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Breaking structure sensitivity in CO2 
hydrogenation by tuning metal–oxide 
interfaces in supported cobalt nanoparticles

Alexander Parastaev    1, Valery Muravev    1, Elisabet Huertas Osta1, 
Tobias F. Kimpel1, Jérôme F. M. Simons1, Arno J. F. van Hoof1, Evgeny Uslamin    1, 
Long Zhang1, Job J. C. Struijs    1, Dudari B. Burueva    2,3, 
Ekaterina V. Pokochueva    2,3, Kirill V. Kovtunov    2,7, Igor V. Koptyug    2, 
Ignacio J. Villar-Garcia4, Carlos Escudero    4, Thomas Altantzis    5, Pei Liu6, 
Armand Béché    6, Sara Bals6, Nikolay Kosinov    1 & Emiel J. M. Hensen    1 

A high dispersion of the active metal phase of transition metals on oxide 
supports is important when designing efficient heterogeneous catalysts. 
Besides nanoparticles, clusters and even single metal atoms can be 
attractive for a wide range of reactions. However, many industrially 
relevant catalytic transformations suffer from structure sensitivity, where 
reducing the size of the metal particles below a certain size substantially 
lowers catalytic performance. A case in point is the low activity of small 
cobalt nanoparticles in the hydrogenation of CO and CO2. Here we show 
how engineering of catalytic sites at the metal–oxide interface in cerium 
oxide–zirconium dioxide (ceria–zirconia)-supported cobalt can overcome 
this structure sensitivity. Few-atom cobalt clusters dispersed on 3 nm 
cobalt(II)-oxide particles stabilized by ceria–zirconia yielded a highly active 
CO2 methanation catalyst with a specific activity higher than that of larger 
particles under the same conditions.

Supported metals are an important class of industrial heterogeneous 
catalysts. Although increasing metal dispersion is a strategy commonly 
used to maximize the amount of exposed metal atoms1,2, this approach 
does not always lead to better catalysts because the intrinsic activity 
(that is, activity per exposed metal atom) can depend strongly on metal 
dispersion. In particular, nanoparticles <10 nm exhibit a strong size 
dependence of the contributions of surface terrace, corner, edge and 
step-edge sites, where differences in coordination numbers and surface 
topology may lead to substantial difference in intrinsic activity. This 
phenomenon is broadly known as structure sensitivity3,4 and underlies 
the particle size dependence of important industrial reactions such as 
ammonia synthesis5,6, Fischer–Tropsch synthesis7, CO2 methanation8, 

methanol synthesis9, ethylene hydrogenation10 and (dry) methane 
reforming11. Many studies have been devoted to understanding the 
nature of structure sensitivity, in particular for CO and CO2 hydro-
genation12. For instance, the optimum size of cobalt particles for CO 
hydrogenation in the Fischer–Tropsch reaction is around 6–8 nm7,13, 
which implies that a large fraction of the metal is not directly involved 
in the catalytic reaction. A possible approach to overcoming conven-
tional structure sensitivity is the design of catalysts containing addi-
tional active sites other than metal nanoparticles—that is, metal–oxide 
interfacial sites14,15 or non-innocent supports16. Also, the presence of 
highly dispersed ionic species rather than metallic particles can lead to 
superior catalytic performance2. The promise of such approaches can 
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finding, we investigated the structure of small (1% CoCZ) and large (10% 
CoCZ; Fig. 1c) cobalt nanoparticles reduced at different temperatures 
by a combination of advanced (in situ) spectroscopy and microscopy.

Nature of active sites of partially reduced catalysts
Typically, catalytic CO and CO2 hydrogenation has been associated with 
metallic nanoparticles. Temperature-programmed reduction profiles 
and quasi-in situ XPS analysis show that the cobalt particles in 1Co500 
and 10Co500 catalysts are fully metallic (Supplementary Notes 2 and 6). 
When reduction is carried out at lower temperatures, surface analysis by 
laboratory-based quasi-in situ XPS shows that the cobalt nanoparticles 
in 10Co300 are composed of a mixture of CoO and Co metal (Supple-
mentary Fig. 33). The small nanoparticles in 1Co275 (Supplementary 
Fig. 33) and 1Co300 (Fig. 2a) are composed only of CoO according to 

be highlighted by recent examples of CO oxidation17 and the water–gas 
shift reaction18,19. For CO and CO2 hydrogenation, only a few studies 
have hinted at the involvement of relatively large (partially) oxidized 
supported and unsupported cobalt nanoparticles20–23. Because CO2 
hydrogenation is expected to be a key technology for storage of sur-
plus renewable energy in chemical energy carriers24, there is a need to 
develop more efficient catalysts for this reaction.

In this work, we show that the temperature of a reductive pretreat-
ment can be used to tune the nature of the interfaces between reduced 
cobalt and the metal oxides present in cobalt–cerium oxide–zirconium 
dioxide (cobalt–ceria–zirconia; CoCZ) catalysts. In this way, one can 
overcome the limitations imposed by conventional structure sensitivity 
and obtain catalysts with a much higher cobalt utilization efficiency in 
CO2 hydrogenation, resulting in an unusually high catalytic activity of 
small (3 nm) cobalt/cobalt(II) oxide nanoparticles.

Results
Structure sensitivity
We recently demonstrated that the Co–O–Ce interface between large 
cobalt particles and ceria–zirconia is favourable for CO2 methanation14. 
Here, we constructed metal–oxide interfacial active sites in CoCZ cata-
lysts using cobalt oxide nanoparticles with sizes between 2.5 and 20 nm 
(Supplementary Notes 1 and 2). To tune the nature of the interfacial 
metal–oxide active sites, the reduction level of CoCZ catalysts was 
adjusted by varying the reduction temperature in the 225–500 °C range.

Figure 1 summarizes the catalytic results for different reduc-
tion temperatures and nanoparticle sizes. Cobalt catalysts com-
pletely reduced at 500 °C exhibited strong size–activity dependence  
(Fig. 1a, volcano plot 1) that is typical for CO2 hydrogenation catalysed 
by metallic cobalt7 (Supplementary Note 5). At this relatively high 
reduction temperature, the catalyst with the smallest cobalt particles 
(1% CoCZ; Fig. 1b) displayed low activity in CO2 methanation, with CO as 
the main reaction product. The highest activity was observed for the 5% 
CoCZ sample containing nanoparticles with sizes in the range 7–9 nm 
and with CH4 as the main reaction product. To exclude the possibility 
that restructuring of cobalt nanoparticles or strong metal–support 
interaction (SMSI) led to a lower activity of small cobalt nanoparticles 
due to encapsulation of the active phase by the reducible ceria sup-
port25, we carried out in situ scanning transmission electron micros-
copy–electron energy loss spectroscopy (STEM–EELS) experiments 
(Supplementary Note 4). Figure 1d underlines the absence of ceria on 
the surface of cobalt nanoparticles following reduction of a 1% CoCZ 
catalyst at 500 °C. CO chemisorption, X-ray photoelectron spectros-
copy (XPS), H2–D2 exchange and ultraviolet–visible and infrared (IR) 
spectroscopy data confirmed the absence of SMSI in CoCZ catalysts 
(Supplementary Note 3).

Changing the reduction temperature in the range 275–500 °C did 
not have a substantial effect on the catalytic performance of CoCZ 
catalysts containing relatively large Co nanoparticles (>7 nm). Cata-
lysts containing small nanoparticles, on the other hand, demonstrated 
different behaviour after reduction at lower temperatures (Fig. 1a, 
volcano plot 2). The catalytic activity of 1% CoCZ notably increased 
when lowering the reduction temperature, with a pronounced maxi-
mum at 300 °C (referred to as 1Co300); 1Co300 displayed tenfold 
higher activity than 1Co500. When normalized to the amount of cobalt, 
1Co300 presents a much higher catalytic activity for the Sabatier reac-
tion than other cobalt and nickel catalysts described in the literature  
(Supplementary Note 5).

To summarize, Fig. 1a shows two types of volcano plot. The first, as 
a function of particle size (volcano plot 1), exhibits an optimum around 
7–9 nm, which is an example of conventional structure sensitivity 
observed for COx hydrogenation over cobalt catalysts7. The second 
volcano plot (plot 2) has an optimum at the intermediate reduction 
temperature of 300 °C for low-loaded cobalt on ceriazirconia, leading 
to unusually high methanation activity. To understand this unexpected 
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Fig. 1 | The influence of catalyst reduction temperature on structure 
sensitivity in CO2 methanation. a, Catalytic activity of CoCZ catalysts reduced 
at different temperatures in CO2 methanation at 250 °C, normalized to total 
metal amount (5% CO2/20% H2 balanced with He, total flow 50 ml min1, 50 mg 
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(RT). d, ADF-STEM image of 1Co500 obtained in 5% H2/He at 500 °C after 
reduction for 4 h. Inset: EELS spectra of 1Co500 obtained during line scan  
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lab-based XPS. However, because we found that these samples strongly 
chemisorb CO at 30 °C (Supplementary Notes 1 and 3), we surmised 
the presence of reduced cobalt. To verify this, we exploited the much 
higher surface sensitivity of synchrotron-based in situ near-ambient 
pressure XPS (NAP-XPS). Figure 2b demonstrates that the actual surface 
of 1Co300 contains metallic cobalt. Deconvolution of the Co 2p3/2 XPS 
spectrum shows that the surface of this sample contains comparable 
amounts of Co0 and Co2+. The presence of a mixture of Co0 and Co2+ 
was further confirmed by CO IR spectra recorded at low temperature 
(Fig. 2c and Supplementary Note 7).

To elucidate the nature of metallic Co sites, we analysed CO IR spec-
tra of 1% CoCZ after reduction at different temperatures (Fig. 2d), where 
an unusually narrow carbonyl band at 2,025–2,040 cm−1 was observed 
for 1Co275 and 1Co300. The sharpness of this feature in comparison with 
CO adsorbed on cobalt metal nanoparticles is a strong indication for 
the presence of very small and uniform metallic clusters or even single 
atoms of cobalt26–28. It is yet more likely that the catalyst contained small 
cobalt clusters, because of the presence of additional relatively narrow 
bands at ~1,940 and ~1,870 cm−1 related to multibonded carbonyls29. The 
observed IR features are in line with stretching vibrational frequencies 
computed by density functional theory (DFT) for small metallic Con 
clusters placed on the CoO(111) surface (Supplementary Note 8). The 
full-width at half-maximum (FWHM) of the linear carbonyl band in 
1Co300 (14 cm−1) is slightly higher than the value of 10 cm−1 for 1Co275 
(Fig. 2d). This difference could indicate an increasing size of metallic 
cobalt clusters after reduction at 300 °C. The CO IR spectrum for 1Co500 
demonstrates that this sample contains predominantly metallic cobalt 
particles, as also indicated by the XPS results. It is well established that 
the carbonyl band on extended metallic cobalt surfaces shifts to higher 
wavenumbers with increasing CO coverage, due to lateral interactions 
between the adsorbed CO molecules29. The 1% CoCZ catalyst reduced 
at lower temperatures exhibits a different IR response with respect to 

CO coverage (Fig. 2e). The blue shifts for 1Co275 and 1Co300, at 4 and 
12 cm−1, respectively, are much smaller than the >20 cm−1 shifts observed 
for the 1Co350 and 1Co500 catalysts. Such a difference further under-
pins the conclusion that 1Co275 and 1Co300 (Fig. 2f) contain very small 
metallic cobalt clusters, unlike 1Co350 and 1Co500 samples featuring 
predominantly metallic surfaces. Small metallic cobalt clusters cannot 
be obtained by mild reduction of CoCZ samples of larger cobalt particle 
size (Fig. 2g and Supplementary Note 7). The presence of Co metal clus-
ters on small CoO particles is probably the reason behind the unusual 
catalytic activity of these materials.

Origin of unconventional structure sensitivity
To unravel the underlying phenomenon of structure sensitivity in CO2 
hydrogenation, we compared the activation of CO2 and H2 reactants 
and CO as a reaction intermediate on the surface of CoCZ catalysts. 
CO2 can be activated at the interface of metal particles and a reducible 
support containing oxygen vacancies, leading to the formation of for-
mate species30. In a catalytic cycle, an oxygen vacancy in the reducible 
support would be healed during CO2 dissociation and later regener-
ated by H2. It can be expected that catalytic performance within the 
formate pathway increases with the number of interfacial sites and 
rate of oxygen vacancy regeneration30. Formate species are formed on 
the surface of all CoCZ samples following steady-state exposure to the 
reaction mixture (Fig. 3a), which is indicated by bands at 1,577, 1,365 
(ref. 31) and 2,845 cm−1 (refs. 32,33). The negative band at 2,115 cm−1 implies 
that the ceria support is partially reoxidized by CO2 (ref. 31). We further 
studied the redox dynamics in CoCZ catalysts by following the tran-
sient switches between the H2 and CO2/H2 mixture (Fig. 3b). The facile 
reduction–oxidation of the CZ support is confirmed by the reversible 
behaviour of surface hydroxyl species34 and subsurface oxygen vacan-
cies during these experiments. The observed transients are similar 
for all 1CoCZ and 10CoCZ catalysts and appear to be independent of 
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reduction temperature. Accordingly, we infer that the first step in CO2 
methanation—that is, CO2 activation—is not structure sensitive and 
does not depend on the extent of Co reduction.

Decomposition of formates can lead to the formation of carbonyl 
species35. Consecutively, adsorbed CO needs to dissociate to form 
methane. CO dissociation can be tracked by following the oxidation 
state of cobalt by means of near-edge extended X-ray absorption fine 
structure36 or synchrotron-based NAP-XPS. However, such experiments 
are not feasible due to the low signal-to-noise ratio for samples with 
low Co loading. Another approach to observation of CO dissociation 
on CoCZ catalysts is to determine the extent of oxygen spillover from 
cobalt to the CZ support14. Oxygen formed during CO dissociation 
on a metal or at metal–oxide interfaces can reoxidize Ce3+ via oxygen 
spillover14. To probe this process, we performed resonant photoemis-
sion spectroscopy (RPES) measurements, offering high sensitivity to 
changes in Ce3+ concentration at the very surface (Fig. 3c,d and Sup-
plementary Note 9). Exposure of 10Co300 and 10Co500 samples to 
CO at 50 °C led to the oxidation of both the CZ support and metallic 
Co nanoparticles (Fig. 3e). In contrast, exposure of the 1% CoCZ sample 

to CO did not result in Ce3+ oxidation. The absence of CO dissociation 
for small, fully reduced particles in 1Co500 is in line with the literature 
and follows conventional structure sensitivity36. The absence of oxygen 
spillover for the 1Co300 sample indicates the inability of this catalyst 
to dissociate CO at 50 °C.

Because CO dissociation over Co was demonstrated to be a 
hydrogen-assisted process36, it is strongly dependent on the ability of 
the catalyst to adsorb and dissociate hydrogen. To probe hydrogen 
activation over the studied cobalt catalysts, we investigated the hydro-
genation of propylene with parahydrogen (p-H2). Pairwise insertion 
of parahydrogen into unsaturated molecules such as propylene leads 
to parahydrogen‐induced polarization (PHIP), which can be observed 
as nuclear magnetic resonance (NMR) signal enhancement (SE) in the 
hydrogenated products37. SE can be expected for supported metallic 
nanoparticle catalysts when the mobility of hydrogen atoms on the 
metallic surface is hindered by, for instance, carbonaceous deposits or 
when specific low-dimensional ensembles act as an isolated active site 
for hydrogen activation. SE was also observed for single-atom active 
sites38 and for catalysts following the Eley–Rideal mechanism39,40.  
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Both 1CoCZ and 10CoCZ catalysts reduced at 500 °C showed high  
activity in propylene hydrogenation and an expectedly low SE for pro-
pane (Fig. 3h and Supplementary Note 10). Although CoCZ catalysts 
reduced at 300 °C were substantially less active in propylene hydrogena-
tion, these samples displayed a much higher SE than fully reduced CoCZ 
samples. The highest SE of 70 was observed for 1Co300 (Fig. 3f,h). We 
explain the PHIP effect observed for 1Co300 by heterolytic dissociation 
of hydrogen at the Co–CoO interface, although we cannot exclude that 
the Co–CZ and CoO–CZ interfaces can also play a role. This interpreta-
tion is supported by the strong irreversible adsorption of hydrogen  
(Supplementary Note 10) and the low H2–D2 exchange rate (Fig. 3g) 
observed for partially reduced CoCZ samples. Moreover, small, fully 
reduced cobalt particles (1Co500) showed a much higher reaction 
order with respect to H2 for CH4 formation than 1Co300, pointing to 
low hydrogen coverage on the 1Co500 catalyst. These findings evidence 
differences in hydrogen activation. We expect that these differences play 
a crucial role in the unusual structure sensitivity trends of low-loaded 
CoCZ with respect to reduction temperature. Efficient heterolytic hydro-
gen activation at the Co–CoO interface can have substantial influence not 
only on CO2 and CO activation, but also on the overall reaction mecha-
nism of CO2 hydrogenation.

Mechanistic differences in metallic and interfacial sites
Further insight into the mechanistic differences in CO2 hydrogena-
tion between CoCZ catalysts was obtained with IR spectroscopy by 
following the transient behaviour of formate and carbonyl species 
after isotope switching between 12CO2/H2 and 13CO2/H2 mixtures  
(Fig. 4a,b and Supplementary Note 11). A first glance at the quantifi-
cation of formate species for the 1Co300 sample (Fig. 4c) suggests 
that their total residence time is much longer than that of adsorbed 

CO. The formate transient can be deconvoluted in two contributions, 
namely a fast one assigned to formates adsorbed on interfacial sites31 
and a slow one due to formates on the support35,41 (Fig. 4b). The initial 
rate of disappearance of fast formates is higher than that of carbonyls 
(Fig. 4c, area marked orange), which indicates that the decomposi-
tion of formate towards CO is faster than the hydrogenation of CO to 
methane. It was previously reported that formate decomposition is the 
rate-determining step for CO formation35. To explore the influence of 
reduction temperature on the formation/decomposition of formates, 
we performed transient kinetic experiments with the 1CoCZ catalysts. 
Figure 4d shows the intensities of the formate IR signal during switches 
between H2 and the CO2 + H2 mixture. Formates were rapidly formed 
on the 1Co300 sample, which presents the highest CO2 hydrogena-
tion activity; the formation of formates on 1Co500 was much slower. 
Moreover, the large amount of accumulated formates under reaction 
conditions and slower hydrogenation of formates after a switch from 
CO2/H2 to H2 as compared with the other samples points to poor hydro-
genation activity of the 1Co500 sample. The high H2–D2 exchange activ-
ity, reversible H2 chemisorption and low SE during the hydrogenation 
of propylene with parahydrogen, in combination with these IR results, 
reflect the weak adsorption of hydrogen on small metallic particles. 
It can explain the low activity of 1Co500 towards the decomposition 
of formates and, henceforth, the low activity in CO2 hydrogenation  
(Fig. 4e). The dynamics of the formation and decomposition of formate 
species for 1Co275 were also slower than for 1Co300, despite strong H2 
adsorption on the former sample. Moreover, the amount of formate 
species formed in 1Co275 is lower than in 1Co300. We speculate that 
strong adsorption of hydrogen can impede CO2 and formate hydrogena-
tion, which is in line with the low reaction orders with respect to H2 in 
CO2 hydrogenation. We also note the very low intensity of the carbonyl 
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band on 1Co275 and 1Co300 catalysts (Fig. 4a and Supplementary  
Note 11) under reaction conditions, which is consistent with high H 
coverage. For the 10% CoCZ catalysts containing larger metallic nano-
particles, the transient behaviour with respect to the formation/decom-
position of formate species was similar to that of 1Co300. Moreover, a 
faster initial rate of formate decomposition as compared with metha-
nation of adsorbed CO was also observed. However, IR spectra clearly 
show much higher CO coverage for catalysts containing large cobalt 
nanoparticles as compared with 1%CoCZ (Supplementary Fig. 71 and 
Supplementary Note 11). The latter observation is in line with the lit-
erature, where weak adsorption of CO on small nanoparticles under 
reaction conditions is reported8. The mechanistic insight obtained 
by a combination of advanced in situ spectroscopy tools allowed 
us to explain the unique activity of 1Co300 as compared with other 
CoCZ catalysts and to control CH4 selectivity in CO2 hydrogenation  
(Supplementary Note 5).

Conclusions
Here we have demonstrated the possibility of overcoming classical 
structure sensitivity in CO2 hydrogenation on cobalt catalysts by engi-
neering metal–oxide interfaces. We used cobalt loading and reduc-
tion temperature as parameters governing the nature of metal–oxide 
interfaces in CoCZ catalysts. Following high-temperature reduction, 
catalysts show the size–activity dependence typical for CO2 hydro-
genation, namely high activity only for sufficiently large cobalt nano-
particles. This structure sensitivity limitation in terms of activity can 
be overcome by partial reduction of cobalt particles at lower tem-
perature, resulting in substantially higher intrinsic activity. Through 
the use of advanced spectroscopic tools, we have established that 
the active phase in a partially reduced 1Co300 catalyst consists of 
cobalt oxide covered with very small metallic clusters of a few cobalt 
atoms. The CO2 methanation reaction over these ensembles follows 
the formate-mediated pathway. The outstanding catalytic activity at 
the metal–oxide interface relates to the optimum adsorption/coverage 
of both reactants and intermediates, heterolytic activation of hydro-
gen and fast hydrogen and oxygen spillover. The outlined approach 
will be highly relevant to the design of more efficient catalysts for 
other structure-sensitive reactions. For large-scale processes such as  
Fischer–Tropsch synthesis, methanol synthesis and ammonia syn-
thesis, higher activity and selectivity could be obtained by the intro-
duction of appropriate metal–metal oxide active sites. Moreover, 
the role of hydrogen activation in many of these structure-sensitive 
hydrogenation reactions has not yet been fully recognized. For exam-
ple, the majority of studies on Fischer–Tropsch reaction are focused 
on C–O bond activation and chain growth reactions, while hydrogen 
adsorption and activation are usually not taken into account as critical 
steps in the reaction mechanism.

Methods
Chemicals
The following chemicals were obtained from Sigma-Aldrich: cobalt 
acetate tetrahydrate, ammonium hydroxide solution (25% NH3 in H2O) 
and CeZrO4, denoted as CZ (50:50 molar ratio) nanopowder.

Preparation of CoCZ by strong electrostatic adsorption
A series of CZ-based catalysts with different metal loadings were 
prepared using a wet impregnation method14. For this purpose, the 
desired amount of cobalt acetate was dissolved in 50 ml of deionized 
water. The suspension obtained by the addition of 2 g of nanocrys-
talline CZ was stirred for 2 h, followed by removal of water by evap-
oration. Catalysts were dried at 110 °C in air overnight and then 
calcined at 350 °C for 4 h. Before catalytic activity tests, catalysts 
were reduced at 225–500 °C in H2 for 4 h. Catalysts reduced at differ-
ent temperatures are denoted as xCoy, where x is Co loading and y  
reduction temperature.

Sol-gel synthesis of single-atom CoCZ
To obtain a solid solution of CoCZ (Co-doped CZ solid solution), a 
synthesis procedure reported by Yuan et al.42 was modified. In a typical 
synthesis, 0.8 g of Pluronic P123 (Sigma-Aldrich) and the desired ratio 
of Ce(NO3)3⋅6H2O (Sigma-Aldrich), ZrOCl2⋅8H2O (Sigma-Aldrich) and 
Co(NO3)2⋅6H2O (total amount of Co, Ce and Zr was 5 mmol) were added 
to 16 ml of ethanol. After stirring for at least 2 h at room temperature, 
the homogeneous sol was transferred to an oven at 40 °C. After 48 h 
of ageing, the gel product was dried at 100 °C for 24 h. Calcination 
was carried out in air by slowly increasing the temperature from room 
temperature to 500 °C at a rate of 1 °C min−1, followed by a dwell of 4 h 
at 500 °C.

Cobalt nanoparticles supported on SiO2

Small cobalt nanoparticles were synthesized using wetness impreg-
nation with a cobalt (tris)ethyleneamine precursor. Catalysts were 
dried at 110 °C in air overnight and then pyrolysed in a helium flow at 
350 °C for 4 h. Before catalytic activity tests, catalysts were reduced at 
300–500 °C in H2 for 4 h.

Characterization
The characterization methods used in this work are largely those 
described in our previous study of fully reduced cobalt in CoCZ 
catalysts14.

The crystalline structure of catalysts was determined by recording 
X-ray diffraction (XRD) patterns with a Bruker D2 Phaser diffractometer 
using Cu Kα-radiation. Particle size was estimated with the Scherrer 
equation. Reduced samples were transferred to the sample holder 
via a glovebox then placed in an XRD sample holder and covered with 
Kapton tape.

Metal content was determined using inductively coupled plasma 
optical emission spectrometry with a Spectro CIROS CCD spectrom-
eter. Before measurement, samples were dissolved in a 1.0:2.75 (by 
weight) mixture of (NH4)2SO4:(concentrated):H2SO4 (concentrated) 
and diluted with water.

Hydrogen temperature-programmed reduction (TPR) experi-
ments were performed with a Micromeritics Autochem II 2920 instru-
ment. Typically, 100 mg of catalyst was loaded in a tubular quartz 
reactor. The sample was reduced in 4 vol% H2 in N2 at a flow rate of 
50 ml min−1 while heating from room temperature to 600 °C at a rate 
of 10 °C min−1.

Transmission electron microscopy (TEM) images were acquired 
with a Tecnai 20 transmission electron microscope (FEI, now Thermo 
Fisher Scientific) equipped with a LaB6 filament and operated at an 
acceleration voltage of 200 kV. Calcined catalysts were prepared by 
dropping a suspension of finely ground material in analytical-grade 
absolute ethanol onto Quantifoil R 1.2/1.3 holey carbon films supported 
on a Cu grid (200 mesh). TEM images were recorded on a 4k × 4k CCD 
camera. Reduced catalysts were transferred to an Ar-filled glovebox 
and dispersed in dry n-hexane and a few droplets were placed on Cu 
TEM grids, which were then transported in a GATAN vacuum transfer 
holder (no. CHVT3007; Supplementary Fig. 1).

The morphology and nanoscale distribution of elements in 
samples were studied using STEM–energy-dispersive X-ray spectros-
copy (STEM–EDX). Measurements were carried out on a FEI cubed 
Cs-corrected Titan operating at 300 kV. Calcined samples were 
crushed, sonicated in ethanol and dispersed on a holey Cu support 
grid. Reduced catalysts were passivated before sample preparation. 
Elemental analysis was carried out with an Oxford Instruments EDX 
detector X-MaxN 100TLE.

Both ex and in situ STEM–EELS measurements and annular 
dark field STEM (ADF-STEM) imaging were carried out using an 
aberration-corrected Thermo Fisher Scientific Titan Cubed electron 
microscope, operating at 300 kV and equipped with an energy mono-
chromator. The monochromator was excited to a value of 1.2 to achieve 
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optimal energy resolution for EELS, giving a FWHM value of 120 meV 
when measured at zero-loss peak. A probe convergence semi-angle of 
16 mrad was used. The gas and heating cell holder (Climate G+, DENSso-
lutions) comprises two chips functionalized with electron-transparent 
SiNx windows, forming a ‘nanoreactor’ inside the TEM column43. The 
thickness of the window membrane was approximately 50 nm (bottom 
window) and 30 nm (top window). The temperature of the sample was 
accurately controlled via a four-point probe method. For in situ studies, 
the catalyst was reduced in the nanoreactor for 4 h in a flow consisting 
of 5 vol% H2 in He and at temperatures of 300 and 500 °C. To minimize 
the effect of the electron beam during EELS line scans on Co-containing 
nanoparticles, the electron dose was reduced by limiting the beam 
intensity. Measurements were performed at atmospheric pressure.

Carbon monoxide and H2 chemisorption measurements were car-
ried out using a Micromeritics ASAP 2010C instrument. Before each 
measurement, samples were dried in a vacuum at 110 °C then subse-
quently heated in flowing H2 at a rate of 10 °C min1 to the final reduction 
temperature of 275–500 °C. A reduction time of 4 h was used, after which 
samples were evacuated for 60 min at a temperature  20 °C higher than 
the reduction temperature. The CO and H2 adsorption isotherms were 
measured at 30 and 150 °C, respectively. CO:Co and H2:Co ratios at zero 
pressure were determined by extrapolation of the linear part of the first 
isotherm. Particle size estimations are based on the assumption of hemi-
spherical geometry, assuming CO:Cos and H:Cos adsorption stoichiom-
etry of 1.5 and 1.0, respectively (Cos refers to metallic Co surface sites).

X-ray photoelectron spectroscopy was performed on a Thermo 
Scientific K-alpha equipped with a monochromatic small-spot X-ray 
source and 180° double-focusing hemispherical analyser with a 
128-channel detector. For a typical sample preparation, fresh catalyst 
was pressed on carbon tape supported by an aluminium sample plate. 
Spectra were recorded using an Al Kα X-ray source (1,486.6 eV, 72 W) 
and a spot size of 400 µm. Survey scans were taken at a constant pass 
energy of 200, 0.5 eV step size and region scans at 50 eV constant pass 
energy with a step size of 0.1 eV. Binding energies of the Co 2p and Ce 3d 
regions were corrected to the U’’ component of the Ce 3d line with a 
characteristic position of 916.7 eV (refs. 44–46).

Quasi-in situ XPS
Reduction of CoCZ catalysts under mild conditions was studied by 
quasi-in situ XPS using a Kratos AXIS Ultra 600 spectrometer equipped 
with a monochromatic Al Kα X-ray source (Al Kα energy, 1,486.6 eV). 
Survey and detailed region scans were recorded at pass energy of 160 
and 40 eV, respectively, with a step size of 0.1 eV. Background pressure 
during measurements was <5 × 10−6 mbar. A high-temperature reaction 
cell (Kratos, WX-530) was used to pretreat the sample, which was sup-
ported on an alumina stub. This set-up allowed pretreatment in different 
gases and in vacuo sample transfer into the XPS measurement chamber. 
Reduction was performed in 10% H2 in Ar flow (50 ml min1) at atmospheric 
pressure and 300 °C for 4 h. After reduction the sample was cooled to 
150 °C and subsequently transferred to the measurement chamber. 
Energy calibration was performed using the Ce 3d peak at 916.7 eV of 
the CeZrO4 support, whose position is independent of reduction degree.

Synchrotron-based NAP-XPS
Measurements were carried out on a commercial SPECS PHOIBOS 150 
NAP energy analyser at the CIRCE beamline of the ALBA synchrotron 
light source. The CIRCE beamline is an undulator beamline with a pho-
ton energy range of 100–2,000 eV. XPS measurements at pressures up 
to ~20 mbar are possible owing to a differential pumping system, which 
separates the electron analyser from the reaction area. The beam spot 
size at the sample was 100 × 65 μm2. The angle between the sample 
normal and photon beam was 75° and that between the sample normal 
and analyser axes was 40°. The gas supply to the reaction chamber 
consisted of calibrated mass-flow controllers, providing a total flow of 
20 ml min−1. Reaction pressure was maintained using a primary pump 

directly connected to the analysis chamber and a manual valve. All gases 
used were of high purity (99.999%). Sample temperature was controlled 
using an IR laser (λ = 808 nm) focused on a stainless steel plate, on top 
of which the samples were mounted. The temperature was monitored 
during all experiments with a K-type thermocouple in direct contact 
with the samples. A standard residual gas analyser (QMS) located in the 
differential pumping stage of the analyser allowed monitoring of the 
activity of the catalyst treated in the reaction chamber during recording 
of XPS spectra. The total acquisition time of the survey spectrum, O 1s, 
C 1s, Ce 3d and Co 2p regions was around 60–70 min. A pass energy of 
10 eV was typically used for high-resolution spectra (20 eV for survey), 
with a step size of 0.1 eV and a dwell time of 0.5 s. The binding energies 
of the Co 2p and Ce 3d regions were corrected to the U’’ component 
of the Ce 3d line with a characteristic position of 916.7 eV (refs. 44–46). 
The position and shape of this peak is independent of atomic ratio of 
Ce3+ to Ce4+ (providing that Ce4+ can be detected), allowing reliable 
energy calibration of photoelectron spectra under different reaction 
conditions. All spectra are presented as recorded, meaning that no 
normalization or other manipulations were performed.

X-ray absorption near-edge structure spectroscopy
The oxidation state of the Co phase was studied during catalyst reduc-
tion using X-ray absorption near-edge structure spectroscopy. Meas-
urements were performed at the Co K-edge (7.7 keV) in transmission 
mode at beamline B18 of the Diamond Light Source. The energy was 
selected with a Si(111) monochromator. Energy calibration was per-
formed using a Co foil (E0 = 7.709 KeV). The photon flux of the incom-
ing and outgoing X-ray beam was determined using two ionization 
chambers. The obtained X-ray absorption spectra were background 
subtracted and normalized using Athena software. Linear combination 
fitting of operando data was performed using three independently 
recorded reference spectra, of Co foil, CoO and Co3O4 powders. In a 
typical experiment, around 15 mg of catalyst sample diluted with boron 
nitride was placed in a tubular quartz reactor as previously described47. 
Catalysts were reduced in this operando cell by heating at a rate of 
10 °C min−1 to 550 °C, followed by an isothermal dwell of 20 min in a 
flow of 10 vol% H2 in He at a total flow rate of 50 ml min1.

Fourier-transform IR spectroscopy
Infrared spectra were recorded on a Bruker Vertex 70 v Fourier- 
transform IR (FTIR) spectrometer equipped with a DTGS detector. The 
experiments were performed in situ using a home-built environmental 
transmission IR cell. Self-supporting pellets were made by pressing 
approximately 12 mg of sample in a disk of diameter 13 mm. Each spec-
trum was collected by averaging 64 scans at a resolution of 2 cm−1 in the 
range 4,000–1,000 cm−1. Samples were reduced in a 10% H2/He mixture 
at different temperatures in the range 275–500 °C for 4 h after heating 
at a rate of 10 °C min1. For all samples, background was subtracted and 
intensity normalized to the weight of the pellet.

CO adsorption at 50 °C
For CO adsorption experiments the samples were outgassed at a tem-
perature 20 °C higher than the reduction temperature before cooling in 
a vacuum to 50 °C. IR spectra were recorded as a function of CO partial 
pressure in the range 0–10 mbar.

CO adsorption at liquid nitrogen temperature
For CO adsorption experiments the samples were outgassed at a tem-
perature 20 °C higher than the reduction temperature before cooling in 
a vacuum to 50 °C. IR spectra were recorded as a function of CO partial 
pressure in the range 0–10 mbar.

Operando FTIR
For steady-state measurements following reduction, samples were 
cooled in a 10% H2/He mixture to reaction temperature before exposure 
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to a 2.5% CO2/10% H2/87.5% He mixture (total flow, 200 ml min1). For 
transient experiments after reduction, samples were exposed to gas 
mixtures H2/He, 12CO2/He, 12CO2/H2/He and 13CO2/H2/He while record-
ing IR spectra every 0.8 or 15 s. For all samples, the background was 
subtracted and intensity normalized to the weight of the pellet.

Propylene hydrogenation with parahydrogen
The reaction was carried out in a stainless steel reactor (outside diam-
eter 1/4'') in which 50 mg of CoCZ catalyst (sieve fraction 125–250 µm) 
was placed between two pieces of fibreglass tissue (Supplementary  
Fig. 2). The reactor was heated with a tube furnace. Before reaction 
experiments, catalysts were reduced at 300 or 500 °C in a flow of 5 vol% 
H2 in Ar for 4 h (30 ml min1). The reaction feed for propylene hydro-
genation consisted of propylene and hydrogen in a 1:4 ratio. Hydrogen 
was enriched in parahydrogen up to 85% using a Bruker Parahydrogen 
Generator BPHG-90. The gas flow rate was controlled using an Aalborg 
rotameter and was frequently interrupted to acquire stopped-flow 
spectra for conversion calculation. The reactor effluent was led through 
a NMR tube placed inside the NMR spectrometer. Samples were charac-
terized under the condition adiabatic longitudinal transport after dis-
sociation engenders net alignment48, where the reaction is conducted 
in the Earth’s magnetic field and reaction products are subsequently 
transferred to the NMR spectrometer for detection. 1H NMR spectra 
were acquired on a 300 MHz Bruker AV 300 NMR spectrometer using 
a π/2 rf pulse. All experiments were performed at atmospheric pres-
sure. The NMR signal enhancement factor (SE) is calculated as the 
ratio between the integral of the signal of hyperpolarized propylene 
and that of the corresponding signal of thermally polarized propylene.

H2–D2 exchange
Experiments were performed to evaluate the ability of the catalyst 
to active hydrogen. We compared the performance of 1% and 10% 
CoCZ with a bare CZ support. After reduction, samples were cooled to 
200 °C and exposed to a mixture of H2/D2/Ar (1:1:48, 50 ml min1). The 
signals of hydrogen (m/z = 2), deuterium (m/z = 4) and HD (m/z = 3) were 
monitored online using mass spectrometry. The turnover frequency 
(TOF) of HD formation was determined by normalization of the rate to 
the amount of metallic cobalt sites obtained from CO chemisorption.

CO2 hydrogenation
Measurements were performed in a ten-tube parallel microflow reactor. 
Samples were pressed, sieved and crushed and the fraction between 
125 and 250 µm was used. Each quartz reactor was filled with 50 mg 
of sample diluted with 200 mg of SiC of the same sieve fraction. The 
obtained mixture was enclosed between two quartz wool plugs. The 
reaction was performed at atmospheric pressure. Before reaction, 
catalysts were reduced in situ in a flow consisting of 10 vol% H2 in He 
(total flow rate of 50 ml min−1 per reactor tube) whilst heating from 
room temperature to 500 °C at a rate of 10 °C min1, followed by an 
isothermal dwell of 4 h. After cooling to reaction temperature in the 
same flow, the pretreatment gas was replaced by a feed consisting 
of 5 vol% CO2 and 20 vol% H2 in He (total flow rate of 50 ml min1). The 
temperature was increased in steps of 25 °C at a rate of 5 °C min1. When 
the target temperature was reached, a period of 20 min was allowed 
for stabilization after which the effluent gas was analysed by online 
gas chromatography with an Interscience Compact GC equipped with 
Plot (TCD) and Molsieve (TCD) columns.

DFT calculations
Spin-polarized DFT calculations were performed with the Vienna Ab Ini-
tio Simulation Package49,50. The projector-augmented wave method 
was used to describe electron–ion interactions51. To account for the 
effect of the exchange–correlation and onsite Coulomb interaction, 
the Perdew–Burke–Ernzerhof functional52 with Hubbard + U correction 
was used. Here, U = 4.1 eV for Co was chosen based on previous studies53. 

The cut-off energy for the plane-wave basis set was 400 eV. Geometry 
optimizations were assumed converged when Hellmann–Feynman 
forces acting on atoms were <0.05 eV Å1. For the cobalt oxide support 
we constructed a CoO(111) slab model with 4 × 4 unit cell and six atomic 
layers. The top three layers were relaxed while the bottom three were 
frozen to the configuration of the bulk. To mimic a large cobalt nano-
particle on the support, the stable Co(111) surface with a 3 × 3 unit cell 
and four atomic layers was constructed. The top two layers were relaxed 
while the bottom two were frozen. To study the catalytic properties of 
cobalt oxide-supported single-atom or cobalt clusters, we considered 
as structural models a single-Co atom (Co1) and Co clusters with four 
(Co4), six (Co6) and eight (Co8) Co atoms supported on CoO(111). A 
vacuum thickness of 15 Å was used, to avoid spurious interactions of 
adsorbates between neighbouring supercells. For Brillouin zone inte-
gration, a 3 × 3 × 1 Monkhorst–Pack k-point was adopted for the above 
unit cells. Vibrational stretching frequencies of adsorbed CO were 
computed using mass-weighted normal mode analysis under harmonic 
approximation. The forces obtained from VASP calculations were used 
to construct the relevant Hessian matrix. Vibrational frequencies were 
extracted from these matrices as eigenvalues.

Data availability
All data are available from the corresponding author upon reasonable 
request. Coordinates of optimized structures used for DFT modelling 
are contained in Supplementary Data 1.
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