cobalt
particle size among the series.

3. XANES results for pristine and reduced samples showed that the CoO concentration followed the
trend: 1wt% > 2wt% > 4wt%. As CoO is expected to be stable near the cobalt/ceria interface under
oxidized and reduced conditions, it is likely that, in the 1wt% Co/CeO, sample, the relative amount
of cobalt atoms near the interface was larger than that of in the other samples. 1wt% Co/CeQO,
displayed the strongest effects of metal-support interactions with a chemistry that was different
from that of the two other cobalt-ceria samples and cobalt supported on non-interacting oxides.

4. The analysis on the EXAFS data shows that the cobalt particle size in the reduced 4wt% Co/CeO,
is around 2.5 nm with lower bound and upper bound limits at 2.0 and 3.3 nm. The Co-O bonding
in the reduced 1wt% and 2wt% Co/CeO, have a shorter bond length than that of standard CoO by
about 0.16 A. The strong bonding explains the stability of part of CoO during reduction for those
lower loading catalysts.

5. In situ NAP-XPS data of the reduced samples showed that the Ce*" concentration followed the
sequence 4wt% =~ 2w% > 1wt% and the cobalt in the 4wt% sample was primarily metallic under
reaction conditions.

6. In situ DRIFTS results showed that formate was only a spectator in the 1wt% Co sample while
formate in 2wt% and 4wt% Co could be further hydrogenated. In any case, it appears that direct
CO hydrogenation into CH, was the primary pathway for methane production

7. The direct cause for the lower CO, hydrogenation efficiency of 1wt%Co/CeQO, was its weaker
ability to activate hydrogen. Fundamentally, it could result from exposing positively charged cobalt
atoms directly interacting with CeQ,.
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