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Supplementary Note 1 

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

ΔGr = ΔHr − 𝑇𝑇ΔSr = −𝑅𝑅𝑇𝑇 ln(Kr) = −𝑅𝑅𝑇𝑇 ln �𝑝𝑝CO
2

𝑝𝑝CO2
�   (1) 

Where ΔGr, ΔHr and ΔSr are the changes in Gibbs energy, the enthalpy and the entropy of the reaction, 
respectively. 𝑇𝑇 is the absolute temperature, 𝑅𝑅 is the gas constant, Kr is the equilibrium constant of the 
reaction, and 𝑝𝑝CO and 𝑝𝑝CO2 are the CO and CO2 partial pressures. Since we only have CO and CO2 in the 
atmosphere, the mole fraction of CO is given by xCO = 1 − xCO2. If we now account for the total pressure, 
𝑝𝑝 = 𝑝𝑝CO + 𝑝𝑝CO2, we then have: 

Kx = Keq. ∙ p = �1−xCO2�
2

xCO2
     (2) 

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

xCO2 = � 1 2⁄
𝑝𝑝∙Keq.

+ 1� − �� 1 2⁄
𝑝𝑝∙Keq.

+ 1�
2
− 1    (3) 

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

The reactant gas atmosphere for the threshold can then be converted to a partial oxygen pressure, 
𝑝𝑝O2(Boud. ), with the unit atm: 

𝑝𝑝O2(Boud. ) = 102∙log10�Keq.� ∙ �xCO2
xCO

�
2

    (4) 

In the same manner, the 𝑝𝑝O2 of the actual inlet reactant gas atmosphere, 𝑝𝑝O2(reac. ), can be calculated. 
Here, the equilibrium constant for the CO2-electrolysis reaction; CO2 ⇌ CO + 1

2
O2, must be used. Since we 

now know the 𝑝𝑝O2 of the inlet gas, we can use the Nernst equation to calculate the open-circuit voltage 
(OCV): 

OCV = 𝑅𝑅𝑅𝑅
n𝐹𝐹

ln � 𝑝𝑝O2(air)
𝑝𝑝O2(reac.)

�     (5) 
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Where n is the number of electrons participating in the reaction, 𝐹𝐹 is Faraday’s constant, and 𝑝𝑝O2(air) is the 
partial oxygen pressure of air (0.21 atm). The unit will be V. 

In a similar manner, the potential of the threshold can be calculated, and by subtraction we find the 
electrochemical overpotential of the cell required for carbon formation: 

η(Boud. ) = OCV − 𝑅𝑅𝑅𝑅
n𝐹𝐹

ln � 𝑝𝑝O2(air)
𝑝𝑝O2(Boud.)

�    (6) 

Which will be negative (cathodic) given the experimental conditions chosen in the experiments. The relative 
contribution of the working electrode (WE), the counter electrode (CE) and the electrolyte was further 
elaborated on in the Materials and Methods section. 

The same calculations can be carried out for the electrochemically driven carbon deposition reactions, with 
the appropriate thermodynamic data applied. Finally, we can plot the Nernst potential for each reaction, as 
well as the required overpotential for all three carbon deposition reactions. As seen in Supplementary Figure 
1, at the specific experimental conditions (250 mTorr CO, 250 mTorr CO2, 550 °C), electrochemical carbon 
formation from CO2 is thermodynamically favored at -73 mV overpotential, while electrochemical carbon 
formation from CO and the Boudouard reaction require a somewhat similar overpotential, -146 mV and -122 
mV, respectively. At the experimental conditions for the SDC sample (75 mTorr CO, 75 mTorr CO2, 550 °C), 
the three overpotential values are -94 mV, -189 mV, and -164 mV respectively (not shown in Supplementary 
Figure 1). Considering these ranges of values and the maximum temperature uncertainty, the overpotential 
thresholds are overall within the range -120 ±72 mV. All thermodynamic data used are for graphite as the 
reaction product – other carbon allotropes exhibit slightly different energetics, e.g. amorphous carbon has 
up to 15 kJ/mol larger formation energy, which corresponds to 39 mV or 78 mV more negative overpotential 
depending on the deposition reaction. 

 

Supplementary Note 2 

For all three samples the XPS fitting routine was consistent, albeit with minor differences. The fitting software 
was CasaXPS v2.3.17PR1.1. All peaks were fitted with a symmetric Gaussian-Lorentzian shape, “GL(30)”, 
except for sp2 type carbon, which was fitted with an asymmetric peak consisting of a blend of a Doniach-
Sunjic function and a Gaussian-Lorentzian function, “DS(0.03,125)GL(30)” 2,3. This is due to the screening of 
electron-hole pair excitations at the Fermi level 4. A singularity index of 0.03 was found to fit the data well, a 
value smaller than what others have reported using, i.e. 0.1-0.2 2,5. For SDC and Ni-SDC a Shirley background 
was fitted and subtracted, while for Ni-YSZ a linear background was deemed more suitable for the data. 
Changing the background type did not alter the results of the analysis, only the fitting error bars. Before and 
after each experimental condition, a spectrum for each relevant photon energy was collected on an Au foil a 
few mm from the sample, which was Fermi coupled (grounded) to the working electrode. Thus, all spectra 
were calibrated to Au 4f7/2 (84.0 eV). The photon energy was chosen such that the kinetic energy yielded an 
information depth of ~0.6 nm for all spectra (kinetic energy ~250 eV ±100 eV). The binding energies (BE) 
mentioned in the following refer to OCV, since the BE will shift with applied potential for some species. 

C 1s. Despite the reduction in possible species due to the lack of H-, N- and F-atoms, there are still a significant 
amount of possible surface species to identify within a narrow BE window. In order of descending BE, the 
assigned peaks can be seen in Supplementary Table 1. In addition to these, an unidentified peak was often 
visible 1 eV higher than CO2 (gas). The CO2* and CO* peaks were assigned based on the reported BE in 
literature, e.g. Feng et al. 6. CO2* was not present on the Ni-YSZ electrode, and CO* only to a small degree. 
At the beginning of the test at OCV, adventitious C-C sp2 was only present on Ni-YSZ. After carbon deposition 
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at cathodic overpotentials, C-C sp2 appeared to a minor degree on SDC and Ni-SDC, but the primary C-C type 
formed on these samples was sp3. 

O 1s. The assigned peaks can be seen in Supplementary Table 2. The C adsorbate peak could be either CO3
2−, 

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-
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. 

Other surface species, e.g. Zr 3d, Ce 4d, Ni 2p and 3p are of lower importance in the present study. These are 
simply fitted with sufficient peaks to accurately determine the BE shifting of the main peak while varying the 
potential (Supplementary Figure 5 and Supplementary Figure 20). 

 

Supplementary Note 3 

The current response during the chrono-amperometry XPS experiments for the three samples is shown in 
Supplementary Figure 12. The SDC sample in Supplementary Figure 12a has a relatively low performance 
before applying a large cathodic potential of -600 mV. The activation is clearly visible by comparing the 
current at +200 mV anodic potential before and after the large cathodic bias. This sort of activation was 
expected to occur when the ceria surface was reduced sufficiently to cause crack-formation along the Pt-
patterns. The formation of such cracks are confirmed by SEM after the experiment. This phenomenon is 
expected to significantly increase the surface area, which is not accounted for in the geometric area 
normalized current density shown here. More interestingly, a large increase in resistance of the cell is 
observed at the most reducing conditions. This is most likely due to coverage of the SDC surface by carbon 7, 
effectively blocking the 2PB, supported by an observed decrease in the lattice oxygen peak from O 1s. 

For the Ni-SDC sample, Supplementary Figure 12b, more current-potential points were collected. Like SDC, 
the resistance increased at the most reducing condition. This was followed by activation upon returning to 
the most oxidizing condition. The reason for this is unclear. The increased resistance at the reducing condition 
clearly shows hysteresis in the iV-curve. Such hysteresis is also observed for full-sized commercial SOECs 
during chrono-potentiometry experiments with carbon formation 8. After oxidizing most of the carbon and 
returning to the reducing condition, the electrochemical performance is regained. We also applied negative 
bias to this electrode again and the same resistance increase was observed as the carbon grew back again 
(not shown). 

Curiously, the formation of carbon did not cause an increase in resistance for the Ni-YSZ sample. The coverage 
of reaction sites by carbon might be compensated by electronically connecting more Ni particles as carbon is 
growing. This would increase the 3PB length and the performance. 

The shape of the iV curves of the SDC samples (Supplementary Figure 12a, b) are as expected based on 
comparison to other model electrode tests 6,9. However, a reversed cathodic shape of the iV-curve for the Ni-
YSZ sample was expected 9.  This might be due to the effect suggested above where carbon deposition 
extended the 3PB length, improving the electrode performance.  
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Supplementary Figure 1. 
Nernst potentials and overvoltage thresholds for CO2 electrolysis and possible carbon 
formation reactions. The Nernst potential under changing concentration of CO in CO2 at the specific 
experimental conditions (500 mTorr total pressure, 550 °C) is calculated for the CO2 electrolysis 
reaction, and the reactions for electrochemical carbon formation from either CO2 or CO. On the 
second y-axis, the overpotential thresholds for the two electrochemical carbon formation reactions 
and for the Boudouard reaction are plotted. Dots indicate the operating point for the APXPS 
experiments. 
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Supplementary Figure 2. 
Lattice oxygen (1s) XPS peak decreasing in intensity as carbon is deposited on the Ni-YSZ 
model electrode. The decrease in intensity indicates coverage of the YSZ surface. Shifts in BE due 
to the applied potential has here been corrected for.  
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Supplementary Figure 3. 
Partial reversibility of the integrated area of C-C (~285 eV) peaks against overpotential for all 
three samples.  
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Supplementary Figure 4. 
Removal of gas phase peaks from NAPXPS spectra at −300 mV overpotential. Illustration of all 
peaks fitted to the raw data and the resulting fitting sum, including the background, for SDC, a, and 
Ni-SDC, b. Subsequently, the CO(g) and CO2(g) peaks are removed for SDC, c, and Ni-SDC, d.  
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Supplementary Figure 5. 
Shifts of photoemission core-level peaks for different surface species. a, Ni 2p for Ni-YSZ and Ni 
3p for Ni-SDC. b, Carbon peak at ~285 eV, with a sp2-hybridization carbon peak from adventitious 
carbon on YSZ and a peak for electrochemically deposited sp2 carbon on or near nickel on Ni-YSZ, 
and a deposited carbon peak for Ni-SDC ascribed to sp3-hybridization. There were insufficient data 
points to plot the shifting of the carbon peak for the SDC electrode. c, Carbonate shifting rigidly with 
the SDC surfaces. No carbonate peak was identified for the Ni-YSZ electrode. The binding energy of 
each spectrum at OCV are calibrated with the Au 4f7/2 peak (84.0 eV) from an Au foil Fermi coupled 
with the photoelectron analyzer.   
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Supplementary Figure 6. 
Ni 2p NAPXPS spectrum measured at -150 mV on the Ni-YSZ electrode. Note: For this 
spectrum, calibration to Au has not been done, so the exact BE is not correct.  
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Supplementary Figure 7. 
Calculated geometries and Bader charges associated with CO2*O/CO2*. The overall charge of the CO3/CO2 is 
also indicated as δρ. a-d Adsorbate charge analysis shows that charge of CO2*O is in a narrow range between 
–1.57 e– to –1.47 e– for all surfaces with oxygen vacancy sites supporting the presence of the carbonate 
species. For (100) surfaces CO2*O has a tridentate binding geometry ab, for (110) surface a bidentate binding 
geometry d, and for (111) surface  a monodentate binding geometry c is observed as the most stable. e For 
Ni(211), the bent CO2 geometry and negative charge of –0.63 e– is observed. For CO*, the C-O bond lengths 
analysis indicates that they are 1.295/1.304 Å for Sm0.25Ce1.75O1.875(100)/CeO1.875(100), 1.255 Å for 
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) 
to double (1.20 Å) C–O bond transition. 
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Supplementary Figure 8. 
Calculated free energy along reaction pathway from CO2* to CO* to C* at the limiting potential of -630 
mV. At this potential, the last step is the lowest for CeO2-δ (110) surface.  



12 
 

 

Supplementary Figure 9. 
Calculated free energy along reaction pathway from CO2* to CO* to C* at the limiting potential 
of -530 mV. At this potential, the last step is the lowest for CeO2-δ (111) surface with 25% oxygen 
vacancy concentration.  
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Supplementary Figure 10. 
Comparison of the abilities of scaled-up solid oxide cells with Ni-YSZ vs ceria electrodes to 
operate in thermodynamic carbon deposition regimes during CO2 electrolysis. This is another 
view of the same data shown in Fig. 5. (A) Cell overpotential corrected for ohmic potential drop 
(iRS, where RS is the ohmic area-specific resistance) measured at increasing current densities. The 
solid symbols are the same data as shown in Fig. 5a, with x-axis now as potential vs air of the outlet 
CO/CO2 gas. The thick light-gray vertical line labeled pO2(Boud.) is the carbon deposition 
threshold for the Boudouard reaction, the threshold that is relevant for the solid symbols. For the x-
axis values of the open symbols, the iRS corrected cell overpotential has been added to the gas 
phase chemical potential (pO2). This includes both the fuel-electrode and oxygen-electrode 
overpotentials – ideally only the fuel-electrode overpotential would be added by quantifying 
individually using detailed impedance analysis, but we did not have a sufficient set of impedance 
measurements to do so, and the oxygen-electrode overpotential is much smaller than the fuel-
electrode overpotential in both of these cells, so these values serve as a rough approximation. 
Therefore, the more precisely quantified outlet pCO values are shown in Fig. 5 rather than these 
approximate values. The points at which degradation sets in (visible in the solid symbols at the 
same y-values) are marked with short vertical lines. The two dashed vertical lines are the 
thermodynamic thresholds for the electrochemical carbon deposition reactions, the thresholds that 
are relevant for the open symbols. (B) Cell voltages measured at fixed current densities at the final 
operating points shown in (A). This is the same data as in Fig. 5b, but with the cell voltage on the y-
axis rather than the iRS corrected cell overpotential. The main reason for the much higher cell 
operating voltage (before Ni-YSZ degradation) for the ceria-electrode cell is the much higher ohmic 
resistance of the thick electrolyte in this electrolyte-supported cell (the electrolyte in the Ni-YSZ-
supported cell is more than 10x thinner).  
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Supplementary Figure 11. 
Experimental setups for APXPS and large-scale cell testing. a, Sample holder and sample for 
the APXPS experiments, and b, an optical microscope image of one of the samples. c-f, Mounting 
the large-scale cell in a test rig. The Pt contacting mesh and Au sealing are placed (c), followed by 
the cell (d), in the cell testing “house” (e), which is subsequently lowered into the furnace (f), 
surrounded by gas tubing and electrical wiring.  
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Supplementary Figure 12. 
iV plots with hysteresis for the three samples. a, SDC, b, Ni-SDC and c, Ni-YSZ. The fixed potential was 
corrected for the Ohmic resistance of the YSZ electrolyte. The arrows indicate the chronological order in 
which measurements were recorded, with black first, red second and blue third. The thermodynamic 
threshold for carbon formation is shown by the gray box, accounting for experimental uncertainties and 
differences.  
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Supplementary Figure 13. 
The response of the current and carbon coverage to the changing potential throughout the Ni-
SDC experiment. The SDC and Ni-YSZ electrodes have similar, but not identical behavior. a, 
current density and the integrated area of the C peak changing with time. b, the applied voltage 
changing with time. The upper limit of Ni oxidation is also plotted (--), and the carbon deposition 
threshold (--) which was intentionally crossed. After 12 h, when -300 mV is applied, the current drops 
considerably and carbon coverage increases. When decreasing the cathodic potential below the 
thermodynamic threshold for carbon formation, the carbon coverage decreases and the current 
stabilizes. The results were reproduced at the end of the experiment by applying -300 mV again.  
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Supplementary Figure 14. 
Calculated free energy along reaction pathway from CO2* to CO* to C* at OCV for all 
considered surfaces. Increasing vacancy concentration for ceria (111) surfaces from 0% to 25% to 
50% clearly stabilizes CO2 adsorption and destabilizes C adsorption. CO-like species is formed for 
C* adsorption for all ceria surfaces. For completeness, we also compare the (100) surfaces of  SmxCe1-

xO2-δ to CeO2-δ. 
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Supplementary Figure 15. 
Calculated free energy along reaction pathway from CO2* to CO* to C* at OCV for all 
considered surfaces at a reduced total CO/CO2 pressure of 150 mTorr.  
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Supplementary Figure 16. 
Calculated free energy along reaction pathway from CO2* to CO* to C* at the limiting potential 
of -460 mV. At this potential, the last step is the lowest for CeO2 (111) surface without oxygen 
vacancies.  
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Supplementary Figure 17. 
Calculated free energy along pathway from CO2* to CO* to C* at the limiting potential of -610 
mV. At this potential, the is the lowest for CeO2-δ (111) surface with 50% oxygen vacancy 
concentration.  
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Supplementary Figure 18. 
Calculated enthalpy along the reaction pathway from CO2* to CO* to C* at OCV for all 
considered surfaces.  
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Supplementary Figure 19. 
Pressure and gas composition throughout the Ni-SDC experiment measured using mass-
spectroscopy and the XPS C 1s spectra. a, total, CO and CO2 pressure in mTorr measured by a 
mass-spectrometer (MS). The data has been smoothed slightly to remove excessive noise in pressure 
measurements while moving the sample stage. b, integrated area of the CO and CO2 peaks from C 1s 
after calibrating for the difference in electron-molecule scattering cross-sections (1.449·10-20 m2 and 
2.177·10-20 m2 at 490 eV, respectively). c, the CO:CO2-ratio from the mass-spectrometer and the 
carbon deposition threshold. d, the CO:CO2-ratio from C 1s peaks and the carbon deposition 
threshold. The CO:CO2-ratio agrees fairly well between the two measuring techniques, although the 
result from XPS is about 7-8% xCO higher.  



23 
 

 

Supplementary Figure 20. 
Shifts of XPS core-level peaks for different surface species. a, Valence band maximum (VBM) 
dominated by Ni. A small systematic shift from the expected value of 0 eV is likely related to the 
quantification method. b, Zr 3d for Ni-YSZ and Ce 4d for Ni-SDC. c, lattice oxygen. d, CO2 gas 
phase for SDC and Ni-SDC, and CO gas phase for Ni-YSZ. The changing slope observed for gas 
phase on Ni-YSZ was confirmed by the shifts of CO- and CO2-gas phase core-level peaks from the 
O 1s spectrum, and correlates with the suggested onset of -150 mV shown in Fig. 1g and 
Supplementary Figure 5.  
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Supplementary Figure 21. 
Scanning electron microscopy images of cross sections and chemical composition of the 
samples. a, A Pt wire buried by a SDC layer for the SDC sample. b, Two Pt wires buried by a SDC 
layer, with Ni nanoparticles of varying size on the surface, for the Ni-SDC sample. Elemental 
composition was determined by energy-dispersive x-ray spectroscopy in the scanning electron 
microscope.  
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Supplementary Table 1. 
Peak assignment for C 1s at OCV. 
 

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 
linear BE shift with applied potential as observed prior to deposition (see Supplementary Figure 5b). 
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Supplementary Table 2. 
Peak assignment for O 1s at OCV. 
 

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 

  



27 
 

Supplementary Table 3. 
Complete list of DFT calculated limiting potentials for reduction of CO2(g) to C for considered 
surfaces. For nickel surfaces, the reaction processes directly from CO(g) as opposed to CO2(g) due 
to highly unfavorable CO2* energy.  
 

 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-δ (100) -530 25 CO2*o → CO*O 

CeO2-δ (100) -610 25 CO2*o → CO*O 

CeO2- δ (111) -610 50 CO2*o → CO*O 

CeO2- δ (110) -630 25 CO2*o → CO*O 
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Supplementary Table 4. 
Calculated adsorption energies (∆E) and Gibbs energies (∆G, at OCV relative to µO) of CO2*, CO* 
and C* used for construction of Gibbs energy diagrams (Fig. 4, Supplementary Figure 8-9 and 
Supplementary Figure 14-17). The associated structures are also available online 24. To construct the 
∆Gs from ∆Es, we have corrected O2(g) DFT-PBE reference energy by +0.38 eV to match the 
experimental enthalpy of  ∆H(H2(g)+1.2O2(g)→H2O(g)) and used the Gibbs energy corrections in 
Supplementary Table 5. 
 
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-δ(111)|25%VO -1.01 0.99 2.79 1.88 5.78 2.12 
CeO2-δ(111)|50%VO -1.11 0.88 2.99 2.09 5.39 1.74 
CeO2-δ(110)|25%VO -2.07 0.04 2.14 1.29 4.86 1.25 
CeO2-δ(100)|25%VO -2.84 -0.91 1.22 0.31 4.96 1.22 
SmxCe1-xO2-δ(100)|25%VO -2.75 -0.82 1.34 0.25 5.38 1.25 
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Supplementary Table 5. 
Table of thermodynamic corrections for gas-phase molecular species as well as the adsorbates in eV 
at OCV. 
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