
Design of Highly Active Cobalt Catalysts for CO2 
Hydrogenation via the Tailoring of Surface Orientation of 

Nanostructures

Journal: Catalysis Science & Technology

Manuscript ID CY-ART-02-2019-000402

Article Type: Paper

Date Submitted by the 
Author: 27-Feb-2019

Complete List of Authors: Jimenez, Juan; University of South Carolina, Chemical Engineering
Cun, Wen; University of South Carolina, Chemical Engineering
Lauterbach, Jochen; University of South Carolina, Chemical Engineering

 

Catalysis Science & Technology



Design of Highly Active Cobalt Catalysts for CO2 Hydrogenation via the Tailoring of 
Surface Orientation of Nanostructures

Juan D. Jimenez, Cun Wen, and Jochen Lauterbach*

Department of Chemical Engineering, University of South Carolina, Columbia, SC 29208

Corresponding Author: lauteraj@cec.sc.edu

Abstract

The synthesis of nanomaterials with well-controlled morphologies and surface 

orientations has opened new avenues towards increasing catalytic performance and 

understanding of fundamental catalytic pathways. Here, we illustrate how tailoring surface 

orientations of Co3O4 catalysts on the nanoscale results in control over catalytic performance 

via the preferential formation of active surface species during CO2 hydrogenation. This results 

in a significant increase in the methane yield on Co3O4 nanorods, as opposed to conventional 

nanoparticle catalysts, where Co3O4 nanorods inhibit the formation of formate spectator species 

via the preferential formation of bridged CO as an intermediate species. This design approach 

provides a new dimension for the development of next generation catalysts and opens new, 

more efficient strategies for the conversion of carbon dioxide into useful hydrocarbons.

Broader Context

Carbon dioxide utilization is an increasingly important chemical process as an 

alternative to carbon storage and capture due to the exponential increase in CO2 emissions. 

Thermal-catalytic CO2 hydrogenation is the most efficient means of converting CO2 into a 

value-added product due to the ability to scale up the process to meet the large output of CO2 

production globally. Cobalt-based catalyst are often utilized for CO2 hydrogenation due to their 
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high catalytic activity and the fact they are inexpensive compared to noble metals, such as 

ruthenium. In this work, cobalt catalysts were applied to CO2 hydrogenation which utilize 

selective facet exposure to promote higher catalytic activity. The preferential exposure of the 

{110}/{001} family of surface facets via nanorod shaped cobalt was found to have a turnover 

frequency that was an order of magnitude higher than traditional spherical cobalt nanoparticles 

with selective exposure of the {111}/{001} family of surface facets. Our study showed that the 

cause for their differences in activity was due to the suppression of site blocking intermediates 

on the nanorods. In contrast, the nanoparticles yielded both the reactive intermediate, formyl, 

but also spectator species, formate, which ultimately caused the reduction in the observed 

catalytic activity. 

1. Introduction

One promising route to mitigating CO2 is converting point-source CO2 into high-value 

chemicals, such as plastics or fuels. 1-5 A major hurdle resides in the high thermodynamic 

stability of CO2, which leads to low reactivity.3, 6, 7 Various catalytic routes taking CO2 to value-

added chemicals have been proposed, including photocatalytic, electrochemical, and direct 

thermocatalytic approaches.3-5, 8 Amongst these proposed reactions, CO2 hydrogenation is 

considered to be one of the most attractive due to its practical importance and potential for 

scale-up.3, 7, 9, 10 The hydrogen required for the CO2 hydrogenation reaction can be generated 

from renewable resources, such as biomass gasification, wind power, or solar water-splitting.11-

16

Recent studies on the development of active catalysts for CO2 hydrogenation are mainly 

focused on adjusting catalyst properties, such as particle size, oxidation states, and 

composition.11-15 For example, Co catalysts with average particle sizes of 10 nm showed 3 

times higher turnover frequency (TOF) than those with an average particle size of 3 nm.17, 18 

Rational design of catalyst structures on the nanoscale shows great potential toward increasing 

Page 2 of 28Catalysis Science & Technology



the catalytic activity of CO2 hydrogenation. The design of a catalyst based on a fundamental 

knowledge of the CO2 hydrogenation reaction and first principles of surface science is 

important for cobalt based catalyst for CO2 hydrogenation.3 Many previous studies on the 

influence of catalyst structure on reactivity are typically based on bulk properties, which are 

not always consistent with those of the active surface.19-21 The atomic structure and 

composition within the first few atomic layers of a surface is primarily responsible for the 

catalytic properties. Tuning the catalyst bulk structure will therefore not always result in a more 

active and selective catalyst. For instance, it is generally agreed that reduced Co on SiO2 is 

about 4 times more active than oxidized Co for CO2 hydrogenation.12, 17, 22-24 Conversely, 

metallic Co on TiO2 was shown to have up to 5 times lower activity than oxidized Co on the 

same support.12 The mechanism of decreased activity due to Co reduction for the TiO2 

supported catalyst is not clear due to limited information on the surface structures of Co 

interacting with either TiO2 or SiO2 support. This example illustrates that tuning catalyst bulk 

properties (such as oxide vs. metal) without considering the intricacies of the surface structure 

can be misleading in the design of active catalysts.

Herein, we demonstrate that the existence of different surface facets on Co3O4 catalysts 

controls the catalytic activity of reduced Co catalysts for CO2 hydrogenation, even when the 

catalysts exhibit very similar bulk properties, such as crystallographic phase, oxidation state, 

and chemical composition. Based on our recent work, the catalysts were synthesized by 

reducing faceted Co3O4 particles which serve as precursor state for the active metallic 

catalysts.25, 26 These Co3O4 particles were obtained by controlling the catalyst morphology via 

a coprecipitation method,25, 27 where cobalt nanorods with a {110}/{001} surface faceting were 

compared against traditional nanoparticles with {111}/{001} surface faceting. Bulk and 

surface structures were characterized with experimental techniques, including X-ray diffraction 

(XRD), Raman spectroscopy, and High-resolution transmission electron microscopy 
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(HRTEM). Furthermore, mechanistic understanding of the influence of the catalyst precursor 

surface faceting on catalytic performance was investigated with kinetic studies and in situ 

infrared (IR) spectroscopy during both CO2 and CO hydrogenation, where the active surface 

species for CO2 hydrogenation was selectively promoted over the {110}/{001} faceted 

nanorods, resulting in over an order magnitude greater catalytic activity for CO2 hydrogenation 

than conventional nanoparticles.

2. Experimental Section

2.1 Synthesis of Co3O4 nanorods and nanoparticles

The Co3O4 nanorods were synthesized using a co-precipitation method by following 

previous literature reports.27, 28 In a typical synthesis, Co(OAc)2·4H2O (4.98g; 99.999%, 

Sigma) was added to ethylene glycol (60mL; 99.8%, Sigma) under a N2 (UHP, Airgas) 

atmosphere to remove residual O2. The solution was then heated to 80 or 160 °C, for 

nanoparticles or nanorods; respectively. Afterward, an aqueous solution of Na2CO3 (200mL, 

0.2 mol·L-1; 99.5% Sigma) was injected into the cobalt precursor solution at a rate of 1.11 mL 

min-1. The mixture was further aged at the synthesis temperature for one more hour. The 

overhead solvent was decanted out and the solid product was collected via vacuum filtration 

and washing with ethanol. The filtered product was vacuum dried at 50 °C overnight, then 

calcined at 450°C for 4h. 

2.2 Characterization Methods

X-Ray Diffraction was carried out with a Rigaku Miniflex II equipped with a Cu-Kα 

monochromatic X-ray source and a high-speed silicon strip detector. Pulse chemisorption 

experiments were carried out in a Micromeritics Autochem II 2920 unit using a TCD detector 

to monitor the CO uptake of the catalyst. All samples were dried then reduced at 450 oC for 5 

hours and CO chemisorption was performed at 50 oC. Raman spectra were acquired using a 
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633nm laser source with a hole size of 1025µm, slit width of 300µm, and a grating of 950. The 

spectrometer was calibrated before each sample using a 520.7cm-1 silica standard with a 

tolerance of ±1.0cm-1. Spectra were collected in an in situ Linkam cell using a flow rate of 20 

mL min-1 of 4:1 ratio of H2 to CO2 after a 450oC pretreatment under H2 for 5 h.

2.3 in situ IR experiments

Two sets of in situ IR experiments were conducted on a Bruker Equinox 55 benchtop 

equipped with a Praying Mantis in situ diffuse reflectance Infrared Fourier transform (DRIFTS) 

cell to investigate the reactive species presented on the catalyst surface during CO2 and CO 

hydrogenation. Before in situ IR experiments, Co nanorods and nanoparticles were reduced at 

450 °C in flowing H2 for 5h, then were cooled down to 250 °C. A background spectrum of the 

sample was taken with a resolution of 4 cm-1 under pure hydrogen. Once the temperature 

equilibrated, the reactant mixture of CO2+ 4H2 or CO + 2H2 was introduced into the in situ 

DRIFT cell and the reaction was monitored at 250oC at atmospheric pressure. Spectra were 

taken every 3-5 minutes to monitor surface species changing during reactions.

2.4 CO2 catalytic hydrogenation

Generally, Co3O4 catalysts (0.3g) were mixed with sand (1.8g) using a 1:6 ratio of catalyst to 

sand in order to dissipate heat and then secured via quartz wool plugs inside the stainless-steel 

plug flow reactor. The catalysts were reduced at 450 °C with ultra-high purity H2 (100mL·min-

1, 5h) before the catalytic tests of CO2 hydrogenation. After reduction, the gas was switched 

from H2 to a mixture of 18% CO2, 72% H2, and 10% Ar (custom mixture, Airgas), 

corresponding to a stoichiometric feed with the argon balance used as internal standard for the 

GC measurements. The gas hourly space velocity (GHSV) of the mixture gas was kept at 

18,000 h-1 for all experiments. For experiments performed under a 2:1 ratio of H2 to CO2 the 
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gas mixture was 31% CO2, 62% H2 and 7% Ar (custom mixture, Airgas),. The catalytic activity 

and selectivity were measured while sweeping the reaction temperature between 100 °C to 400 

°C with the rector pressure maintained at 10 bar. The products from CO2 hydrogenation were 

analyzed on-line with a Shimadzu Gas Chromatograph GC2014 equipped with both thermo-

conductivity (TCD) and flame ionization detectors (FID). The selectivity was calculated on a 

carbon basis. All catalytic tests were repeated using different batches of the designated catalyst 

to ensure reproducibility in both the synthesis and catalytic performance. This error is captured 

by the error bars displayed on the catalytic activity measurements. The carbon balance of all 

experimental runs closed within the experimental error of the GC measurements (95±7% 

carbon balance).

3. Results and Discussion

3.1 Catalytic Performance of Cobalt nanorods and nanoparticles

Cobalt oxide catalysts with either nanorod or nanoparticle morphologies were synthesized 

and tested for CO2 hydrogenation.26 It is generally believed that the active site for CO2 

hydrogenation is metallic Co.29-33 During the reaction tests, the feed composition of H2 and 

CO2 was kept at the stoichiometric ratio of 4:1. Fig. 1 compares the catalytic activity for Co 

nanorods and nanoparticles. Co nanoparticles are used as a control group which is 

representative of a typical spherical cobalt catalyst, where the reaction rate between 220-400oC 

of our Co nanoparticles (0.11-5.16x10-5 molCO2·g-1·s-1, respectively) is comparable to that 

reported for other Co catalysts (0.85-5.09×10-5 molCO2·g-1·s-1).12 The Co nanorods show a 

reaction rate of 2.81x10-5 molCO2·g-1·s-1 at 220oC, while the nanoparticles at the same 
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temperature show a rate of 3.94×10-6 molCO2·g-1·s-1. In addition, the nanorods begin to catalyze 

CO2 hydrogenation at temperatures about 80oC lower than the Co nanoparticles. The selectivity 

to methane is maintained at 99±1% on the Co nanorods for all reaction temperatures, while it 

gradually increases from 13±1% to 95±2% on the Co nanoparticles with CO formed as a major 

product below 300oC. The hydrocarbon product distribution on both nanorods and 

nanoparticles contains over 90% of methane for all reaction conditions, with the remainder 

being C2-C5  (see supplemental Fig. 1). At 220 °C, the yield towards hydrocarbons is an order 

of magnitude greater than that on the nanoparticles. In fact, in the temperature range between 

220 °C and 320 °C, the activity of the Co nanorods towards CO2 hydrogenation is 3-17 times 

higher than that of the Co nanoparticles. The high activity and selectivity of Co nanorods was 

also maintained upon changing the ratio of H2 : CO2 from 4:1 to 2:1 (Supplementary Figure. 

1). Even for these sub-stoichiometric feed conditions, the Co nanorods maintained a steady 

selectivity of 98±2 % towards methane over the entire temperature range, while the selectivity 

to hydrocarbons on the nanoparticles increased from 27±5 % to 92±4 % with increasing 

temperature. Lean H2 conditions should be expected to favor CO over hydrocarbon production 

(CO2 + H2 → CO + H2O vs. CO2 + 4H2 → CH4 + 2H2O). Overall, not only do the cobalt 

nanorods show an order of magnitude greater reaction rate during CO2 hydrogenation at 

identical operating conditions, the rods favor the complete reduction into methane while the 

nanoparticles only partially reduce the CO2 into CO; this shows that the exposed faceting must 

play a fundamental role in altering not only the structure, but the reaction intermediates formed 

on the surface as well.
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Figure 1. CO2 conversion, hydrocarbon and CO selectivity, and hydrocarbon yield for Co 

nanorods and nanoparticles with a H2 to CO2 ratio of 4:1 at10 bar pressure and 18000 hr-1 flow

3.2 Particle size, structure and morphology

To study the influence of catalyst structure on catalytic performance, Co nanorods and Co 

nanoparticles were characterized with a variety of imaging and spectroscopic techniques. As 

shown in the TEM image in Fig. 2, the Co nanorods have a diameter of 14.2 ± 4.4 nm and 

lengths between 200 and 300 nm, which is consistent with our previous work.25, 26 The Co  

nanoparticles have a particle size distribution of 24.5 ± 9.8 nm. The turnover frequency for 
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particle sizes above 10nm is expected to be independent of size for Co catalysts for CO2 

hydrogenation.17, 30, 34 

Figure 2. Transmission Electron Microscopy image of (a) cobalt nanorods and (b) cobalt 

nanoparticles after washing and calcining.

The crystal structures were determined by powder X-ray diffraction (XRD), as shown in 

supplemental Fig 2. The XRD peak positions and intensity ratios for both Co nanorods and 

nanoparticles are consistent with those of the Co3O4 spinel structure (PDF 41-1467). The grain 

size distribution via XRD for the nanorods and nanoparticles were 14.1 ± 2.4 nm and 28.5 ± 

9.5 nm; respectively, which are within error of the measured size distribution via TEM. The 

grain size of the nanorods reflects the diameter of the nanorods measured via TEM, since during 

synthesis the nanorods grow preferentially along the [110] direction from the 

Cox/2+y(OH)x(CO3)y precursor,25, 27 forming continuous grains during its growth, whereas the 

nanoparticles grow uniformly along their radial axis resulting in grain sizes that are consistent 

with their actual particle size. 
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In a previous study we found that cobalt nanorods resist oxidation during Fischer-

Tropsch synthesis with the addition of 10vol% H2O to the feed, while cobalt nanoparticles were 

readily oxidized under the same conditions26. Given that the nanorods resisted oxidation, their 

improved catalytic activity towards CO2 hydrogenation is most likely due to the preservation 

of the metallic cobalt phase during the reaction. Furthermore, bulk properties such as the 

particle size, crystal structure, and oxidation state of the prepared Co nanorods and 

nanoparticles are very similar. According to previous reports,11-15, 17 these similarities between 

nanorods and nanoparticles should lead to comparable activity and selectivity for CO2 

hydrogenation. This shows that the catalyst bulk properties do not account for the observed 

differences in activity and selectivity differences, meaning a more detailed understanding of 

the catalytic surface is required.

3.3 Exposed surface structure via HRTEM

Aberration corrected-scanning transmission electron microscope (AC-STEM) 

equipped with a high angle annular dark field detector was used to characterize differences in 

surface properties between Co nanorods and nanoparticles. The AC-STEM images are shown 

in Fig. 3. The d-spacing measured for the Co nanorods was 2.9 ± 0.1 Å, which is consistent 

with the (220) plane of Co3O4 and results in the exposure of the {110} family of facets at the 

surface.26 On the other hand, the d-spacing for the nanoparticles was measured to be 4.7 ± 0.1 

Å, which corresponds to {111} and {001} family of facets exposed at the surface. The {110} 

family is the only surface orientation that has both Co2+ and Co3+ present in the outermost 

surface layer, while predominantly Co2+ is exposed on all the other facets.26, 27.. As both 

nanostructures share the {001} family of surface facets the effective surface area of the {110} 

and {111} can be compared when taken as the percentage of the total surface area for the 

nanorods and nanoparticles; respectively. The general geometry for the nanorods is taken to be 

rod shaped with flat ends and sides, while the nanoparticles are octahedrons with truncated 
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ends representing the {001} facets.27 The relevant length scales from our TEM imaging was 

used to estimate the approximate percentage of surface facets; with an approximate diameter 

of 14 nm and a length of 200 nm for the nanorods and a diameter of 25 nm for the nanoparticles. 

The percentage of exposed {110} on the nanorods is approximately 39% while for the 

nanoparticles the percentage of exposed {111} is approximately 80%. Since the {001} family 

of surface facets does not possess the exposed Co3+ cations, it is considered to be less active 

than the {110} family of surface facets, however its contribution to the overall catalytic activity 

cannot be ruled out. Therefore, even though the Co nanorods and nanoparticles possess very 

similar bulk properties, the STEM images clearly show that they have different surface crystal 

facets and consequently expose different cations on the outmost, catalytically relevant surface. 

Direct imaging of the cobalt in the metallic state after a reduction could not be explored due to 

the highly oxophilic nature of cobalt. The use of environmental aberration correction 

transmission electron microscopy using a sufficiently high partial pressure of hydrogen to 

ensure reduction was not feasible. The presence of metallic cobalt as the catalytically relevant 

surface was verified via XPS, where the samples could be reduced in a pretreatment cell under 

the same pretreatment conditions used before the catalytic tests and then transferred under 

vacuum into the XPS measurement chamber, where the cobalt showed as completely reduced 

(supplemental Figure 3)  
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Figure 3. Aberration corrected-scanning transmission electron microscope images of a) Co 

nanorods and b) nanoparticles. The insets show the corresponding Fast Fourier Transforms. 

Scale bar is 2 nm

3.4 in situ CO2 hydrogenation DRIFTS spectroscopy

Differences in surface crystal facets on the Co nanorods and nanoparticles is expected to 

result in distinct catalytic activity, particularly for a structure sensitive reaction such as CO2 

hydrogenation.11-15, 17, 18 In situ IR spectroscopy was applied to study surface reactive species 

during CO2 hydrogenation on both the Co nanorods and nanoparticles. Reaction temperatures 

and the reductive pretreatment were identical to those set in the plug-flow reactor. The in situ 

IR spectra under steady-state reaction conditions are shown in Fig. 4. The formation of formyl 

(H-C=O*) species at 1700 cm-1 was observed on both Co nanorods and nanoparticles. In 

contrast, formate species (HCOO*, bands at 1600 cm-1 and 1415 cm-1) were only formed on 

the Co nanoparticles. Formate has previously been reported as an inactive species for CO2 

hydrogenation,35-38 thus blocking catalytically active sites. For PtCo based catalyst, the direct 

hydrogenation of CO2 to form *HCOO is kinetically unfavorable (∆E=-0.25 eV), while the 

formation of a *HOCO reactive intermediate (∆E=-0.56 eV) is more energetically favorable.38 
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The *HOCO intermediate can further dissociate into *CO and *OH, where the *CO undergoes 

another hydrogenation step to form *HCO and the adsorbed *OH is hydrogenated to form 

water.38 Formate has been reported as a reactive intermediate for the production of methanol 

over Cu/ZnO,39 however for methanation formate is generally considered a spectator species,35-

38 which is consistent with our experimental findings. Furthermore, in the case of nickel based 

catalyst, CO2 is also believed to undergo a dissociation step, however, the resulting adsorbed 

CO further dissociated to adsorbed C and O which are then hydrogenated to form methane and 

water; respectively, where formate was also observed as a spectator species.40 To probe the 

formation of the site blocking formate species on both catalysts, room temperature adsorption 

of CO2 and CO was performed, as shown in Fig. 5. Both catalyst formed bidentate- and 

unidentate-carbonates (1650, 1540, 1293, and 1032 cm-1),41 but only the nanoparticles showed 

the formation of formate species. Bidentate- and unidentate-carbonates are typically less stable 

than formate,42 which explains why only formate species can be observed during in situ IR 

reaction experiments conducted at 250 °C. 
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Figure 4. in situ IR of CO2 hydrogenation on nanorods and nanoparticles at 250oC.
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Figure 5. IR spectra of CO2 and CO adsorption on nanorods and nanoparticles at room 

temperature. The formate species located at 1600 and 1293 cm-1 are fitted with orange dot lines, 

and carbonate species (1650, 1540, 1293, and 1032 cm-1) are fitted with black dot curves

The site-blocking role of formate species on the surface of the Co nanoparticles is also 

supported by CO2-Temperature Programmed Desorption (TPD) results (supplemental Fig. 4). 

Both catalysts have a CO2 desorption peak at 80 oC, while the nanoparticles show an additional 

CO2 desorption peak at 175 oC. The lower temperature peak can be attributed to the desorption 

of the bidentate carbonate species, while the higher temperature peak on the Co nanoparticles 

can be assigned to the desorption of the formate species.42, 43 This further validates that formate 

species are acting as a spectator to the reaction, limiting the total number of active sites for the 

reaction. To understand the nature of the active sites, the apparent activation energies for CO2 

Page 15 of 28 Catalysis Science & Technology



hydrogenation on both nanorods and nanoparticles were calculated based on the Arrhenius 

equation. The resulting energies are nearly identical at 87.5 ± 4 and 81.6 ± 7 kJ/mol 

(supplemental Fig. 5); respectively. Additionally, since the presence of sodium as a remainder 

from the synthesis procedure has been shown to promote hydrogenation reactions,44-46 an X-

Ray Photoelectron survey scan was performed before and after washing the catalyst and found 

no presence of the Na 1s peak at 1070 eV, ruling out the influence of sodium on the catalytic 

activity (supplemental Fig. 6). 

3.5 Effective surface area and turnover frequency

To further elucidate the catalytic surface, chemisorption and physisorption were 

employed to determine the number of active sites and the surface area of the catalyst; 

respectively. Table 1 shows the surface area and the chemisorbed CO uptake of both the Co 

nanorods and Co nanoparticles as well as the CO2 turnover frequency (TOF) at 220oC. The 

nanorods had a surface area of 196 ± 14  m2/g while the nanoparticles had a surface area of 155 

± 22 m2/g. Furthermore, upon reduction under the same reaction pretreatment conditions, the 

fresh Co nanoparticles possess a comparable number of active sites as the Co nanorods. CO 

chemisorption on the nanorods yielded an uptake of (0.97 ± 0.08) x10-2 mmolCO/gcat
 , while the 

nanoparticles had an uptake of (1.09 ± 0.12) x10-2 mmolCO/gcat, showing the number of active 

sites on both catalysts are within error of each other; ruling out the possibility of the presence 

of more active sites on the nanorods being the cause for the difference in catalytic activity. This 

is captured in the turnover frequency (TOF), where the rate of CO2 (molCO2·g-1·s-1) conversion 

was normalized by the total number of active sites measured via CO chemisorption (molCO/gcat). 

At a temperature of 220oC, the nanorods possess an order of magnitude higher TOF than the 

nanoparticles, where the nanoparticles show a comparable TOF to that which is reported in the 
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literature for spherical cobalt nanoparticles for CO2 hydrogenation.17 The difference between 

the two catalyst can be further exemplified if the TOF of methane as opposed to the TOF of 

CO2 is considered, where the nanorods have a factor of 5 greater selectivity towards methane 

at 220oC than the nanoparticles. These results coupled with the comparable activation energy 

of both the nanorods and nanoparticles further confirm that site-blocking by formate species 

under reaction condition is the cause of lower activity on nanoparticles instead of smaller 

surface area or lower number of active sites on fresh catalysts. 

Table 1: Total surface area, amount of available surface sites, and the CO2 turnover frequency 

at 220oC for both catalyst 

Sample Surface Area (m2/gcat) CO Uptake (mmolCO/gcat) TOF-220oC (s-1)

CoNR 196 ± 14 (0.97 ± 0.08) x10-2 2.89

CoNP 155 ± 22 (1.09 ± 0.12) x10-2 0.361

3.6 CO hydrogenation mechanism on nanorods and nanoparticles

Aside from the higher catalytic activity, the Co nanorods also have substantially higher 

selectivity towards methane if compared to the nanoparticles (see Figure 1). The hydrogenation 

mechanism follows a two-step reactions scheme.3, 9, 32 First, CO2 is partially hydrogenated into 

CO, which is then further hydrogenated in a second step to form methane. The second 

hydrogenation step (CO + 3H2 → CH4 + H2O) is widely reported as the rate-determining step 

for methane production,3, 30 and thus should determine the selectivity to CO and methane in the 

overall CO2 hydrogenation process. To investigate the selectivity differences observed between 

the Co nanorods and nanoparticles, reactive intermediates were studied by using in situ CO 
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hydrogenation (second hydrogenation step) as a model reaction, see Fig. 6. It is expected for 

reactive intermediates to quickly respond to changes in the gas phase environment, while the 

response of spectator species will be considerably slower.47 The IR intensity of chemisorbed 

CO (bands above 1650 cm-1) remains mostly constant during reaction, while that of carbonate 

bands (below 1650 cm-1, bidentate and unidentate) increases with time on-stream. Thus, the IR 

spectra confirm that chemisorbed CO is a reactive intermediate, while the carbonates are 

spectator species, which is consistent with the CO hydrogenation literature.48 More 

interestingly, while both nanorods and nanoparticles have CO chemisorbed in hollow sites 

(band at 1760 cm-1), the nanorods show an additional band corresponding to CO chemisorbed 

on a bridge site (1900 cm-1). The presence of these extra sites on the Co nanorods is 

corroborated via CO-TPD (supplemental Fig. 7) where an extra CO desorption peak was 

detected around 115 oC. This CO desorption peak can be attributed to the desorption of bridge 

site CO,49, 50 while the carbonate and hollow site chemisorbed CO species are desorbing in the 

form of CO2 at higher temperatures. Bridge site CO was reported to have higher hydrogenation 

activity compared with hollow site CO, and will in-turn promote methane production.51-53 In 

summary, the in situ IR spectra and TPD profiles show bridge-site CO intermediates with 

higher activity on the nanorods, which facilitates the production of methane.

3.7 Preferential crystallographic growth

To understand differences in surface species present on the reduced Co nanorods and 

nanoparticles during CO2 hydrogenation, the IR spectra of CO adsorption shown in Fig. 5 were 

found to be comparable to those reported for CO adsorption on stepped {10-12} and flat {0001} 

surfaces; respectively.52 CO prefers to adsorb and dissociate on both bridge and hollow sites 

on stepped Co surfaces, but prefers atop or hollow sites on flat Co surfaces.52, 53 During our in 
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situ IR experiments, the Co nanorods showed CO adsorbed on both bridge and hollow sites, 

while the nanoparticles showed only hollow site CO. Furthermore, the stepped surfaces have a 

lower activation energy of 160.9 kJ/mol for CO dissociation than the 220 kJ/mol required on 

the flat surface, leading to higher activity for CO hydrogenation.52 This is consistent with our 

CO2 hydrogenation results on the Co nanorods, which demonstrated higher activity for CO2 

hydrogenation than the Co nanoparticles. The stepped {10-12} and the flat {0001} Co planes 

can be expected to form epitaxially on the Co nanorods and nanoparticles surfaces during 

catalyst reduction due to the similarity between their lattice parameters. The lattice mismatch 

between facet groups of Co3O4 {110} and Co {10-12} is less than 5%, and it is less than 2% 

between Co3O4 {001} and Co {0001} planes. A formation of Co {0001} planes on Co3O4 

{110}, on the other side, will lead to a lattice mismatch of 39%, which represents a significant 

energy penalty for non-epitaxial growth of reduced Co. Furthermore, the formation of Co {111} 

planes on Co3O4{111} has been proven previously via environmental HRTEM during the H2 

reduction of model Co3O4 catalysts.54 A similar reduction process was performed here for Co 

nanorods and nanoparticles before CO2 hydrogenation. As both the nanorods and the 

nanoparticles share the {001} family of surface facets, the observed differences in the surface 

species on both catalyst is attributed to the different surface structures present on the reduced 

form of the {110} family of surface facets, while the reduced form of the {111} family of 

surface present on the nanoparticles resulted in the presence of both the reactive intermediate 

as well as the spectator species. The comparison of our results with literature suggests that the 

Co nanorods and nanoparticles have distinct active Co surfaces exposed during CO2 

hydrogenation, where the metallic Co surface that arises from the reduction of the {110}/{001} 

based nanorod ultimately leads to the suppression of the site blocking species and promotes the 

exclusive formation of the reactive intermediate. Ultimately, by mitigating spectator species 

via the tuning of the exposed surface facets of the cobalt oxide, we have developed a highly 
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active catalyst; where the performance of the catalyst in this study are compared to some of the 

state-of-the-art catalyst in literature,9, 17, 38, 55-57 shown in Table S1. However, it should be noted 

that due to the inherent difference in operating conditions (such as pressure and temperature) a 

direct comparison with literature is not feasible.
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Figure 6. In situ IR of CO hydrogenation on a) nanorods and b) nanoparticles at 250oC.

3.8 Lifetime study and in situ Raman

Since Co catalyst are very susceptible to oxidation and subsequently deactivate,25-27 

CO2 hydrogenation activity was tested under reaction conditions for 50 hours. The results are 

shown in Figure 7 and no change in selectivity was observed. Additionally, the CO2 conversion 

remained at a constant 70% throughout the entire testing period. This suggests the catalyst did 

not undergo deactivation, which could arise from either oxidation of the catalyst due to the 

water produced via the hydrogenation or by the formation of coke,9, 26, 27 which would deposit 

onto the active sites and lower the activity and selectivity towards methane. The oxidation state 

of the catalyst was observed during CO2 hydrogenation after a reduction at 450oC under 

Page 21 of 28 Catalysis Science & Technology



hydrogen for the Co nanoparticles (supplemental Fig 8), where metallic cobalt is Raman 

inactive. There was no observed formation of the cobalt oxide phase at 680, 450 or 200 cm-1, 

which would be attributed to the formation of either the spinel Co3O4, rocksalt CoO, or the 

CoOOH hydroxide structure.58, 59 The shift in selectivity from predominantly CO to methane 

was believed to be due to the formation of a surface oxide, however no oxidation was observed. 

As no change in selectivity was observed for the cobalt nanorods the in situ Raman was not 

carried out on the Co nanorods. Deactivation via coke formation was also ruled by post reaction 

Raman spectroscopy, where the absence of D and G bands at 1340 and 1580 cm-1, respectively, 

demonstrated that no carbon was deposited onto the catalyst, which can occur via CO 

disproportionation.60 
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Figure 7. Time on stream study for Cobalt nanorods at 230oC, 10bar, 4:1 ratio of H2 to CO2 

and a flow rate of 18000 hr-1

4. Conclusions

In summary, we have demonstrated that tuning the catalyst surface structures on cobalt 

via control of nanoscale morphology is an efficient way to design active catalysts by 

suppressing the formation of site-blocking surface intermediates. This is accomplished by 

selectively exposing different crystallographic facets on the active catalyst surface, while 

maintaining similar bulk properties, including particle size, crystallographic structure, 

chemical composition, and oxidation state. CO2 hydrogenation tests show that Co nanorods 

that are synthesized as Co3O4 precursors with exposed {110} surface facets have substantially 
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improved catalytic activity and selectivity towards methane than nanoparticles from Co3O4 

precursors with exposed {111} and {001} facets. The superior activity of Co nanorods results 

from a suppression of site-blocking formate species. The greater methane selectivity on the 

nanorods is attributed to the more active bridge-site CO as the reactive intermediate for 

methane formation. The catalyst reported here also requires less energy for the large-scale 

conversion of CO2 to hydrocarbons, making the process more efficient and sustainable.
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Catalyst design by tuning surface structures to suppress unreactive species in order to achieve 
higher reactivity for CO2 conversion. 
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