
1 
 

Selective high-temperature CO2 electrolysis enabled by oxidized carbon 1 

intermediates 2 

 3 

Theis L. Skafte1,2,3,6, Zixuan Guan4, Michael L. Machala2, Chirranjeevi B. Gopal2, Matteo Monti2, 4 

Lev Martinez1, Eugen Stamate1, Simone Sanna1, Jose A. Garrido Torres3, Ethan J. Crumlin5, Max 5 

García-Melchor7, Michal Bajdich3 *, William C. Chueh2,8 * and Christopher Graves1,2,3 * 6 

 7 

1Department of Energy Conversion and Storage, Technical University of Denmark, Risø campus, 8 

Frederiksborgvej 399, 4000 Roskilde, Denmark. 9 

2Department of Materials Science and Engineering, Stanford University, 496 Lomita Mall, 10 

Stanford, CA 94305, USA. 11 

3SUNCAT Center for Interface Science and Catalysis, SLAC National Accelerator Laboratory, 12 

2575 Sand Hill Road, Menlo Park, CA 94025, USA. 13 

4Department of Applied Physics, Stanford University, 348 Via Pueblo Mall, Stanford, CA 94305, 14 

USA. 15 

5Advanced Light Source, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 16 

94720, USA. 17 

6Haldor Topsoe A/S, Haldor Topsøes Allé 1, 2800 Kgs. Lyngby, Denmark. 18 

7School of Chemistry, CRANN and AMBER Research Centres, Trinity College, College Green, 19 

Dublin 2, Ireland. 20 

8Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, 21 

2575 Sand Hill Road, Menlo Park, CA 94025, USA. 22 

*Correspondence to: cgra@dtu.dk, wchueh@stanford.edu, and bajdich@slac.stanford.edu 23 

mailto:cgra@dtu.dk
mailto:wchueh@stanford.edu
mailto:bajdich@slac.stanford.edu


2 
 

 24 

Abstract: High-temperature CO2 electrolyzers offer exceptionally efficient storage of renewable 25 

electricity in the form of CO and other chemical fuels, but conventional electrodes catalyze 26 

destructive carbon deposition. Ceria catalysts are known carbon inhibitors for fuel cell (oxidation) 27 

reactions, however for the more severe electrolysis (reduction) conditions, catalyst design strategies 28 

remain unclear. Here we establish the inhibition mechanism on ceria and show selective CO2 to CO 29 

conversion well beyond the thermodynamic carbon deposition threshold. Operando X-ray 30 

photoelectron spectroscopy during CO2 electrolysis – using thin-film model electrodes consisting of 31 

samarium-doped ceria, nickel, and/or yttria-stabilized zirconia – together with density functional 32 

theory modeling reveal the crucial role of oxidized carbon intermediates in preventing carbon 33 

buildup. Using these insights, we demonstrate stable electrochemical CO2 reduction with a scaled-34 

up 16 cm2 ceria-based solid oxide cell under conditions that rapidly destroy a nickel-based cell, 35 

leading to substantially improved device lifetime. 36 

 37 

Main Text: CO2 utilization is expected to play a key role in achieving a carbon-neutral sustainable 38 

energy economy. Electrochemical CO2 reduction, in particular, is a promising way to store 39 

intermittent electricity derived from solar and wind in the form of chemicals, such as synthetic 40 

hydrocarbons compatible with the existing energy infrastructure, and is therefore an essential 41 

technology in decarbonization strategies 1–4. Currently, the most efficient CO2 electrolysis 42 

technology is the elevated-temperature solid oxide electrochemical cell (SOC), which utilizes O2- as 43 

the mobile ion. SOCs produce CO and O2 at the thermoneutral voltage of ~1.46 V with current 44 

densities exceeding 1 A/cm2 – similar to steam electrolysis, which can be carried out 45 

simultaneously in the same cell to produce syngas or methane 1,2,5,6. The same SOC can be operated 46 

in reverse as a fuel cell to re-oxidize the fuel products, thereby enabling operation as a flow battery 47 

6,7. Another important application is O2 (and CO) production from the CO2-rich atmosphere of Mars 48 

for rocket propulsion and life support, which will be demonstrated on the NASA Mars 2020 rover 8. 49 
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A key challenge for CO2 electrolysis in SOCs is the competition between CO generation 50 

(2CO2(g) → 2CO(g) + O2(g)) and C deposition (CO2(g) → C + O2(g)) 8–10. In technologically-51 

relevant SOCs, Ni is the most commonly employed electrocatalyst in the fuel electrode (typically as 52 

a porous composite with yttria-stabilized zirconia, YSZ). Unfortunately, Ni is also an excellent 53 

catalyst for destructive carbon formation 11 during electrolysis, which eventually fractures the 54 

porous electrode 9,10,12. The global thermodynamics of carbon formation are understood in terms of 55 

CO disproportionation, also known as the Boudouard reaction (2CO(g) ⇌ C + CO2(g)), which is 56 

obtained by subtracting the two aforementioned reactions 8,9,13, see Supplementary Information. 57 

Boudouard deposition is also a concern in fuel cell mode, albeit with much less severity than in 58 

electrolysis due to the oxidizing environment 14,15. Advanced carbon-tolerant fuel cell electrodes 59 

almost universally include CeO2-δ (ceria, substituted with trivalent cations such as Sm and Gd), or 60 

other oxygen-storing oxides, as an active component 16–22. It was recently proposed that carbon 61 

tolerance on ceria in fuel cells could also extend to electrolysis cells 10. 62 

Rational design rules for these carbon-resistant electrode materials have been largely 63 

inferred from studies on carbon deposition during steam reforming in heterogeneous catalysis 64 

15,23,24. For example, density functional theory (DFT) calculations showed that adsorbed oxidized 65 

carbon species provide an inhibiting effect on the deposition of carbon on terraces and steps in 66 

heterogeneous catalysts 25,26, and it was suggested that increasing their formation rate will increase 67 

the carbon tolerance 15. Participation of carbonate species in hydrocarbon oxidation in solid-oxide 68 

fuel cells was investigated using Raman spectroscopy, suggesting that carbonate oxidizes deposited 69 

carbon into adsorbed carbon groups 19. Nevertheless, CO2 electrolysis in SOCs is fundamentally 70 

distinct from these processes. For example, under high conversion conditions, CO2(g) and CO(g) 71 

are present in significant concentrations, which directly affects the coverage of reaction 72 

intermediates on the electrode surface. Moreover, the surface oxygen activity is controlled by the 73 

electrode overpotential, again influencing the rates of CO(g) and C generation. Neither is the case in 74 

heterogeneous catalysis. For ceria-based electrodes, their observed carbon tolerance during CO2 75 
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electrolysis is loosely attributed to the enhanced oxygen-storage capacity 10. Recent work showed 76 

that surface oxygen vacancies are saturated with carbonates during CO2 electrolysis 27, which 77 

participates in the reduction of CO2(g) to CO(g) on ceria 27–29. However, the connection to carbon 78 

deposition, and more importantly, strategies to inhibiting it, remains elusive.  79 

In this work, combining dense thin-film electrodes, operando ambient-pressure X-ray 80 

photoelectron spectroscopy (APXPS) and DFT calculations, we show that surface oxygen vacancies 81 

on ceria control the relative stability of carbonate (CO2* on O, hereafter denoted as CO2*O, where 82 

the subscript indicates the bonding site), carboxylate (CO*O) and adsorbed carbon monoxide (C*O) 83 

reaction intermediates during CO2 electrolysis, and therefore the onset overpotential for carbon 84 

deposition. Specifically, on the oxygen-vacancy-rich ceria surface, both experiments and 85 

computations show that carbon atoms are energetically trapped as oxidized carbon species relative 86 

to solid carbon (but not excessively trapped relative to CO(g)), thus delaying carbon formation. We 87 

propose that abundant carbonates on ceria, which are absent on Ni-YSZ, could also react and 88 

remove transiently deposited carbon to produce CO*O in a surface reverse-Boudouard reaction. 89 

Thus, two general design rules emerge: 1) To kinetically prevent carbon deposition during CO2 90 

electrolysis, carbon atoms need to be energetically trapped as oxidized carbon intermediates such 91 

that CO2(g) and CO(g) are not easily reduced to carbon. 2) Having a high carbonate coverage 92 

facilitates the reverse Boudouard reaction. Finally, we use these insights to engineer and 93 

demonstrate a scaled-up 16 cm2 SOC with a porous ceria electrode, achieving stable and selective 94 

CO2 electrolysis beyond the thermodynamic carbon deposition threshold. 95 

 96 

Operando X-ray photoelectron spectroscopy 97 

To elucidate the carbon deposition mechanism on Ni and the carbon tolerance of ceria-based 98 

electrodes, operando APXPS 27,28,30,31 was carried out on three types of thin-film electrodes at 99 

550 °C, schematically shown in Fig. 1: YSZ(100) single crystals with A) dispersed Ni nanoparticles 100 



5 
 

and a microfabricated Ni patterned current collector (“Ni-YSZ”), B) a samarium-doped ceria thin-101 

film electrode grown by pulsed-laser deposition (PLD) with dispersed Ni nanoparticles and a buried 102 

patterned current collector (“Ni-SDC”), and C) a Ni-free samarium-doped ceria thin-film electrode, 103 

also prepared by PLD and with a buried current collector (“SDC”) 32. These model electrodes 104 

represent the most common material sets employed in SOCs 7–10,14–17,22,33. The counter electrode 105 

was nanoporous ceria/Pt for all samples. The gas atmosphere during APXPS measurements was 106 

chosen to avoid thermochemical Boudouard carbon deposition at open-circuit: 1:1 CO(g):CO2(g) 107 

atmosphere with a total pressure of 480-500 mTorr for the Ni-SDC and Ni-YSZ electrodes, and 150 108 

mTorr for the SDC electrode. At this temperature and pressure, the carbon deposition threshold is 109 

~98% ±1% CO(g) balanced by CO2(g) (uncertainty due to pressure range), much higher than the 110 

50% CO(g) supply. Therefore, carbon deposition, if any, must be driven electrochemically by 111 

applying cathodic overpotential on the working electrode beyond the global thermodynamic 112 

threshold for carbon deposition, which corresponds to –120 ±72 mV overpotential (see 113 

Supplementary Information and Supplementary Fig. 1).  114 

By gradually changing the overpotential from anodic to cathodic, we quantify the onset 115 

potential of carbon deposition for each electrode with APXPS, which is sensitive to the sub-116 

monolayer of deposited carbon, and investigate the evolution of C- and O-containing species. As 117 

shown in Fig. 1g-i, carbon growth is indicated by the photoemission peak at ~285 eV. Quantified 118 

peak area as a function of overpotential is shown in Fig. 1j-l. For the Ni-YSZ electrode, 119 

adventitious carbon was present before biasing, as we did not flow oxygen prior to the experiment 120 

due to susceptibility of Ni to oxidation. Neither the carbon peak nor the lattice oxygen feature in O 121 

1s photoemission peak (~530.5 eV at open-circuit for Ni-YSZ) changed significantly between +200 122 

mV (anodic) to –100 mV (cathodic), just below the carbon deposition threshold. Upon reaching –123 

150 mV overpotential, the intensity of the carbon peak grew considerably and continued to do so at 124 

larger overpotentials. This onset overpotential is close to the global thermodynamic threshold for 125 

carbon deposition, –120 ±72 mV. A concomitant decrease in the YSZ lattice oxygen peak from O 126 



6 
 

1s at –150 mV (Supplementary Fig. 2) further confirms carbon deposition, which covers the oxide 127 

surface. Based on these observations, we postulate that only adventitious carbon is present on the 128 

sample between +200 mV (anodic) to –100 mV (cathodic), while at –150 mV additional carbon is 129 

deposited on account of the overpotential. The ceria-containing electrodes required a significantly 130 

higher overpotential to observe the onset of carbon formation. For Ni-SDC, the threshold was 131 

between –250 mV and –300 mV; for SDC in the absence of Ni, even higher overpotential is 132 

required – between –300 mV and –600 mV, consistent with a previous observation that carbon can 133 

form on ceria with sufficiently high overpotential 34. Notably, for all three electrodes, carbon can be 134 

partially removed by applying anodic overpotentials (Fig. 1g-i and Supplementary Fig. 3). 135 

 136 
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  137 

Fig. 1. Model electrodes employed and measurements of carbon formation/oxidation as the 138 

overpotential is varied. a-c, Illustrations of the Ni-YSZ, Ni-SDC, and SDC electrodes, with a 139 

buried Pt pattern for the SDC-containing electrodes. d-f, Planar SEM images of the surfaces and 140 

interfaces after testing. The Ni-YSZ electrode had <40 nm Ni particles next to the pattern. g-i, XPS 141 

spectra of C 1s with an inelastic mean free path of 0.6 nm showing the dependence of the carbon 142 

peak at ~285 eV on the applied overpotential (vs. CO(g)/CO2(g)/O2-, see Supplementary 143 

Information). The arrows indicate the chronological order of measurements.  The binding energy of 144 

each spectrum at OCV are calibrated with the Au 4f7/2 peak (84.0 eV) from an Au foil Fermi 145 

coupled with the photoelectron analyzer. The gas phase peaks for CO and CO2 have here been fitted 146 

and removed (Supplementary Fig. 4), and all spectra have been normalized to the maximum carbon 147 

intensity. j-l, Integrated areas of the XPS C-C (~285 eV) peaks. Lines are only meant to guide the 148 

eye. Fitting error (standard deviation) is indicated by error bars. Adventitious carbon present on the 149 

Ni-YSZ sample has been fitted and removed from j. The thermodynamic threshold for carbon 150 
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formation is shown by the cyan bars, accounting for experimental uncertainties and differences. The 151 

dotted lines indicate the DFT calculated onset overpotentials (see also Fig. 4). 152 

 153 

As can be seen in the photoelectron spectra (Fig. 2a and also Fig. 1g-i), not only does the 154 

onset of carbon deposition vary dramatically between the three electrodes, but also the surface 155 

carbon chemistry. Across the electrode configurations and overpotentials examined, the C 1s 156 

spectra consist of asymmetric and/or multiple peaks, suggesting that a range of carbon-containing 157 

species form during electrolysis. See Supplemental Information for fitting procedures. For Ni-YSZ, 158 

the binding energy (BE) shows mixed sp2 and sp3 type carbon (Fig. 2a, 284.3 and 284.7 eV, 159 

respectively 35–37). The presence of sp2 carbon, in particular, suggests the growth of graphitic carbon 160 

or carbon nanotubes, which indeed was observed by post mortem scanning electron microscopy 161 

(SEM) (Fig. 2b). On the other hand, for Ni-SDC and SDC electrodes, the summit BE is found close 162 

to 284.7 eV and peak fitting indicates that Ni-SDC (and SDC) electrodes deposit mostly sp3 carbon, 163 

i.e., amorphous or diamond-like carbon 38. No carbon with discernable microstructure was detected 164 

with post mortem SEM, consistent with carbon being deposited as a thin, amorphous layer. We note 165 

that because these carbon species are electronically (Fermi) coupled to the photoelectron analyzer, 166 

their BEs do not change with overpotential (as confirmed in Supplementary Fig. 5), enabling a 167 

direct comparison to literature values. We also note that the quantification results are somewhat 168 

sensitive to the full-width half-maximum constraints applied. For completeness, we also 169 

investigated Ni carbide species through Ni 2p XPS for Ni-YSZ. The Ni 2p3/2 spectrum 170 

(Supplementary Fig. 6) resembles that of a pure metal 39. Thus, we conclude that there are no 171 

carbides, at least near the Ni surface. 172 

 173 
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 174 

Fig. 2. Surface carbon species observed with APXPS and SEM. a, Fitting of XPS peaks for all 175 

three electrodes at the electrode overpotential (rounded by 10 mV) where carbon was first 176 

deposited. The gas phase peaks for CO and CO2 have been fitted and removed (Supplementary Fig. 177 

4), the background has been subtracted, and carbon peak intensity has been normalized. b, Planar 178 

SEM of carbon nanotube growth on dispersed Ni nanoparticles next to the Ni pattern (Ni-YSZ 179 

electrode). Scale bar is 500 nm. 180 

 181 

The most pronounced spectroscopic difference between Ni-YSZ and the ceria-containing electrodes 182 

is the presence of significant C 1s photoelectron intensities at BEs above that of the sp2 and sp3 183 

carbon during CO2 electrolysis, which correspond to various oxidized carbon species (Fig. 2a). The 184 
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fact that Ni-YSZ deposits carbon much more readily than Ni-SDC and SDC points to the 185 

importance of these oxidized carbon species. Specifically, on Ni-SDC and SDC electrodes, we 186 

observe significant amounts of carbonate (CO2*O) at all overpotentials (BE ~290.5 eV 27,31,40,41) and 187 

various other oxygenated carbon species (CO*) such as C-O, C=O, and/or carboxylate (BE between 188 

~ 286 and 290 eV, between the carbonate and carbon peaks 37,40–43). As these peaks were not 189 

observed for Ni-YSZ and are qualitatively similar between Ni-SDC and SDC, we attribute them to 190 

species on ceria. It is noted that the BE shift of the CO2*O peak with applied overpotential (Fig. 1h-i 191 

and Supplementary  Fig. 5) is likely due to CO2*O not being Fermi coupled with the photoelectron 192 

analyzer 31, although a difference in adsorbate charge cannot be excluded. 193 

Fig. 3 illustrates the evolution of these oxidized carbon species as a function of 194 

overpotential. For the ceria electrodes, carbonate adsorbate is present in high concentrations at all 195 

studied conditions. With increasing cathodic (reductive) overpotential prior to the onset of carbon 196 

deposition, the carbonate coverage grew, consistent with lattice oxygen near an oxygen vacancy 197 

being the adsorption site 27. At the onset of carbon deposition, the carbonate coverage decreased 198 

significantly, likely corresponding to the coverage of the ceria surface with carbon and blockage of 199 

carbonate adsorption sites. 200 

Next, we turn to other oxidized carbon species. These are generally less oxidized than 201 

carbonates, which we collectively refer to as CO*, as quantitative peak assignment is challenging. 202 

Before the onset of carbon deposition, their coverage is significantly lower than that of carbonates, 203 

approaching the detection limit. Interestingly, at the onset of carbon deposition, the signal for CO* 204 

increased concomitantly with carbon while the carbonate concentration decreased. We briefly 205 

speculate on the mechanism. Upon the formation of CO* adsorbate (carboxylate), two pathways are 206 

possible: (1) chemical desorption as CO(g) and (2) further electrochemical deoxygenation to C. 207 

These can occur in parallel. Before the onset of carbon deposition at around –300 mV, the first 208 

pathway prevails. Between –250 and –300 mV, the current density increases by 44%, which is 209 

accompanied by a significant increase in both carboxylate and carbon coverage. Given the large 210 
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jump in C and CO* coverage over a small voltage window and the lack of large change in current 211 

density, we associate the coverage change with electrochemical pathway (2) rather than chemical 212 

pathway (1). We first consider the possibility that the increase in CO* could be associated with the 213 

driving force needed to deposit C (i.e., buildup of reactant). This is possible if carbon deposition 214 

was the only reaction. An alternative explanation is that the buildup of CO* is due to the 215 

decomposition of C via the surface reverse Boudouard reaction, 2CO2*O + C-C + 2SO → 4CO*O,  216 

with SO denoting an adsorbate-free oxygen site. If such a reaction proceeds quickly enough, it could 217 

establish a higher CO* coverage concomitant with increase in C coverage. This reaction occurs 218 

over the ceria surface for SDC, and additionally across the ceria/Ni/gas triple-phase boundary for 219 

Ni-SDC. The rate of this reaction is likely enhanced by the high carbonate coverage, which is a 220 

reactant. We note other pathways are also possible. 221 

 222 

Fig. 3. Evolution of surface carbon species as overpotential is varied. a, c and e, Evolution of 223 

the normalized integrated areas of carbon, CO2*O and CO* from APXPS peaks with time for each 224 

electrode as the applied iR corrected overpotentials are varied, b, d and f. The integrated areas are 225 

averages of several measurements and were normalized to the CO2(g) peak, which was normalized 226 
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to the absolute pressure. a-b, Ni-YSZ, c-d, Ni-SDC, and e-f, SDC. Lines are only meant to guide 227 

the eye. In d, voltage data was not recorded from ~11 to 12 h. 228 

 229 

Density functional theory modeling 230 

In order to shed light on the different behavior of the three electrodes, we modelled a series 231 

of (non)-stoichiometric ceria and Ni surfaces, and investigated the thermodynamics of various 232 

reaction intermediates by DFT. To use the same notation for Ni and ceria, we will now simplify the 233 

notation and omit the adsorption site as earlier indicated as subscript for CO2*. We consider the 234 

adsorption of CO2(g) and stepwise electrochemical deoxygenation, with each step being a two-235 

electron process: CO2(g) → CO2* → CO* + (O2–
YSZ – 2e-

CC) → C* + 2(O2–
YSZ – 2e–

CC), where O2– 236 

and e– indicates the oxygen ions and electrons that migrate through the YSZ solid electrolyte and 237 

current collector (CC), respectively (Fig. 4). The overpotential is simulated via the Nernstian 238 

chemical potential of oxygen, ΔμO = ΔμO2–
YSZ – 2Δμe–

CC, where Δ indicates the difference with 239 

respect to open-circuit. The pathway starting with CO(g) is also implicitly calculated, but its 240 

chemical potential is fixed to CO2(g) via ΔμO at zero energy. In the case of Ni, we do not explicitly 241 

simulate the three-phase boundary but rather include the electrochemical driving force via ΔμO. 242 

For ceria, we simulated bulk-truncated (111) stoichiometric CeO2 and surface-only oxygen-243 

deficient CeO1.875 and CeO1.75, as well as (100) and (110) surface-only oxygen-deficient CeO1.875. 244 

Furthermore, we modelled a surface-only Sm-doped and oxygen-deficient Sm0.25Ce0.75O1.875 (100), 245 

which is similar to the electrode characterized in the APXPS experiments (Fig. 4d). Given the YSZ 246 

substrate has a (100) termination, this is likely the termination of the SDC surface in our 247 

experiments, although we also considered (111) and (110) surfaces as these may coexist in the 248 

experiments. For oxygen-deficient ceria, which is experimentally relevant in the reducing 249 

atmosphere 27, DFT+U calculations reveal that (100) and (110) surfaces provide good anchoring 250 

sites for CO2* adsorbates on oxygen, resulting in the formation of carbonate (CO2*O) 44 with close 251 

to –2e charge (Supplementary Fig. 7). The CO2 adsorption Gibbs energy is the lowest for the (100) 252 



13 
 

surface (–0.9 eV at 550 °C), which is consistent with the high coverage measured spectroscopically. 253 

CO* species, on the other hand, adsorb on oxygen and are less sensitive to the surface termination. 254 

For both CO2* and CO*, a ceria lattice oxygen is significantly displaced and participates in forming 255 

bridge-like carbonate and carboxylate adsorbates 45. For Sm0.25Ce0.75O1.875/CeO1.875(100) and (110), 256 

O-vacancy also acts as the anchoring site for oxygen in CO2* and CO* (Supplementary Fig. 7). 257 

Finally, C* also adsorbs on the oxygen site forming typical CO-like species, while C* on the Ce site 258 

is considerably less stable by more than 4 eV. Fully oxidized CeO2 are much less effective in 259 

stabilizing the carbonate, highlighting the importance of surface oxygen vacancies and/or Ce 4f 260 

localized electrons 27,41. All species are stabilized by nearly identical amounts on the Sm-doped 261 

ceria SmxCe1-xO2-δ (100) surface, with Gibbs energies within 0.1 eV of CeO2-δ (100) (see 262 

Supplementary Table 4 and Supplementary Fig. 14). Considering additional variations – higher 263 

oxygen vacancy concentration, including the Ni(111) surface, or varying the CO2(g)/CO(g) 264 

pressures – does not affect the conclusions drawn from the Gibbs energy calculations (Figs. S11-265 

S14). 266 

For Ni, we simulated the bulk-truncated (111) and (211) surfaces. We find that while CO2(g) 267 

adsorbs on the stepped Ni(211) surface in a weakly bonded bent mode (Fig. 4c), the adsorption 268 

Gibbs energy is highly unfavorable (∆G = 2.0 eV). In addition, Ni(211) has a higher affinity for 269 

carbon adsorption than Ni(111) (Figs. S11-S14) 46. Because C* binds on Ni, it is significantly more 270 

stable than on ceria (on which it binds on O) by 1.0 to 2.0 eV (Fig. 4c).  271 

Using the calculated adsorption Gibbs free energies, we determined the surface-specific 272 

thermodynamic overpotentials required for the electroreduction reactions from CO2(g) and CO(g) to 273 

C to be downhill in energy (see Supplementary Information). For SmxCe1-xO2-δ (100) and CeO2-δ 274 

(100), this theoretical overpotential η is –530 and –610 mV, respectively, for the reduction of 275 

CO2(g) to C and –504 and –460 mV, respectively, for the reduction of CO(g) to C. Both are 276 

significantly greater than the global thermodynamic overpotential for carbon deposition of –120 277 

±72 mV, which is in good agreement with our experimental observations. We also find that η 278 
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varies somewhat as a function of the surface termination from –530 mV to –630 mV for the 279 

reduction of CO2(g) to C on oxygen deficient (111) and (110), respectively (Supplementary Table 280 

3). Nonetheless, the theoretical values are in good agreement with the experimental potentials 281 

between –300 mV and –600 mV obtained via spectroscopic measurements (Fig. 1l). In contrast to 282 

ceria, for Ni(211), theoretical calculations predict a η value of –110 mV for CO2(g) or CO(g) 283 

reduction to C. We note that, because the CO2* adsorption Gibbs energy is very high on Ni, carbon 284 

deposition likely proceeds from CO(g). 285 
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 286 

Fig. 4. Proposed reaction mechanism and calculated energetics for carbon formation on nickel 287 

and ceria surfaces. a-b, Reaction pathways for Ni-YSZ and SDC. c-d, Calculated free energy 288 

diagrams for Ni, SmxCe1-xO2-δ (100) and CeO2-δ relative to the initial surfaces with gas-phase CO2 289 

and CO and oxidized carbon adsorbates under experimental conditions at overpotentials –110 mV 290 

and –530 mV. Structural evolution of the adsorbates on SmxCe1-xO2-δ (100) and Ni(211) surfaces is 291 

also shown, where the flat-laying carbonate species and bent CO2 are stabilized via favorable 292 

oxygen bonding at the vacancy site. The yellow “O” labels on oxygen atoms indicate oxygen from 293 
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the ceria surface. Computational details and plots at other overpotential values are included in the 294 

Supplementary Information (Supplementary Fig. 8-9). 295 

 296 

With these experimental and computational results at hand, the mechanism for ceria’s 297 

carbon tolerance emerges. While the global reactions (CO2(g) → C + 2(O2–
YSZ – 2e–

CC) and CO(g) 298 

→ C + (O2–
YSZ – 2e–

CC)) are downhill at overpotentials of –73 mV and –146 mV (see 299 

Supplementary Information and Supplementary Fig. 1), significant thermodynamic energy 300 

differences between CO2*, CO* and C* at those potentials suppress the reaction. As shown in Fig. 301 

4d for SmxCe1-xO2- (100) (blue trace), at –110 mV overpotential (near the global thermodynamic 302 

carbon deposition threshold), CO2*O (carbonate) is by far the most stable, followed by CO*O (~0.1 303 

eV) and finally by C*O (~1.0 eV above graphite). Importantly, because the energy barriers are 304 

positive for the progressive reduction of the carbonate adsorbate, and CO*O has a negligible 305 

adsorption energy with respect to CO(g), selective CO2(g) reduction to CO(g) is expected. On the 306 

other hand, in Fig. 4c, Ni(211) (green trace) exhibits precisely the opposite, with C* being the most 307 

stable. APXPS shows identical trends in terms of adsorbate coverage for ceria. Here, the carbonate 308 

and CO* trap the carbon, enabled by the large free energy difference between carbonate, CO* and 309 

C* and hinders the reaction to proceed to the global equilibrium. Applying a cathodic overpotential 310 

of –530 mV flattens the energy landscape such that the traps disappear (Fig. 4d blue trace), again 311 

consistent with our observation that carbon eventually deposits at large overpotentials. The large 312 

CO2* adsorption energy is also crucial, as it establishes a high carbonate coverage (observed also in 313 

APXPS) and could provide a driving force for the surface reverse-Boudouard reaction (ΔGrxn = 0.31 314 

eV for CeO1.875(100)) to remove transiently deposited carbon (Fig. 4b). Thus, the two key 315 

requirements for suppressing carbon deposition satisfied by CeO1.875(100) are: (1) trapping carbon 316 

in oxidized carbon intermediates, and (2) establishing a high carbonate coverage. We predict that 317 

(100) and (110) surface terminations best satisfy these requirements (Fig. 4d). Higher oxygen 318 
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deficiency increases this effect (Supplementary Fig. 16). Hence, dependence on surface termination 319 

and oxygen vacancy concentration highlight the tunability of carbon suppression. 320 

 321 

Technological demonstration with scaled-up cells 322 

With these insights, we demonstrated technological feasibility by fabricating 16 cm2 SOCs 323 

with nanostructured, porous Gd-doped ceria negative-electrodes and testing the carbon-tolerance of 324 

these scaled-up cells during CO2 electrolysis operation at 750 °C (Fig. 5). For comparison, we also 325 

tested a state-of-the-art Ni-YSZ based cell in approximately identical conditions, for comparison 9. 326 

Similar to the model electrodes, we increased the electrolysis current density stepwise until the cell 327 

voltage began to rapidly increase, indicating carbon deposition. The cell with Ni-YSZ electrode 328 

showed carbon deposition at an outlet CO partial pressure of ~73%, lower than the thermodynamic 329 

Boudouard threshold (78% CO, balance CO2) 
9,13 (Fig. 5a). As in the case of the model ceria 330 

electrode, the cell with porous ceria electrode was able to operate past the threshold. We proceeded 331 

to carry out CO2 electrolysis to produce CO beyond the threshold for more than 10 h with stable cell 332 

voltage (Fig. 5b). We then probed the operating limit, which we found to be ~95% CO at the outlet 333 

(Fig. 5a), and we could subsequently recover performance by oxidizing the deposited carbon. Post-334 

mortem SEM images showed a damaged Ni-YSZ electrode (delamination between electrode and 335 

electrolyte) and an intact ceria electrode (Fig. 5c). Considering also electrochemical carbon 336 

deposition rather than only Boudouard deposition, the driving force is even further past the 337 

threshold (Supplementary Fig. 10). 338 

 339 

 340 
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 341 

Fig. 5. Comparison of the abilities of scaled-up solid oxide cells with Ni-YSZ vs ceria 342 

electrodes to suppress carbon deposition during CO2 electrolysis. a, Measured outlet CO partial 343 

pressure (balance CO2) and cell overpotential corrected for ohmic potential drop (iRΩ, where RΩ is 344 

the ohmic area-specific resistance) at increasing applied current densities. The dashed vertical line 345 

is the thermodynamic threshold of carbon deposition via the Boudouard reaction. Inset: Typical 346 

electrolysis current-voltage curve measured on a cell with ceria negative-electrode. b, Part of the 347 

same data in a, now shown as a function of time at two of the final operating points (fixed current 348 

density, 0.35 A/cm2 for the ceria cell and 0.5 A/cm2 for the Ni-YSZ cell). c, Illustrations of the two 349 

cell types and post-test cross-sectional SEMs at the gas outlet near the negative-electrode/electrolyte 350 

interfaces where carbon deposited in the Ni-YSZ electrode and caused interface delamination. The 351 

cells had 16 cm2 active area and were operated at 750 °C and 1 atm pressure in a plug-flow test 352 

configuration. Further test data is given in Supplementary Information and Supplementary Fig. 10. 353 

 354 

The remarkable carbon-suppression capability of ceria, now rationalized in this work, has 355 

major implications for stable and selective CO2 electrolysis. First, it offers robustness against a 356 

hard-failure mode that can immediately end device lifetime. Electrolysis on ceria electrodes may 357 

still be carried out in safe conditions, now with the insurance that the electrolyzer can survive 358 

operational accidents. Eliminating the risk of cell death could have major impact on commercial CO 359 

and fuel production device economics and could be especially beneficial for mission-critical 360 

applications, such as solid oxide CO2 electrolyzers that will be used on Mars (to be first 361 

demonstrated on NASA’s 2020 rover mission). Second, it is possible to push operation into 362 

conventionally unsafe conditions and thereby obtain higher yields of fuel and O2 product. The 363 
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ability to achieve a higher CO concentration, which is limited to well below 50% in today’s cell 364 

stacks due to thermodynamics and gradients 9, would reduce the cost of downstream separation to 365 

obtain a pure CO product.  366 

The next step towards full-scale CO2 electrolysis technology is integration of these nickel-367 

free, nanostructured ceria electrodes into alternative cell designs that provide improved electronic 368 

current collection and lower overall cell resistance than the electrolyte-supported cells used in this 369 

demonstration. Metal-supported or oxygen-electrode-supported cells with thin electrolytes are 370 

candidates that do not rely on nickel for structural support and current collection, unlike the 371 

majority of cells being developed.  372 

Finally, the new mechanistic understanding gained from our operando spectroscopy 373 

experiments and DFT modeling will guide the tuning of the surface properties of ceria and other 374 

vacancy-rich oxides to further improve carbon-tolerance. More generally, our insights and approach 375 

could contribute to achieving stable and selective catalytic reactions involving carbon chemistry. 376 

 377 

Methods 378 

Preparation of Model Electrode Cells 379 

The single-chamber model electrochemical cells were fabricated on single-crystal (100) 380 

Y0.16Zr0.84O1.92 (YSZ) substrates acting as the oxygen-ion-conducting electrolyte with dimensions 10 381 

x 10 x 0.5 mm3, with one side polished. The fabrication procedure follows in chronological order. 382 

The counter-electrode (CE) was applied on the rough side of the substrate by hand-painting Pt paste 383 

(Ferro GmbH 64021015), which was dried on a hot-plate at 200 °C and sintered at 800 °C for 1 h in 384 

stagnant air, forming a porous Pt backbone. Next, an aqueous precursor salt solution for Pr-doped 385 

ceria (PDC) 33 was wet infiltrated, dried at 250 °C on a hot-plate and decomposed at 350 °C for 0.5 h 386 

in stagnant air. The PDC was introduced to enhance the oxygen-ion-conducting and electrocatalytic 387 

capabilities. The large area and relatively high performance of the CE ensured that the prevalent part 388 
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of the potential-drop was across the working-electrode (WE), with a minor (<1 %) drop over the 389 

electrolyte. The exact overpotential of the CE was not determined, but assumed to be insignificant. 390 

The overpotential of the WE was thus estimated as ηWE = Vcell - IcellRΩ, with RΩ found by 391 

electrochemical impedance spectroscopy (EIS). On the polished side, the Pt or Ni current conducting 392 

pattern was fabricated by metal lift-off photolithography. An undercut resist layer (Dow Microposit 393 

LOL 2000) was spin-coated on the polished side of the YSZ substrate at 2000 r.p.m. for 60 s (~300nm 394 

thick) and annealed in air at 180 °C for 5 minutes. To the annealed undercut layer, a positive 395 

photoresist (Shipley S-1813) was spin-coated at 4000 r.p.m. for 45 s and baked at 100 °C for 2.5 min 396 

underneath a glass cover. The photomask was aligned with a Karl Suss MJB 3 mask aligner and the 397 

spin-coated films were exposed to UV light with a dosage of 105 mJ. The photoresist was developed 398 

in a Shipley Microposit MF CD-26 Developer solution until the undercut was ~1 𝜇m. After the pattern 399 

was rinsed with deionized water, dried, oxygen plasma cleaned for 30 secs at 200 W, the metal was 400 

deposited in 2250 mTorr Ar in a DC magnetron Lesker sputter system. Liftoff was accomplished 401 

dissolving the resist in Baker PRS-1000 Positive Photoresist stripper heated to 50 °C. A final oxygen 402 

plasma treat at 300 W for 60s ensured removal of any photolithographic residue. The Pt pattern 403 

current collector consisted of 27 x 2000 µm stripes of 180 nm height and 5 µm width separated by 10 404 

µm. A closed loop design improved interconnectivity to prevent disconnected metal stripes due to 405 

defects in the photolithography process; 500 x 750 µm2 Pt contact pads were placed on the side of 406 

the patterns for contact with the current collector probe (Supplementary Fig. 11). The Ni pattern 407 

consisted of 13 x 2000 µm stripes of 200 nm height and 5 µm width separated by 50 µm. A closed 408 

loop design was used again to ensure metal connectivity. A 500 x 750 µm2 Ni contact pad was placed 409 

at one end of the pattern for probe contact. Each YSZ patterned sample had two WEs so that the 410 

biased electrode could be compared to a reference sample exposed to identical experimental 411 

conditions but left unbiased. The Pt was annealed at 650 °C for 1 h in 100 mTorr, On the Pt pattern 412 

samples, a 650 µm thick Sm0.2Ce0.8O1.9-δ (SDC) film was deposited by pulsed-laser deposition at 650 413 

°C in 5 mTorr O2 with a laser fluency of 1.5 J cm2- at 10 Hz with a substrate to target distance of 70 414 
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cm. For the Ni-SDC sample, an additional 35 nm thick NiO layer was deposited by PLD on top of 415 

the SDC. The NiO layer was reduced to randomly dispersed, approximately 200-400 nm, Ni particles 416 

in-situ during the XPS experiment with a 500 mTorr CO:CO2 (1:1) atmosphere. The Ni-YSZ sample 417 

had Ni particles next to the Ni pattern, which varied in size from 40 nm to less than 1 nm. 418 

 419 

Electrochemical XPS  420 

Ambient-pressure XPS experiments were conducted at beamline 9.3.2 47 (Ni-SDC and SDC samples) 421 

and beamline 11.0.2 48 (Ni-YSZ sample) at the Advanced Light Source synchrotron, Lawrence 422 

Berkeley National Laboratory. Scienta R4000 HiPP and Specs Phoibos 150 differentially pumped 423 

electron analyzers are employed for beamline 9.3.2 and 11.0.2, respectively, which together with a 424 

homebuilt sample holder (Supplementary Fig. 11) allows for experimental conditions of up to 700 °C 425 

49 and 1000 mTorr 47, or several thousand mTorr for 11.0.2. Ohmic heating was supplied by a ceramic 426 

heater. Electrical contact was established by mechanically pressing a Pt coil onto the CE, while the 427 

electrical contact to the WE was made by Pt/Ir probes. More details on the design of the sample holder 428 

can be found elsewhere 48,49. 429 

A similar kinetic energy was applied, when possible, namely 160 – 320 eV. Incident angle from the 430 

sample normal was 75 ° for the SDC and Ni-SDC samples at beamline 9.3.2, while it was 65 ° for 431 

Ni-YSZ at beamline 11.0.2. This and other differences between the two beam-lines, such as width of 432 

incident beam and distance between sample and the aperture, causes significantly different gas phase 433 

peak intensity between the samples, and a slightly different gas phase BE as seen in Supplementary 434 

Fig. 4. This did however not affect the data analysis significantly. The WE and an Au foil were Fermi 435 

coupled with the electron analyzer. The BE of each spectrum at OCV was calibrated with the Au 4f7/2 436 

peak (84.0 eV). A Biologic SP-300 potentiostat was used for chrono-amperometry and EIS. The latter 437 

was used to estimate the temperature by comparing the ohmic resistance, RΩ, to that measured during 438 

a calibration experiment. RΩ of a similar sample on the same sample holder was measured in a tube 439 
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furnace in 500 mTorr O2 and correlated to the temperature measured with a thermocouple. The 440 

thermal conductivity of O2 is similar to that of CO and CO2, but the different gas atmosphere does 441 

introduce some uncertainty. A change in total pressure from 500 mTorr to 50 mTorr, which far 442 

exceeds the uncertainty during the experiments, correspond to a temperature uncertainty of ±7 °C. 443 

During the experiments at 550 °C, the heater was used to adjust RΩ with an accuracy of ±100 Ω, 444 

which translates to an additional uncertainty of ±3 °C. Thus, a total uncertainty in temperature 445 

measurements is estimated to no more than ±10 °C. 446 

During the experiments, adventitious carbon was first burned off for the SDC and NiO-SDC samples 447 

by flowing O2 at 550 °C. This was not possible for the Ni-YSZ sample, as the metallic Ni pattern 448 

would undergo a redox cycle to NiO potentially causing an electrical disconnection of part of the 449 

electrode. CO and CO2 of research grade purity was then carefully dosed and equilibrated to a ~1:1 450 

ratio, which was confirmed by means of the XPS gas phase peaks intensities calibrated for the 451 

difference in electron-molecule scattering cross-sections of CO and CO2 
50, as well as with a residual 452 

gas analyzer. 453 

 454 

Density Functional Theory 455 

DFT calculations were performed within the Hubbard-U method (DFT+U) using the Vienna Ab initio 456 

Simulation Package (VASP, version 5.4.1) using the nearly identical settings as in our recent paper 457 

on CeO2 
51. The use of PAW potentials, 500 eV plane-wave cutoff, Ueff(Ce, Sm) = 4.5 eV 52,53 and 458 

dense (9x9x9) k-point grid resulted in the equilibrium lattice parameter of a = 5.497 Å for CeO2 and 459 

a = 3.52 Å for Ni . Our simulation cells for ceria surfaces contained a minimum of 3 layers (and 4 for 460 

Ni surfaces) with a 2x2 (3x2) periodicity. The two topmost layers were always allowed to relax until 461 

the forces were lower than 0.02 eV A−1 using a 5x5x1 k-point mesh. 462 

In the CeO2 DFT calculations, the top-only surface oxygen vacancy concentration [VO] is held fixed 463 

at zero for “CeO2 (111)”, at 25% for “CeO2-δ (1xx)” (x being 0 or 1) or “CeO2-δ (1xx)|25% VO”, or at 464 
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50% for “CeO2-δ (111)|50% VO” in Supplementary Fig. 7-9 and Supplementary Fig. 14-18, and [VO] 465 

is not affected by applied overpotential. In reality, CO2* and [VO] vary with overpotential 27. 466 

Because of the elevated temperature nature of CO2 electrolysis in SOCs (823 K in this work), we 467 

include vibrational entropy as well as configurational entropy of gas molecules, which affects the 468 

calculated free energies significantly relative to T = 0 K enthalpy values, Supplementary Tables 4 469 

and 5. Using these calculated adsorption energies, we determined the overpotentials required for the 470 

electrochemical reduction reactions from CO2(g) and CO(g) to C, defined as the potential at which 471 

the C* becomes exergonic with respect to the previous reaction steps. When a cathodic overpotential 472 

is applied, CO* free energy is shifted down by 2eη and C* by 4eη, where η is the theoretical 473 

overpotential. We rationalize using a thermodynamic approach because reasonable kinetic rates (~1 474 

site-1s-1) are expected for barriers as large as 2 eV at the operating temperature of 800 K 54. 475 

Scaled-up cells 476 

Two cells of different type with 16 cm2 active area were tested: one nickel-electrode reference cell 477 

and one carbon-tolerant ceria-electrode cell. Both cells were tested in a plug-flow set-up 55 with pO2 478 

sensors just upstream and downstream of the cell, placed into the fuel-side gas flow. These pO2 values 479 

were used, together with leak analysis, to quantify the outlet pCO. Absolute or positive pO2 voltage 480 

values are used throughout; 1000 mV corresponds to a very small quantity of oxygen such as 10–20 481 

atm. Photos of the experimental setup can be seen in Supplementary Fig. 11. 482 

The reference cell was a state-of-the-art porous Ni-YSZ supported cell produced by Haldor Topsoe 483 

A/S. The dense ~10 µm thick electrolyte consisted of 8 mol% Y-doped zirconia (8YSZ) and a Gd-484 

doped ceria (GDC) barrier layer, and the porous oxygen electrode was a composite of GDC and 485 

lanthanum-strontium-cobalt-ferrite. The Ni-3YSZ support was ~300 µm thick with a 10-30 µm active 486 

Ni-8YSZ electrode layer. The fuel gas compartment was sealed with gold to an alumina test house, 487 

and nickel and gold meshes functioned as current collectors and gas distributors for the fuel and 488 

oxygen side, respectively. After reduction of NiO to Ni at 850 °C and initial performance 489 
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characterization, the cell was tested with 14 L/h CO and 9 L/h CO2, and a current density of 0.5 490 

A/cm2. Further details about this cell can be found in ref. 9.  491 

The cell with enhanced carbon tolerance was a 150 µm thick dense 10Sc1CeSZ electrolyte-supported 492 

cell with a 35-50 µm thick porous GDC backbone sprayed on both sides (10Sc1CeSZ is ZrO2 doped 493 

with 10 mol% Sc2O3 and 1 mol% CeO2). The oxygen side was infiltrated with 3 cycles of an aqueous 494 

solution comprising 1.63 M metal nitrates corresponding to La0.75Sr0.25MnO3. The cell was heated to 495 

1000 °C to form that perovskite phase on the GDC backbone. The oxygen side was then infiltrated 496 

with 1 cycle of 3 M Ce and Pr nitrates solution with Ce:Pr 8:2 ratio (for forming PDC upon heating), 497 

and the fuel side was infiltrated with 1 cycle of a 3 M Ce and Gd nitrates solution with Ce:Gd 8:2 498 

ratio, to enhance the electrochemical performance. The infiltration solutions were prepared from the 499 

respective metal nitrates mixed in DI water with a Triton X-100 surfactant. Pt-paste was used as a 500 

current-collection layer on both sides of the cell (Supplementary Fig. 11). The cell was mounted in a 501 

similar manner as the Ni-YSZ cell, but with a Pt mesh as the current collector and gas distributor on 502 

the fuel side (Supplementary Fig. 11). The cell was tested multiple times beyond the carbon 503 

deposition onset threshold. The gas flow used for Fig. 5 without carbon deposition was 7 L/h of CO 504 

and 4.5 L/h of CO2 to the fuel side, and 40 L/h of O2 to the oxygen side. The applied current density 505 

was 0.35 A/cm2. The measured pO2 of the outlet gas was 1031 mV, above the carbon deposition 506 

threshold of 1024 mV at the 750 °C operating temperature. For the test that showed cell voltage 507 

increase due to carbon deposition, the flow rates were 3.5 L/h CO and 2.25 L/h CO2, with a current 508 

density of 0.3 A/cm2. Including a minor cross-over leak, the resulting inlet gas at the cell had a pCO2 509 

of 40-45% (Fig. 5). The measured pO2 of the outlet gas reached 1114 mV before the test was stopped. 510 

Prior CO2 electrolysis works report testing with inlet pCO2 ranging from 10% to 100% 1,5,8–10,13. In a 511 

commercial system, a pCO2 closer to 100% may be preferable and more realistic, however for nickel-512 

containing electrodes the pCO2 of the supplied gas must not be too close to 100% to avoid oxidation 513 

of the nickel. The test conditions here were chosen based on recent detailed high-temperature CO2 514 

electrolysis studies 9,13 to minimize concentration gradients and overpotentials and to begin (at open-515 
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circuit condition) relatively close to the thermodynamic carbon deposition threshold (pCO2 of 22%), 516 

ensuring that carbon deposition conditions could be reached without inducing other known 517 

degradation mechanisms that are driven by large gradients and overpotentials 7,9,13. 518 

 519 

Data Availability 520 

Data underlying the study can be found at https://figshare.com/s/792e4b1ea3e174a1f60d (APXPS 521 

and cell testing) and https://www.catalysis-hub.org/publications/SkafteOxidized2018 (DFT). 522 
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 690 

Calculations of electrochemical threshold 691 

The carbon formation threshold on account of the Boudouard reaction can be found from thermodynamics: 692 

ΔGr = ΔHr − 𝑇ΔSr = −𝑅𝑇 ln(Kr) = −𝑅𝑇 ln (
𝑝CO2

𝑝CO2
)   (1) 693 

Where ΔGr, ΔHr and ΔSr are the changes in Gibbs energy, the enthalpy and the entropy of the reaction, 694 

respectively. 𝑇 is the absolute temperature, 𝑅 is the gas constant, Kr is the equilibrium constant of the 695 

reaction, and 𝑝CO and 𝑝CO2 are the CO and CO2 partial pressures. Since we only have CO and CO2 in the 696 

atmosphere, the mole fraction of CO is given by xCO = 1 − xCO2
. If we now account for the total pressure, 697 

𝑝 = 𝑝CO + 𝑝CO2, we then have: 698 

Kx = Keq. ∙ p =
(1−xCO2)

2

xCO2
     (2) 699 

The binomial solution to two equations with two unknowns can now be found: 700 

xCO2
= (

1 2⁄

𝑝∙Keq.
+ 1) −√(

1 2⁄

𝑝∙Keq.
+ 1)

2

− 1    (3) 701 

Keq. is dependent on 𝑇, and can be found using FactSage thermochemical software and database 1. 702 

The reactant gas atmosphere for the threshold can then be converted to a partial oxygen pressure, 703 

𝑝O2(Boud. ), with the unit atm: 704 

𝑝O2(Boud. ) = 102∙log10(Keq.) ∙ (
xCO2
xCO

)
2

    (4) 705 

In the same manner, the 𝑝O2 of the actual inlet reactant gas atmosphere, 𝑝O2(reac. ), can be calculated. 706 

Here, the equilibrium constant for the CO2-electrolysis reaction; CO2 ⇌ CO +
1

2
O2, must be used. Since we 707 

now know the 𝑝O2 of the inlet gas, we can use the Nernst equation to calculate the open-circuit voltage 708 

(OCV): 709 

OCV =
𝑅𝑇

n𝐹
ln (

𝑝O2(air)

𝑝O2(reac.)
)     (5) 710 



33 
 

Where n is the number of electrons participating in the reaction, 𝐹 is Faraday’s constant, and 𝑝O2(air) is the 711 

partial oxygen pressure of air (0.21 atm). The unit will be V. 712 

In a similar manner, the potential of the threshold can be calculated, and by subtraction we find the 713 

electrochemical overpotential of the cell required for carbon formation: 714 

η(Boud. ) = OCV −
𝑅𝑇

n𝐹
ln (

𝑝O2(air)

𝑝O2(Boud.)
)    (6) 715 

Which will be negative (cathodic) given the experimental conditions chosen in the experiments. The relative 716 

contribution of the working electrode (WE), the counter electrode (CE) and the electrolyte was further 717 

elaborated on in the Materials and Methods section. 718 

The same calculations can be carried out for the electrochemically driven carbon deposition reactions, with 719 

the appropriate thermodynamic data applied. Finally, we can plot the Nernst potential for each reaction, as 720 

well as the required overpotential for all three carbon deposition reactions. As seen in Supplementary Fig. 1, 721 

at the specific experimental conditions (250 mTorr CO, 250 mTorr CO2, 550 °C), electrochemical carbon 722 

formation from CO2 is thermodynamically favored at -73 mV overpotential, while electrochemical carbon 723 

formation from CO and the Boudouard reaction require a somewhat similar overpotential, -146 mV and -122 724 

mV, respectively. At the experimental conditions for the SDC sample (75 mTorr CO, 75 mTorr CO2, 550 °C), 725 

the three overpotential values are -94 mV, -189 mV, and -164 mV respectively (not shown in Supplementary 726 

Fig. 1). Considering these ranges of values and the maximum temperature uncertainty, the overpotential 727 

thresholds are overall within the range -120 ±72 mV. All thermodynamic data used are for graphite as the 728 

reaction product – other carbon allotropes exhibit slightly different energetics, e.g. amorphous carbon has 729 

up to 15 kJ/mol larger formation energy, which corresponds to 39 mV or 78 mV more negative overpotential 730 

depending on the deposition reaction. 731 

 732 

Photoemission spectra fitting and peak assignment 733 

For all three samples the fitting routine was consistent, albeit with minor differences. The fitting software 734 

was CasaXPS v2.3.17PR1.1. All peaks were fitted with a symmetric Gaussian-Lorentzian shape, “GL(30)”, 735 

except for sp2 type carbon, which was fitted with an asymmetric peak consisting of a blend of a Doniach-736 

Sunjic function and a Gaussian-Lorentzian function, “DS(0.03,125)GL(30)” 2,3. This is due to the screening of 737 

electron-hole pair excitations at the Fermi level 4. A singularity index of 0.03 was found to fit the data well, a 738 

value smaller than what others have reported using, i.e. 0.1-0.2 2,5. For SDC and Ni-SDC a Shirley background 739 

was fitted and subtracted, while for Ni-YSZ a linear background was deemed more suitable for the data. 740 

Changing the background type did not alter the results of the analysis, only the fitting error bars. Before and 741 

after each experimental condition, a spectrum for each relevant photon energy was collected on an Au foil a 742 

few mm from the sample, which was Fermi coupled (grounded) to the working electrode. Thus, all spectra 743 

were calibrated to Au 4f7/2 (84.0 eV). The photon energy was chosen such that the kinetic energy yielded an 744 

information depth of ~0.6 nm for all spectra (kinetic energy ~250 eV ±100 eV). The binding energies (BE) 745 

mentioned in the following refer to OCV, since the BE will shift with applied potential for some species. 746 

C 1s. Despite the reduction in possible species due to the lack of H-, N- and F-atoms, there are still a significant 747 

amount of possible surface species to identify within a narrow BE window. In order of descending BE, the 748 

assigned peaks can be seen in Supplementary Table 1. In addition to these, an unidentified peak was often 749 

visible 1 eV higher than CO2 (gas). The CO2* and CO* peaks were assigned based on the reported BE in 750 

literature, e.g. Feng et al. 6. CO2* was not present on the Ni-YSZ electrode, and CO* only to a small degree. 751 

At the beginning of the test at OCV, adventitious C-C sp2 was only present on Ni-YSZ. After carbon deposition 752 

at cathodic overpotentials, C-C sp2 appeared to a minor degree on SDC and Ni-SDC, but the primary C-C type 753 

formed on these samples was sp3. 754 
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O 1s. The assigned peaks can be seen in Supplementary Table 2. The C adsorbate peak could be either CO3
2−, 755 

C=O, O-C=O, C-O-C or C-O-C=O, but this peak was only present for the SDC and Ni-SDC samples, not the Ni-756 

YSZ. This is consistent with the lack of CO3
2− (CO2*) and to a certain extent, CO*, on Ni-YSZ in the C 1s spectra. 757 

Other surface species, e.g. Zr 3d, Ce 4d, Ni 2p and 3p are of lower importance in the present study. These are 758 

simply fitted with sufficient peaks to accurately determine the BE shifting of the main peak while varying the 759 

potential (Supplementary Fig. 5 and Supplementary Fig. 20). 760 

 761 

Current-potential curves 762 

The current response during the chrono-amperometry experiments for the three samples is shown in 763 

Supplementary Fig. 12. The SDC sample in Supplementary Fig. 12a has a relatively low performance before 764 

applying a large cathodic potential of -600 mV. The activation is clearly visible by comparing the current at 765 

+200 mV anodic potential before and after the large cathodic bias. This sort of activation was expected to 766 

occur when the ceria surface was reduced sufficiently to cause crack-formation along the Pt-patterns. The 767 

formation of such cracks are confirmed by SEM after the experiment. This phenomenon is expected to 768 

significantly increase the surface area, which is not accounted for in the geometric area normalized current 769 

density shown here. More interestingly, a large increase in resistance of the cell is observed at the most 770 

reducing conditions. This is most likely due to coverage of the SDC surface by carbon 7, effectively blocking 771 

the 2PB, supported by an observed decrease in the lattice oxygen peak from O 1s. 772 

For the Ni-SDC sample, Supplementary Fig. 12b, more current-potential points were collected. Like SDC, the 773 

resistance increased at the most reducing condition. This was followed by activation upon returning to the 774 

most oxidizing condition. The reason for this is unclear. The increased resistance at the reducing condition 775 

clearly shows hysteresis in the iV-curve. Such hysteresis is also observed for full-sized commercial SOECs 776 

during chrono-potentiometry experiments with carbon formation 8. After oxidizing most of the carbon and 777 

returning to the reducing condition, the electrochemical performance is regained. We also applied negative 778 

bias to this electrode again and the same resistance increase was observed as the carbon grew back again 779 

(not shown). 780 

Curiously, the formation of carbon did not cause an increase in resistance for the Ni-YSZ sample. The coverage 781 

of reaction sites by carbon might be compensated by electronically connecting more Ni particles as carbon is 782 

growing. This would increase the 3PB length and the performance. 783 

The shape of the iV curves of the SDC samples (Supplementary Fig. 12a, b) are as expected based on 784 

comparison to other model electrode tests 6,9. However, a reversed cathodic shape of the iV-curve for the Ni-785 

YSZ sample was expected 9.  This might be due to the effect suggested above where carbon deposition 786 

extended the 3PB length, improving the electrode performance.  787 
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 788 

Supplementary Fig. 1. 789 

Nernst potentials and overvoltage thresholds for CO2 electrolysis and possible carbon 790 

formation reactions. The Nernst potential under changing concentration of CO in CO2 at the specific 791 
experimental conditions (500 mTorr total pressure, 550 °C) is calculated for the CO2 electrolysis 792 
reaction, and the reactions for electrochemical carbon formation from either CO2 or CO. On the 793 

second y-axis, the overpotential thresholds for the two electrochemical carbon formation reactions 794 
and for the Boudouard reaction are plotted. Dots indicate the operating point for the APXPS 795 

experiments. 796 
  797 
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 798 

Supplementary Fig. 2. 799 

Lattice oxygen (1s) XPS peak decreasing in intensity as carbon is deposited on the Ni-YSZ 800 

model electrode. The decrease in intensity indicates coverage of the YSZ surface. Shifts in BE due 801 
to the applied potential has here been corrected for.  802 
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 803 

Supplementary Fig. 3. 804 

Partial reversibility of the integrated area of C-C (~285 eV) peaks against overpotential for all 805 
three samples.  806 
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 807 

Supplementary Fig. 4. 808 

Removal of gas phase peaks from NAPXPS spectra at −300 mV overpotential. Illustration of all 809 
peaks fitted to the raw data and the resulting fitting sum, including the background, for SDC, a, and 810 

Ni-SDC, b. Subsequently, the CO(g) and CO2(g) peaks are removed for SDC, c, and Ni-SDC, d.  811 
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 812 

Supplementary Fig. 5. 813 

Shifts of photoemission core-level peaks for different surface species. a, Ni 2p for Ni-YSZ and Ni 814 
3p for Ni-SDC. b, Carbon peak at ~285 eV, with a sp2-hybridization carbon peak from adventitious 815 

carbon on YSZ and a peak for electrochemically deposited sp2 carbon on or near nickel on Ni-YSZ, 816 
and a deposited carbon peak for Ni-SDC ascribed to sp3-hybridization. There were insufficient data 817 
points to plot the shifting of the carbon peak for the SDC electrode. c, Carbonate shifting rigidly with 818 
the SDC surfaces. No carbonate peak was identified for the Ni-YSZ electrode. The binding energy of 819 

each spectrum at OCV are calibrated with the Au 4f7/2 peak (84.0 eV) from an Au foil Fermi coupled 820 
with the photoelectron analyzer.   821 



40 
 

 822 

Supplementary Fig. 6. 823 
Ni 2p NAPXPS spectrum measured at -150 mV on the Ni-YSZ electrode. Note: For this 824 

spectrum, calibration to Au has not been done, so the exact BE is not correct.  825 
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 826 

Supplementary Fig. 7. 827 

Calculated geometries and Bader charges associated with CO2*O/CO2*. The overall charge of the CO3/CO2 is 828 

also indicated as . a-d Adsorbate charge analysis shows that charge of CO2*O is in a narrow range between 829 

–1.57 e– to –1.47 e– for all surfaces with oxygen vacancy sites supporting the presence of the carbonate 830 

species. For (100) surfaces CO2*O has a tridentate binding geometry ab, for (110) surface a bidentate binding 831 

geometry d, and for (111) surface  a monodentate binding geometry c is observed as the most stable. e For 832 

Ni(211), the bent CO2 geometry and negative charge of –0.63 e– is observed. For CO*, the C-O bond lengths 833 

analysis indicates that they are 1.295/1.304 Å for Sm0.25Ce1.75O1.875(100)/CeO1.875(100), 1.255 Å for 834 

CeO1.875(110) and 1.241 Å for CeO1.875(111), and very short 1.194 Å for Ni(211) indicative of single (~1.43 Å) 835 

to double (1.20 Å) C–O bond transition. 836 

837 
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 838 

Supplementary Fig. 8. 839 

Calculated free energy along reaction pathway from CO2* to CO* to C* at the limiting potential of -630 840 

mV. At this potential, the last step is the lowest for CeO2- (110) surface.  841 
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 842 

Supplementary Fig. 9. 843 

Calculated free energy along reaction pathway from CO2* to CO* to C* at the limiting potential 844 

of -530 mV. At this potential, the last step is the lowest for CeO2- (111) surface with 25% oxygen 845 

vacancy concentration.  846 
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 847 

Supplementary Fig. 10. 848 

Comparison of the abilities of scaled-up solid oxide cells with Ni-YSZ vs ceria electrodes to 849 
operate in thermodynamic carbon deposition regimes during CO2 electrolysis. This is another 850 

view of the same data shown in Fig. 5. (A) Cell overpotential corrected for ohmic potential drop 851 
(iRS, where RS is the ohmic area-specific resistance) measured at increasing current densities. The 852 

solid symbols are the same data as shown in Fig. 5a, with x-axis now as potential vs air of the outlet 853 
CO/CO2 gas. The thick light-gray vertical line labeled pO2(Boud.) is the carbon deposition 854 
threshold for the Boudouard reaction, the threshold that is relevant for the solid symbols. For the x-855 

axis values of the open symbols, the iRS corrected cell overpotential has been added to the gas 856 

phase chemical potential (pO2). This includes both the fuel-electrode and oxygen-electrode 857 
overpotentials – ideally only the fuel-electrode overpotential would be added by quantifying 858 
individually using detailed impedance analysis, but we did not have a sufficient set of impedance 859 

measurements to do so, and the oxygen-electrode overpotential is much smaller than the fuel-860 
electrode overpotential in both of these cells, so these values serve as a rough approximation. 861 

Therefore, the more precisely quantified outlet pCO values are shown in Fig. 5 rather than these 862 
approximate values. The points at which degradation sets in (visible in the solid symbols at the 863 
same y-values) are marked with short vertical lines. The two dashed vertical lines are the 864 

thermodynamic thresholds for the electrochemical carbon deposition reactions, the thresholds that 865 
are relevant for the open symbols. (B) Cell voltages measured at fixed current densities at the final 866 

operating points shown in (A). This is the same data as in Fig. 5b, but with the cell voltage on the y-867 
axis rather than the iRS corrected cell overpotential. The main reason for the much higher cell 868 
operating voltage (before Ni-YSZ degradation) for the ceria-electrode cell is the much higher ohmic 869 

resistance of the thick electrolyte in this electrolyte-supported cell (the electrolyte in the Ni-YSZ-870 
supported cell is more than 10x thinner).  871 
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 872 

Supplementary Fig. 11. 873 

Experimental setups for APXPS and large-scale cell testing. a, Sample holder and sample for 874 

the APXPS experiments, and b, an optical microscope image of one of the samples. c-f, Mounting 875 
the large-scale cell in a test rig. The Pt contacting mesh and Au sealing are placed (c), followed by 876 
the cell (d), in the cell testing “house” (e), which is subsequently lowered into the furnace (f), 877 
surrounded by gas tubing and electrical wiring.  878 
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 879 

Supplementary Fig. 12. 880 

iV plots with hysteresis for the three samples. a, SDC, b, Ni-SDC and c, Ni-YSZ. The fixed potential was 881 

corrected for the Ohmic resistance of the YSZ electrolyte. The arrows indicate the chronological order in 882 

which measurements were recorded, with black first, red second and blue third. The thermodynamic 883 

threshold for carbon formation is shown by the gray box, accounting for experimental uncertainties and 884 

differences.  885 
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 886 

Supplementary Fig. 13. 887 

The response of the current and carbon coverage to the changing potential throughout the Ni-888 
SDC experiment. The SDC and Ni-YSZ electrodes have similar, but not identical behavior. a, 889 

current density and the integrated area of the C peak changing with time. b, the applied voltage 890 
changing with time. The upper limit of Ni oxidation is also plotted (--), and the carbon deposition 891 

threshold (--) which was intentionally crossed. After 12 h, when -300 mV is applied, the current drops 892 
considerably and carbon coverage increases. When decreasing the cathodic potential below the 893 
thermodynamic threshold for carbon formation, the carbon coverage decreases and the current 894 
stabilizes. The results were reproduced at the end of the experiment by applying -300 mV again.  895 
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 896 

Supplementary Fig. 14. 897 

Calculated free energy along reaction pathway from CO2* to CO* to C* at OCV for all 898 
considered surfaces. Increasing vacancy concentration for ceria (111) surfaces from 0% to 25% to 899 
50% clearly stabilizes CO2 adsorption and destabilizes C adsorption. CO-like species is formed for 900 

C* adsorption for all ceria surfaces. For completeness, we also compare the (100) surfaces of  SmxCe1-901 

xO2- to CeO2- 902 

903 
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 904 

Supplementary Fig. 15. 905 

Calculated free energy along reaction pathway from CO2* to CO* to C* at OCV for all 906 
considered surfaces at a reduced total CO/CO2 pressure of 150 mTorr.  907 
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 908 

Supplementary Fig. 16. 909 

Calculated free energy along reaction pathway from CO2* to CO* to C* at the limiting potential 910 

of -460 mV. At this potential, the last step is the lowest for CeO2 (111) surface without oxygen 911 
vacancies.  912 
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 913 

Supplementary Fig. 17. 914 

Calculated free energy along pathway from CO2* to CO* to C* at the limiting potential of -610 915 

mV. At this potential, the is the lowest for CeO2- (111) surface with 50% oxygen vacancy 916 

concentration.  917 
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 918 

Supplementary Fig. 18. 919 

Calculated enthalpy along the reaction pathway from CO2* to CO* to C* at OCV for all 920 
considered surfaces.  921 
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 922 

Supplementary Fig. 19. 923 

Pressure and gas composition throughout the Ni-SDC experiment measured using mass-924 
spectroscopy and the XPS C 1s spectra. a, total, CO and CO2 pressure in mTorr measured by a 925 

mass-spectrometer (MS). The data has been smoothed slightly to remove excessive noise in pressure 926 
measurements while moving the sample stage. b, integrated area of the CO and CO2 peaks from C 1s 927 

after calibrating for the difference in electron-molecule scattering cross-sections (1.449·10-20 m2 and 928 
2.177·10-20 m2 at 490 eV, respectively). c, the CO:CO2-ratio from the mass-spectrometer and the 929 
carbon deposition threshold. d, the CO:CO2-ratio from C 1s peaks and the carbon deposition 930 
threshold. The CO:CO2-ratio agrees fairly well between the two measuring techniques, although the 931 

result from XPS is about 7-8% xCO higher.  932 
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 933 

Supplementary Fig. 20. 934 

Shifts of XPS core-level peaks for different surface species. a, Valence band maximum (VBM) 935 
dominated by Ni. A small systematic shift from the expected value of 0 eV is likely related to the 936 

quantification method. b, Zr 3d for Ni-YSZ and Ce 4d for Ni-SDC. c, lattice oxygen. d, CO2 gas 937 
phase for SDC and Ni-SDC, and CO gas phase for Ni-YSZ. The changing slope observed for gas 938 

phase on Ni-YSZ was confirmed by the shifts of CO- and CO2-gas phase core-level peaks from the 939 
O 1s spectrum, and correlates with the suggested onset of -150 mV shown in Fig. 1g and 940 
Supplementary Fig. 5.  941 
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 942 

Supplementary Fig. 21. 943 

Scanning electron microscopy images of cross sections and chemical composition of the 944 
samples. a, A Pt wire buried by a SDC layer for the SDC sample. b, Two Pt wires buried by a SDC 945 

layer, with Ni nanoparticles of varying size on the surface, for the Ni-SDC sample. Elemental 946 
composition was determined by energy-dispersive x-ray spectroscopy in the scanning electron 947 
microscope.  948 



56 
 

Supplementary Table 1. 949 

Peak assignment for C 1s at OCV. 950 

 951 
Specie Approx. BE (eV) BE constraints (eV) FWHM (eV) FWHM constraints (eV) Ref. 

CO2 (gas) 293.0-293.3 293.0-294.5 0.6 <1.1 6,10,11 

CO (gas) 291.5-291.9 290.0-293.0 0.6 = FWHM(CO2(gas)) 12 

CO2* 290.4-290.6  1.35 <1.55 6,10,11,13–15 

CO* 288.0-289.0 287.0-289.0 1.35 = FWHM (CO2*) 13,15–18 

CO* 287.4-287.6 286.0-288.0 1.35 = FWHM (CO2*) 13,15–18 

CO* 285.5-286.0 285.5-286.0 1.4-1.55 = FWHM (CO2*) 13,15–18 

C-C sp3 284.8 284.7-284.9 0.7 0.7 2,4,18–22 

C-C sp2 

(adv.) 
284.3* 284.1-284.3* 1.3 1.3 2,4,18–21 

C-C sp2 284.3 284.1-284.3 1.3 1.3 2,4,18–22 

* Before electrochemical carbon deposition. After deposition, the BE was strictly constrained to continue the 952 

linear BE shift with applied potential as observed prior to deposition (see Supplementary Fig. 5b). 953 

  954 
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Supplementary Table 2. 955 

Peak assignment for O 1s at OCV. 956 

 957 
Specie Approx. BE (eV) BE constraints (eV) FWHM (eV) FWHM constraints (eV) Ref. 

CO (gas) 538.1  1.0 = FWHM (CO2(gas)) 12 

CO2 (gas) 536.9  1.0  6,10,11 

C 

adsorbates 
532.5-532.7  1.5 = FWHM (Lattice O) 6,10,11,22 

Si 

impurities 
531.3-531-5  1.5 = FWHM (Lattice O) 6,23 

Lattice O 529.9-530.1  1.5  6,10,11,23 

  958 
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Supplementary Table 3. 959 

Complete list of DFT calculated limiting potentials for reduction of CO2(g) to C for considered 960 

surfaces. For nickel surfaces, the reaction processes directly from CO(g) as opposed to CO2(g) due 961 
to highly unfavorable CO2* energy.  962 
 963 

 Calculated η (mV) [VO] (%) Potential limiting step 

Ni(211) -110 0 CO* → C* 

Ni(111)  -460 0 CO* → C* 

CeO2(111) -460 0 CO*o → C*o 

CeO2-x(111) -530 25 CO*o → C*o 

SmxCe1-xO2- (100) -530 25 CO2*o → CO*O 

CeO2- (100) -610 25 CO2*o → CO*O 

CeO2-  (111) -610 50 CO2*o → CO*O 

CeO2-  (110) -630 25 CO2*o → CO*O 

  964 
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Supplementary Table 4. 965 

Calculated adsorption energies (E) and Gibbs energies (G, at OCV relative to O) of CO2*, CO* 966 

and C* used for construction of Gibbs energy diagrams (Fig. 4, Supplementary Fig. 8-9 and 967 
Supplementary Fig. 14-17). The associated structures are also available online 24. To construct the 968 

Gs from Es, we have corrected O2(g) DFT-PBE reference energy by +0.38 eV to match the 969 

experimental enthalpy of  H(H2(g)+1.2O2(g)→H2O(g)) and used the Gibbs energy corrections in 970 

Supplementary Table 5. 971 
 972 

Surface CO2(g)+*→CO2* CO2(g)-0.5O2(g)+* →CO* 

 

CO2(g)-O2(g)+* →C* 

 

E[eV] G[eV] E[eV] G[eV] E[eV] G[eV] 

Ni(111) 0.32 2.32 1.35 0.46 4.95 1.40 

Ni(211) -0.16 1.82 1.30 0.41 3.95 0.41 

CeO2(111) -0.46 1.64 3.05 2.08 5.42 1.81 

CeO2-(111)|25%VO -1.01 0.99 2.79 1.88 5.78 2.12 

CeO2-(111)|50%VO -1.11 0.88 2.99 2.09 5.39 1.74 

CeO2-(110)|25%VO -2.07 0.04 2.14 1.29 4.86 1.25 

CeO2-(100)|25%VO -2.84 -0.91 1.22 0.31 4.96 1.22 

SmxCe1-xO2-(100)|25%VO -2.75 -0.82 1.34 0.25 5.38 1.25 
  973 
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Supplementary Table 5. 974 

Table of thermodynamic corrections for gas-phase molecular species as well as the adsorbates in eV 975 

at OCV. 976 

 977 
  978 
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