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 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 Note 1. 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 (Fig. 1a) dispersed Ni 100 



5 
 

nanoparticles and a microfabricated Ni patterned current collector (“Ni-YSZ”), (Fig. 1b) a 101 

samarium-doped ceria thin-film electrode grown by pulsed-laser deposition (PLD) with dispersed 102 

Ni nanoparticles and a buried patterned current collector (“Ni-SDC”), and (Fig. 1c) a Ni-free 103 

samarium-doped ceria thin-film electrode, also prepared by PLD and with a buried current collector 104 

(“SDC”) 32. These model electrodes represent the most common material sets employed in SOCs 7–105 

10,14–17,22,33. The counter electrode was nanoporous ceria/Pt for all samples. The gas atmosphere 106 

during APXPS measurements was chosen to avoid thermochemical Boudouard carbon deposition at 107 

open-circuit: 1:1 CO(g):CO2(g) atmosphere with a total pressure of 480-500 mTorr for the Ni-SDC 108 

and Ni-YSZ electrodes, and 150 mTorr for the SDC electrode. At this temperature and pressure, the 109 

carbon deposition threshold is ~98% ±1% CO(g) balanced by CO2(g) (uncertainty due to pressure 110 

range), much higher than the 50% CO(g) supply. Therefore, carbon deposition, if any, must be 111 

driven electrochemically by applying cathodic overpotential on the working electrode beyond the 112 

global thermodynamic threshold for carbon deposition, which corresponds to –120 ±72 mV 113 

overpotential (see Supplementary Note 1 and Supplementary Figure 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 
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1s at –150 mV (Supplementary Figure 2) further confirms carbon deposition, which covers the 127 

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

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

is 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 previous APXPS observations that 133 

carbon can form on dense thin-film ceria electrodes with sufficiently high overpotential 34,35. 134 

Notably, for all three electrodes, carbon can be partially removed by applying anodic overpotentials 135 

(Fig. 1g-i and Supplementary Figure 3). 136 

 137 
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  138 

Fig. 1. Model electrodes employed and measurements of carbon formation/oxidation as the 139 

overpotential is varied. a-c, Illustrations of the Ni-YSZ, Ni-SDC, and SDC electrodes, with a 140 

buried Pt pattern for the SDC-containing electrodes. d-f, Planar SEM images of the surfaces and 141 

interfaces after testing. The Ni-YSZ electrode had <40 nm Ni particles next to the pattern. g-i, XPS 142 

spectra of C 1s with an inelastic mean free path of 0.6 nm showing the dependence of the carbon 143 

peak at ~285 eV on the applied overpotential (vs. CO(g)/CO2(g)/O2-, see Supplementary Note 1). 144 

The arrows indicate the chronological order of measurements. The blue shade indicates the binding 145 

energy range of CO2*O and C-C species. The binding energy of each spectrum at OCV are 146 

calibrated with the Au 4f7/2 peak (84.0 eV) from an Au foil Fermi coupled with the photoelectron 147 

analyzer. The gas phase peaks for CO and CO2 have here been fitted and removed (Supplementary 148 

Figure 4), and all spectra have been normalized to the maximum carbon intensity. j-l, Integrated 149 

areas of the XPS C-C (~285 eV) peaks. Lines are only meant to guide the eye. Fitting error 150 

(standard deviation) is indicated by error bars. Adventitious carbon present on the Ni-YSZ sample 151 
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has been fitted and removed from j. The thermodynamic threshold for carbon formation is shown 152 

by the cyan bars, accounting for experimental uncertainties and differences. The dotted lines 153 

indicate the DFT calculated onset overpotentials, which will be discussed later. 154 

 155 

As can be seen in the photoelectron spectra (Fig. 2a and also Fig. 1g-i), not only does the 156 

onset of carbon deposition vary dramatically between the three electrodes, but also the surface 157 

carbon chemistry. Across the electrode configurations and overpotentials examined, the C 1s 158 

spectra consist of asymmetric and/or multiple peaks, suggesting that a range of carbon-containing 159 

species form during electrolysis. See Supplemental Note 2 for fitting procedures. For Ni-YSZ, the 160 

binding energy (BE) shows mixed sp2 and sp3 type carbon (Fig. 2a, 284.3 and 284.7 eV, 161 

respectively 36–38). The presence of sp2 carbon, in particular, suggests the growth of graphitic carbon 162 

or carbon nanotubes, which indeed was observed by post mortem scanning electron microscopy 163 

(SEM) (Fig. 2b). On the other hand, for Ni-SDC and SDC electrodes, the summit BE is found close 164 

to 284.7 eV and peak fitting indicates that Ni-SDC (and SDC) electrodes deposit mostly sp3 carbon, 165 

i.e., amorphous or diamond-like carbon 39. No carbon with discernable microstructure was detected 166 

with post mortem SEM, consistent with carbon being deposited as a thin, amorphous layer. We note 167 

that because these carbon species are electronically (Fermi) coupled to the photoelectron analyzer, 168 

their BEs do not change with overpotential (as confirmed in Supplementary Figure 5), enabling a 169 

direct comparison to literature values. We also note that the quantification results are somewhat 170 

sensitive to the full-width half-maximum constraints applied. For completeness, we also 171 

investigated Ni carbide species through Ni 2p XPS for Ni-YSZ. The Ni 2p3/2 spectrum 172 

(Supplementary Figure 6) resembles that of a pure metal 40. Thus, we conclude that there are no 173 

carbides, at least near the Ni surface. 174 

 175 
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 176 

Fig. 2. Surface carbon species observed with APXPS and SEM. a, Fitting of XPS peaks for all 177 

three electrodes at the electrode overpotential (rounded by 10 mV) where carbon was first 178 

deposited. The gas phase peaks for CO and CO2 have been fitted and removed (Supplementary 179 

Figure 4), the background has been subtracted, and carbon peak intensity has been normalized. b, 180 

Planar SEM of carbon nanotube growth on dispersed Ni nanoparticles next to the Ni pattern (Ni-181 

YSZ electrode). Scale bar is 500 nm. 182 

 183 

The most pronounced spectroscopic difference between Ni-YSZ and the ceria-containing electrodes 184 

is the presence of significant C 1s photoelectron intensities at BEs above that of the sp2 and sp3 185 

carbon during CO2 electrolysis, which correspond to various oxidized carbon species (Fig. 2a). The 186 
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fact that Ni-YSZ deposits carbon much more readily than Ni-SDC and SDC points to the 187 

importance of these oxidized carbon species. Specifically, on Ni-SDC and SDC electrodes, we 188 

observe significant amounts of carbonate (CO2*O) at all overpotentials (BE ~290.5 eV 27,31,41,42) and 189 

various other oxygenated carbon species (CO*) such as C-O, C=O, and/or carboxylate (BE between 190 

~ 286 and 290 eV, between the carbonate and carbon peaks 38,41–44). As these peaks were not 191 

observed for Ni-YSZ and are qualitatively similar between Ni-SDC and SDC, we attribute them to 192 

species on ceria. It is noted that the BE shift of the CO2*O peak with applied overpotential (Fig. 1h-i 193 

and Supplementary  Figure 5) is likely due to CO2*O not being Fermi coupled with the 194 

photoelectron analyzer 31, although a difference in adsorbate charge cannot be excluded. 195 

Fig. 3 illustrates the evolution of these oxidized carbon species as a function of 196 

overpotential. For the ceria electrodes, carbonate adsorbate is present in high concentrations at all 197 

studied conditions. With increasing cathodic (reductive) overpotential prior to the onset of carbon 198 

deposition, the carbonate coverage grew, consistent with lattice oxygen near an oxygen vacancy 199 

being the adsorption site 27. At the onset of carbon deposition, the carbonate coverage decreased 200 

significantly, likely corresponding to the coverage of the ceria surface with carbon and blockage of 201 

carbonate adsorption sites. 202 

Next, we turn to other oxidized carbon species. These are generally less oxidized than 203 

carbonates, which we collectively refer to as CO*, as quantitative peak assignment is challenging. 204 

Before the onset of carbon deposition, their coverage is significantly lower than that of carbonates, 205 

approaching the detection limit. Interestingly, at the onset of carbon deposition, the signal for CO* 206 

increased concomitantly with carbon while the carbonate concentration decreased. We briefly 207 

speculate on the mechanism. Upon the formation of CO* adsorbate (carboxylate), two pathways are 208 

possible: (1) chemical desorption as CO(g) and (2) further electrochemical deoxygenation to C. 209 

These can occur in parallel. Before the onset of carbon deposition at around –300 mV, the first 210 

pathway prevails. Between –250 and –300 mV, the current density increases by 44%, which is 211 

accompanied by a significant increase in both carboxylate and carbon coverage. Given the large 212 
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jump in C and CO* coverage over a small voltage window and the lack of large change in current 213 

density, we associate the coverage change with electrochemical pathway (2) rather than chemical 214 

pathway (1). We first consider the possibility that the increase in CO* could be associated with the 215 

driving force needed to deposit C (i.e., buildup of reactant). This is possible if carbon deposition 216 

was the only reaction. An alternative explanation is that the buildup of CO* is due to the 217 

decomposition of C via the surface reverse Boudouard reaction, 2CO2*O + C-C + 2SO → 4CO*O,  218 

with SO denoting an adsorbate-free oxygen site. If such a reaction proceeds quickly enough, it could 219 

establish a higher CO* coverage concomitant with increase in C coverage. This reaction occurs 220 

over the ceria surface for SDC, and additionally across the ceria/Ni/gas triple-phase boundary for 221 

Ni-SDC. The rate of this reaction is likely enhanced by the high carbonate coverage, which is a 222 

reactant. We note other pathways are also possible. 223 

 224 

Fig. 3. Evolution of surface carbon species as overpotential is varied. a, c and e, Evolution of 225 

the normalized integrated areas of carbon, CO2*O and CO* from APXPS peaks with time for each 226 

electrode as the applied iR corrected overpotentials are varied, b, d and f. The integrated areas are 227 

averages of several measurements and were normalized to the CO2(g) peak, which was normalized 228 
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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 229 

the eye. In d, voltage data was not recorded from ~11 to 12 h. 230 

 231 

Density functional theory modeling 232 

In order to shed light on the different behavior of the three electrodes, we modelled a series 233 

of (non)-stoichiometric ceria and Ni surfaces, and investigated the thermodynamics of various 234 

reaction intermediates by DFT. To use the same notation for Ni and ceria, we will now simplify the 235 

notation and omit the adsorption site as earlier indicated as subscript for CO2*. We consider the 236 

adsorption of CO2(g) and stepwise electrochemical deoxygenation, with each step being a two-237 

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

CC) → C* + 2(O2–
YSZ – 2e–

CC), where O2– 238 

and e– indicates the oxygen ions and electrons that migrate through the YSZ solid electrolyte and 239 

current collector (CC), respectively (Fig. 4). The overpotential is simulated via the Nernstian 240 

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

CC, where Δ indicates the difference with 241 

respect to open-circuit. The pathway starting with CO(g) is also implicitly calculated, but its 242 

chemical potential is fixed to CO2(g) via ΔμO at zero energy. In the case of Ni, we do not explicitly 243 

simulate the three-phase boundary but rather include the electrochemical driving force via ΔμO. 244 

For ceria, we simulated bulk-truncated (111) stoichiometric CeO2 and surface-only oxygen-245 

deficient CeO1.875 and CeO1.75, as well as (100) and (110) surface-only oxygen-deficient CeO1.875. 246 

Furthermore, we modelled a surface-only Sm-doped and oxygen-deficient Sm0.25Ce0.75O1.875 (100), 247 

which is similar to the electrode characterized in the APXPS experiments (Fig. 4d). Given the YSZ 248 

substrate has a (100) termination, this is likely the termination of the SDC surface in our 249 

experiments, although we also considered (111) and (110) surfaces as these may coexist in the 250 

experiments. For oxygen-deficient ceria, which is experimentally relevant in the reducing 251 

atmosphere 27, DFT+U calculations reveal that (100) and (110) surfaces provide good anchoring 252 

sites for CO2* adsorbates on oxygen, resulting in the formation of carbonate (CO2*O) 45 with close 253 

to –2e charge (Supplementary Figure 7). The CO2 adsorption Gibbs energy is the lowest for the 254 
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(100) surface (–0.9 eV at 550 °C), which is consistent with the high coverage measured 255 

spectroscopically. CO* species, on the other hand, adsorb on oxygen and are less sensitive to the 256 

surface termination. For both CO2* and CO*, a ceria lattice oxygen is significantly displaced and 257 

participates in forming bridge-like carbonate and carboxylate adsorbates 46. For 258 

Sm0.25Ce0.75O1.875/CeO1.875(100) and (110), O-vacancy also acts as the anchoring site for oxygen in 259 

CO2* and CO* (Supplementary Figure 7). Finally, C* also adsorbs on the oxygen site forming 260 

typical CO-like species, while C* on the Ce site is considerably less stable by more than 4 eV. Fully 261 

oxidized CeO2 are much less effective in stabilizing the carbonate, highlighting the importance of 262 

surface oxygen vacancies and/or Ce 4f localized electrons 27,42. All species are stabilized by nearly 263 

identical amounts on the Sm-doped ceria SmxCe1-xO2-δ (100) surface, with Gibbs energies within 264 

0.1 eV of CeO2-δ (100) (see Supplementary Table 4 and Supplementary Figure 14). Considering 265 

additional variations – higher oxygen vacancy concentration, including the Ni(111) surface, or 266 

varying the CO2(g)/CO(g) pressures – does not affect the conclusions drawn from the Gibbs energy 267 

calculations (Figs. S11-S14). 268 

For Ni, we simulated the bulk-truncated (111) and (211) surfaces. We find that while CO2(g) 269 

adsorbs on the stepped Ni(211) surface in a weakly bonded bent mode (Fig. 4c), the adsorption 270 

Gibbs energy is highly unfavorable (∆G = 2.0 eV). In addition, Ni(211) has a higher affinity for 271 

carbon adsorption than Ni(111) (Figs. S11-S14) 47. Because C* binds on Ni, it is significantly more 272 

stable than on ceria (on which it binds on O) by 1.0 to 2.0 eV (Fig. 4c).  273 

Using the calculated adsorption Gibbs free energies, we determined the surface-specific 274 

thermodynamic overpotentials required for the electroreduction reactions from CO2(g) and CO(g) to 275 

C to be downhill in energy. For SmxCe1-xO2-δ (100) and CeO2-δ (100), this theoretical overpotential 276 

η is –530 and –610 mV, respectively, for the reduction of CO2(g) to C and –504 and –460 mV, 277 

respectively, for the reduction of CO(g) to C. Both are significantly greater than the global 278 

thermodynamic overpotential for carbon deposition of –120 ±72 mV, which is in good agreement 279 

with our experimental observations. We also find that η varies somewhat as a function of the 280 
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surface termination from –530 mV to –630 mV for the reduction of CO2(g) to C on oxygen 281 

deficient (111) and (110), respectively (Supplementary Table 3). Nonetheless, the theoretical values 282 

are in good agreement with the experimental potentials between –300 mV and –600 mV obtained 283 

via spectroscopic measurements (Fig. 1l). In contrast to ceria, for Ni(211), theoretical calculations 284 

predict a η value of –110 mV for CO2(g) or CO(g) reduction to C. We note that, because the CO2* 285 

adsorption Gibbs energy is very high on Ni, carbon deposition likely proceeds from CO(g). 286 
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 287 

Fig. 4. Proposed reaction mechanism and calculated energetics for carbon formation on nickel 288 

and ceria surfaces. a-b, Reaction pathways for Ni-YSZ and SDC. c-d, Calculated free energy 289 

diagrams for Ni, SmxCe1-xO2-δ (100) and CeO2-δ relative to the initial surfaces with gas-phase CO2 290 

and CO and oxidized carbon adsorbates under experimental conditions at overpotentials –110 mV 291 

and –530 mV. Structural evolution of the adsorbates on SmxCe1-xO2-δ (100) and Ni(211) surfaces is 292 

also shown, where the flat-laying carbonate species and bent CO2 are stabilized via favorable 293 

oxygen bonding at the vacancy site. The yellow “O” labels on oxygen atoms indicate oxygen from 294 
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the ceria surface. Computational details and plots at other overpotential values are included in 295 

Supplementary Figures 8-9. 296 

 297 

With these experimental and computational results at hand, the mechanism for ceria’s 298 

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

CC) and CO(g) 299 

→ C + (O2–
YSZ – 2e–

CC)) are downhill at overpotentials of –73 mV and –146 mV (see 300 

Supplementary Note 1 and Supplementary Figure 1), significant thermodynamic energy differences 301 

between CO2*, CO* and C* at those potentials suppress the reaction. As shown in Fig. 4d for 302 

SmxCe1-xO2-δ (100) (blue trace), at –110 mV overpotential (near the global thermodynamic carbon 303 

deposition threshold), CO2*O (carbonate) is by far the most stable, followed by CO*O (~0.1 eV) and 304 

finally by C*O (~1.0 eV above graphite). Importantly, because the energy barriers are positive for 305 

the progressive reduction of the carbonate adsorbate, and CO*O has a negligible adsorption energy 306 

with respect to CO(g), selective CO2(g) reduction to CO(g) is expected. On the other hand, in Fig. 307 

4c, Ni(211) (green trace) exhibits precisely the opposite, with C* being the most stable. APXPS 308 

shows identical trends in terms of adsorbate coverage for ceria. Here, the carbonate and CO* trap 309 

the carbon, enabled by the large free energy difference between carbonate, CO* and C* and hinders 310 

the reaction to proceed to the global equilibrium. Applying a cathodic overpotential of –530 mV 311 

flattens the energy landscape such that the traps disappear (Fig. 4d blue trace), again consistent with 312 

our observation that carbon eventually deposits at large overpotentials. The large CO2* adsorption 313 

energy is also crucial, as it establishes a high carbonate coverage (observed also in APXPS) and 314 

could provide a driving force for the surface reverse-Boudouard reaction (ΔGrxn = 0.31 eV for 315 

CeO1.875(100)) to remove transiently deposited carbon (Fig. 4b). Thus, the two key requirements for 316 

suppressing carbon deposition satisfied by CeO1.875(100) are: (1) trapping carbon in oxidized carbon 317 

intermediates, and (2) establishing a high carbonate coverage. We predict that (100) and (110) 318 

surface terminations best satisfy these requirements (Fig. 4d). Higher oxygen deficiency increases 319 
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this effect (Supplementary Figure 16). Hence, dependence on surface termination and oxygen 320 

vacancy concentration highlight the tunability of carbon suppression. 321 

 322 

Technological demonstration with scaled-up cells 323 

With these insights, we demonstrated technological feasibility by fabricating 16 cm2 SOCs 324 

with nanostructured, porous Gd-doped ceria negative-electrodes and testing the carbon-tolerance of 325 

these scaled-up cells during CO2 electrolysis operation at 750 °C (Fig. 5). For comparison, we also 326 

tested a state-of-the-art Ni-YSZ based cell in approximately identical conditions, for comparison 9. 327 

Similar to the model electrodes, we increased the electrolysis current density stepwise until the cell 328 

voltage began to rapidly increase, indicating carbon deposition. The cell with Ni-YSZ electrode 329 

showed carbon deposition at an outlet CO partial pressure of ~73%, lower than the thermodynamic 330 

Boudouard threshold (78% CO, balance CO2) 9,13 (Fig. 5a). As in the case of the model ceria 331 

electrode, the cell with porous ceria electrode was able to operate past the threshold. We proceeded 332 

to carry out CO2 electrolysis to produce CO beyond the threshold for more than 10 h with stable cell 333 

voltage (Fig. 5b). We then probed the operating limit, which we found to be ~95% CO at the outlet 334 

(Fig. 5a), and we could subsequently recover performance by oxidizing the deposited carbon. Post-335 

mortem SEM images showed a damaged Ni-YSZ electrode (delamination between electrode and 336 

electrolyte) and an intact ceria electrode (Fig. 5c). Considering also electrochemical carbon 337 

deposition rather than only Boudouard deposition, the driving force is even further past the 338 

threshold (Supplementary Figure 10). 339 

 340 

 341 
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 342 

Fig. 5. Comparison of the abilities of scaled-up solid oxide cells with Ni-YSZ vs ceria 343 

electrodes to suppress carbon deposition during CO2 electrolysis. a, Measured outlet CO partial 344 

pressure (balance CO2) and cell overpotential corrected for ohmic potential drop (iRΩ, where RΩ is 345 

the ohmic area-specific resistance) at increasing applied current densities. The dashed vertical line 346 

is the thermodynamic threshold of carbon deposition via the Boudouard reaction. Inset: Typical 347 

electrolysis current-voltage curve measured on a cell with ceria negative-electrode. b, Part of the 348 

same data in a, now shown as a function of time at two of the final operating points (fixed current 349 

density, 0.35 A/cm2 for the ceria cell and 0.5 A/cm2 for the Ni-YSZ cell). c, Illustrations of the two 350 

cell types and post-test cross-sectional SEMs at the gas outlet near the negative-electrode/electrolyte 351 

interfaces where carbon deposited in the Ni-YSZ electrode and caused interface delamination. The 352 

cells had 16 cm2 active area and were operated at 750 °C and 1 atm pressure in a plug-flow test 353 

configuration. Further test information is given in Methods and Supplementary Figure 10. 354 

 355 

Conclusions 356 

The remarkable carbon-suppression capability of ceria, now rationalized in this work, has 357 

major implications for stable and selective CO2 electrolysis. First, it offers robustness against a 358 

hard-failure mode that can immediately end device lifetime. Electrolysis on ceria electrodes may 359 

still be carried out in safe conditions, now with the insurance that the electrolyzer can survive 360 

operational accidents. Eliminating the risk of cell death could have major impact on commercial CO 361 

and fuel production device economics and could be especially beneficial for mission-critical 362 

applications, such as solid oxide CO2 electrolyzers that will be used on Mars (to be first 363 

demonstrated on NASA’s 2020 rover mission). Second, it is possible to push operation into 364 
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conventionally unsafe conditions and thereby obtain higher yields of fuel and O2 product. The 365 

ability to achieve a higher CO concentration, which is limited to well below 50% in today’s cell 366 

stacks due to thermodynamics and gradients 9, would reduce the cost of downstream separation to 367 

obtain a pure CO product.  368 

The next step towards full-scale CO2 electrolysis technology is integration of these nickel-369 

free, nanostructured ceria electrodes into alternative cell designs that provide improved electronic 370 

current collection and lower overall cell resistance than the electrolyte-supported cells used in this 371 

demonstration. Metal-supported or oxygen-electrode-supported cells with thin electrolytes are 372 

candidates that do not rely on nickel for structural support and current collection, unlike the 373 

majority of cells being developed.  374 

Finally, the new mechanistic understanding gained from our operando spectroscopy 375 

experiments and DFT modeling will guide the tuning of the surface properties of ceria and other 376 

vacancy-rich oxides to further improve carbon-tolerance. More generally, our insights and approach 377 

could contribute to achieving stable and selective catalytic reactions involving carbon chemistry. 378 

 379 

Methods 380 

Preparation of Model Electrode Cells 381 

The single-chamber model electrochemical cells were fabricated on single-crystal (100) 382 

Y0.16Zr0.84O1.92 (YSZ) substrates acting as the oxygen-ion-conducting electrolyte with dimensions 10 383 

x 10 x 0.5 mm3, with one side polished. The fabrication procedure follows in chronological order. 384 

The counter-electrode (CE) was applied on the rough side of the substrate by hand-painting Pt paste 385 

(Ferro GmbH 64021015), which was dried on a hot-plate at 200 °C and sintered at 800 °C for 1 h in 386 

stagnant air, forming a porous Pt backbone. Next, an aqueous precursor salt solution for Pr-doped 387 

ceria (PDC) 33 was wet infiltrated, dried at 250 °C on a hot-plate and decomposed at 350 °C for 0.5 h 388 

in stagnant air. The PDC was introduced to enhance the oxygen-ion-conducting and electrocatalytic 389 
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capabilities. The large area and relatively high performance of the CE ensured that the prevalent part 390 

of the potential-drop was across the working-electrode (WE), with a minor (<1 %) drop over the 391 

electrolyte. The exact overpotential of the CE was not determined, but assumed to be insignificant. 392 

The overpotential of the WE was thus estimated as ηWE = Vcell - IcellRΩ, with RΩ found by 393 

electrochemical impedance spectroscopy (EIS). On the polished side, the Pt or Ni current conducting 394 

pattern was fabricated by metal lift-off photolithography. An undercut resist layer (Dow Microposit 395 

LOL 2000) was spin-coated on the polished side of the YSZ substrate at 2000 r.p.m. for 60 s (~300nm 396 

thick) and annealed in air at 180 °C for 5 minutes. To the annealed undercut layer, a positive 397 

photoresist (Shipley S-1813) was spin-coated at 4000 r.p.m. for 45 s and baked at 100 °C for 2.5 min 398 

underneath a glass cover. The photomask was aligned with a Karl Suss MJB 3 mask aligner and the 399 

spin-coated films were exposed to UV light with a dosage of 105 mJ. The photoresist was developed 400 

in a Shipley Microposit MF CD-26 Developer solution until the undercut was ~1 𝜇𝜇m. After the pattern 401 

was rinsed with deionized water, dried, oxygen plasma cleaned for 30 secs at 200 W, the metal was 402 

deposited in 2250 mTorr Ar in a DC magnetron Lesker sputter system. Liftoff was accomplished 403 

dissolving the resist in Baker PRS-1000 Positive Photoresist stripper heated to 50 °C. A final oxygen 404 

plasma treat at 300 W for 60s ensured removal of any photolithographic residue. The Pt pattern 405 

current collector consisted of 27 x 2000 µm stripes of 180 nm height and 5 µm width separated by 10 406 

µm. A closed loop design improved interconnectivity to prevent disconnected metal stripes due to 407 

defects in the photolithography process; 500 x 750 µm2 Pt contact pads were placed on the side of 408 

the patterns for contact with the current collector probe (Supplementary Figure 11). The Ni pattern 409 

consisted of 13 x 2000 µm stripes of 200 nm height and 5 µm width separated by 50 µm. A closed 410 

loop design was used again to ensure metal connectivity. A 500 x 750 µm2 Ni contact pad was placed 411 

at one end of the pattern for probe contact. Each YSZ patterned sample had two WEs so that the 412 

biased electrode could be compared to a reference sample exposed to identical experimental 413 

conditions but left unbiased. The Pt was annealed at 650 °C for 1 h in 100 mTorr, On the Pt pattern 414 

samples, a 650 µm thick Sm0.2Ce0.8O1.9-δ (SDC) film was deposited by pulsed-laser deposition at 650 415 
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°C in 5 mTorr O2 with a laser fluency of 1.5 J cm2- at 10 Hz with a substrate to target distance of 70 416 

cm. For the Ni-SDC sample, an additional 35 nm thick NiO layer was deposited by PLD on top of 417 

the SDC. The NiO layer was reduced to randomly dispersed, approximately 200-400 nm, Ni particles 418 

in-situ during the XPS experiment with a 500 mTorr CO:CO2 (1:1) atmosphere. The Ni-YSZ sample 419 

had Ni particles next to the Ni pattern, which varied in size from 40 nm to less than 1 nm. 420 

 421 

Electrochemical XPS  422 

Ambient-pressure XPS experiments were conducted at beamline 9.3.2 48 (Ni-SDC and SDC samples) 423 

and beamline 11.0.2 49 (Ni-YSZ sample) at the Advanced Light Source synchrotron, Lawrence 424 

Berkeley National Laboratory. Scienta R4000 HiPP and Specs Phoibos 150 differentially pumped 425 

electron analyzers are employed for beamline 9.3.2 and 11.0.2, respectively, which together with a 426 

homebuilt sample holder (Supplementary Figure 11) allows for experimental conditions of up to 700 427 

°C 50 and 1000 mTorr 48, or several thousand mTorr for 11.0.2. Ohmic heating was supplied by a 428 

ceramic heater. Electrical contact was established by mechanically pressing a Pt coil onto the CE, 429 

while the electrical contact to the WE was made by Pt/Ir probes. More details on the design of the 430 

sample holder can be found elsewhere 49,50. 431 

A similar kinetic energy was applied, when possible, namely 160 – 320 eV. Incident angle from the 432 

sample normal was 75 ° for the SDC and Ni-SDC samples at beamline 9.3.2, while it was 65 ° for 433 

Ni-YSZ at beamline 11.0.2. This and other differences between the two beam-lines, such as width of 434 

incident beam and distance between sample and the aperture, causes significantly different gas phase 435 

peak intensity between the samples, and a slightly different gas phase BE as seen in Supplementary 436 

Figure 4. This did however not affect the data analysis significantly. The WE and an Au foil were 437 

Fermi coupled with the electron analyzer. The BE of each spectrum at OCV was calibrated with the 438 

Au 4f7/2 peak (84.0 eV). A Biologic SP-300 potentiostat was used for chrono-amperometry and EIS. 439 

The latter was used to estimate the temperature by comparing the ohmic resistance, RΩ, to that 440 
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measured during a calibration experiment. RΩ of a similar sample on the same sample holder was 441 

measured in a tube furnace in 500 mTorr O2 and correlated to the temperature measured with a 442 

thermocouple. The thermal conductivity of O2 is similar to that of CO and CO2, but the different gas 443 

atmosphere does introduce some uncertainty. A change in total pressure from 500 mTorr to 50 mTorr, 444 

which far exceeds the uncertainty during the experiments, correspond to a temperature uncertainty of 445 

±7 °C. During the experiments at 550 °C, the heater was used to adjust RΩ with an accuracy of ±100 446 

Ω, which translates to an additional uncertainty of ±3 °C. Thus, a total uncertainty in temperature 447 

measurements is estimated to no more than ±10 °C. 448 

During the experiments, adventitious carbon was first burned off for the SDC and NiO-SDC samples 449 

by flowing O2 at 550 °C. This was not possible for the Ni-YSZ sample, as the metallic Ni pattern 450 

would undergo a redox cycle to NiO potentially causing an electrical disconnection of part of the 451 

electrode. CO and CO2 of research grade purity was then carefully dosed and equilibrated to a ~1:1 452 

ratio, which was confirmed by means of the XPS gas phase peaks intensities calibrated for the 453 

difference in electron-molecule scattering cross-sections of CO and CO2 51, as well as with a residual 454 

gas analyzer. 455 

 456 

Density Functional Theory 457 

DFT calculations were performed within the Hubbard-U method (DFT+U) using the Vienna Ab initio 458 

Simulation Package (VASP, version 5.4.1) using the nearly identical settings as in our recent paper 459 

on CeO2 52. The use of PAW potentials, 500 eV plane-wave cutoff, Ueff(Ce, Sm) = 4.5 eV 53,54 and 460 

dense (9x9x9) k-point grid resulted in the equilibrium lattice parameter of a = 5.497 Å for CeO2 and 461 

a = 3.52 Å for Ni . Our simulation cells for ceria surfaces contained a minimum of 3 layers (and 4 for 462 

Ni surfaces) with a 2x2 (3x2) periodicity. The two topmost layers were always allowed to relax until 463 

the forces were lower than 0.02 eV A−1 using a 5x5x1 k-point mesh. 464 



23 
 

In the CeO2 DFT calculations, the top-only surface oxygen vacancy concentration [VO] is held fixed 465 

at zero for “CeO2 (111)”, at 25% for “CeO2-δ (1xx)” (x being 0 or 1) or “CeO2-δ (1xx)|25% VO”, or at 466 

50% for “CeO2-δ (111)|50% VO” in Supplementary Figures 7-9 and Supplementary Figures 14-18, 467 

and [VO] is not affected by applied overpotential. In reality, CO2* and [VO] vary with overpotential 468 

27. 469 

Because of the elevated temperature nature of CO2 electrolysis in SOCs (823 K in this work), we 470 

include vibrational entropy as well as configurational entropy of gas molecules, which affects the 471 

calculated free energies significantly relative to T = 0 K enthalpy values, Supplementary Tables 4 472 

and 5. Using these calculated adsorption energies, we determined the overpotentials required for the 473 

electrochemical reduction reactions from CO2(g) and CO(g) to C, defined as the potential at which 474 

the C* becomes exergonic with respect to the previous reaction steps. When a cathodic overpotential 475 

is applied, CO* free energy is shifted down by 2eη and C* by 4eη, where η is the theoretical 476 

overpotential. We rationalize using a thermodynamic approach because reasonable kinetic rates (~1 477 

site-1s-1) are expected for barriers as large as 2 eV at the operating temperature of 800 K 55. 478 

Scaled-up cells 479 

Two cells of different type with 16 cm2 active area were tested: one nickel-electrode reference cell 480 

and one carbon-tolerant ceria-electrode cell. Both cells were tested in a plug-flow set-up 56 with pO2 481 

sensors just upstream and downstream of the cell, placed into the fuel-side gas flow. These pO2 values 482 

were used, together with leak analysis, to quantify the outlet pCO. Absolute or positive pO2 voltage 483 

values are used throughout; 1000 mV corresponds to a very small quantity of oxygen such as 10–20 484 

atm. Photos of the experimental setup can be seen in Supplementary Fiure. 11. 485 

The reference cell was a state-of-the-art porous Ni-YSZ supported cell produced by Haldor Topsoe 486 

A/S. The dense ~10 µm thick electrolyte consisted of 8 mol% Y-doped zirconia (8YSZ) and a Gd-487 

doped ceria (GDC) barrier layer, and the porous oxygen electrode was a composite of GDC and 488 

lanthanum-strontium-cobalt-ferrite. The Ni-3YSZ support was ~300 µm thick with a 10-30 µm active 489 
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Ni-8YSZ electrode layer. The fuel gas compartment was sealed with gold to an alumina test house, 490 

and nickel and gold meshes functioned as current collectors and gas distributors for the fuel and 491 

oxygen side, respectively. After reduction of NiO to Ni at 850 °C and initial performance 492 

characterization, the cell was tested with 14 L/h CO and 9 L/h CO2, and a current density of 0.5 493 

A/cm2. Further details about this cell can be found in ref. 9.  494 

The cell with enhanced carbon tolerance was a 150 µm thick dense 10Sc1CeSZ electrolyte-supported 495 

cell with a 35-50 µm thick porous GDC backbone sprayed on both sides (10Sc1CeSZ is ZrO2 doped 496 

with 10 mol% Sc2O3 and 1 mol% CeO2). The oxygen side was infiltrated with 3 cycles of an aqueous 497 

solution comprising 1.63 M metal nitrates corresponding to La0.75Sr0.25MnO3. The cell was heated to 498 

1000 °C to form that perovskite phase on the GDC backbone. The oxygen side was then infiltrated 499 

with 1 cycle of 3 M Ce and Pr nitrates solution with Ce:Pr 8:2 ratio (for forming PDC upon heating), 500 

and the fuel side was infiltrated with 1 cycle of a 3 M Ce and Gd nitrates solution with Ce:Gd 8:2 501 

ratio, to enhance the electrochemical performance. The infiltration solutions were prepared from the 502 

respective metal nitrates mixed in DI water with a Triton X-100 surfactant. Pt-paste was used as a 503 

current-collection layer on both sides of the cell (Supplementary Figure 11). The cell was mounted 504 

in a similar manner as the Ni-YSZ cell, but with a Pt mesh as the current collector and gas distributor 505 

on the fuel side (Supplementary Figure 11). The cell was tested multiple times beyond the carbon 506 

deposition onset threshold. The gas flow used for Fig. 5 without carbon deposition was 7 L/h of CO 507 

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 508 

was 0.35 A/cm2. The measured pO2 of the outlet gas was 1031 mV, above the carbon deposition 509 

threshold of 1024 mV at the 750 °C operating temperature. For the test that showed cell voltage 510 

increase due to carbon deposition, the flow rates were 3.5 L/h CO and 2.25 L/h CO2, with a current 511 

density of 0.3 A/cm2. Including a minor cross-over leak, the resulting inlet gas at the cell had a pCO2 512 

of 40-45% (Fig. 5). The measured pO2 of the outlet gas reached 1114 mV before the test was stopped. 513 

Prior CO2 electrolysis works report testing with inlet pCO2 ranging from 10% to 100% 1,5,8–10,13. In a 514 

commercial system, a pCO2 closer to 100% may be preferable and more realistic, however for nickel-515 
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containing electrodes the pCO2 of the supplied gas must not be too close to 100% to avoid oxidation 516 

of the nickel. The test conditions here were chosen based on recent detailed high-temperature CO2 517 

electrolysis studies 9,13 to minimize concentration gradients and overpotentials and to begin (at open-518 

circuit condition) relatively close to the thermodynamic carbon deposition threshold (pCO2 of 22%), 519 

ensuring that carbon deposition conditions could be reached without inducing other known 520 

degradation mechanisms that are driven by large gradients and overpotentials 7,9,13. 521 

 522 

Data Availability 523 

Data underlying the study can be found at Figshare57 (APXPS and cell testing) and 524 

https://www.catalysis-hub.org/publications/SkafteSelective2019 (DFT)58. 525 
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