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Supplementary Note 1: Sample characterization

Schematic cross-section of the electrochemical cell is shown in Supplementary Fig. [Tp. Ceria
films are deposited onto the YSZ (001) substrates which have been pre-decorated with Pt current
electrodes. Consequently, the ceria films have two components: the film grown directly on the
YSZ substrate and the film grown on Pt grids. A cross-section SEM image is provided to show the

uniform coverage of the ceria film over both the YSZ substrates and the Pt grids (Supplementary
Fig. [Ib).
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Supplementary Figure 1: Characterization of the electrochemical cell. (a) The schematics of the cross section. (b)
SEM image showing a uniform film coverage on YSZ as well as on the Pt grid. The cross section was prepared with

focused Ga ion beam. Tilt angle: 53°.
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Supplementary Figure 2: High-resolution X-ray diffraction data of symmetric out-of-plane 26-w scan of (a) pristine
Gd,,Ce( 30, ¢ (GDC) thin film grown on YSZ (001) substrate without Pt grids, and (b) GDC film directly grown on
Pt. While only (001)-type ceria reflection was observed in (a), both (001) and (111) reflections are observed in (b).

These results indicate an epitaxial growth of ceria on YSZ (001) substrate, and a mixed (001) and (111) growth texture

on Pt grids.

To better demonstrate the film quality, a two-dimensional XRD was collected on Gd,, sCe, 5O, -5
with a Bruker D8 Discover X-ray diffractometer equipped with GADDS. Supplementary Fig. [3a
shows the 2D diffraction pattern near the fluorite (113) reflection at grazing incidence, where the
bright (113) reflection spot indicates a highly textured films. Some (113) reflection along the chi
direction is also observed, which indicates the ceria films grown on Pt is not epitaxial. However,

the intensity for this non-epitaxial reflection is much weaker than the epitaxial (113) reflection.
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Supplementary Figure 3: 2D X-ray diffraction on the Gd,, sCe 5O, ;5 electrochemical cell after carbon deposition
test. (a) The symmetric scan collected at grazing incidence near the fluorite (113) reflection shows the polycrystalline
Pt grids and highly textured ceria thin film. (b) Verification of the fluorite structure of Gd,, ;Ce, 5O, 75 thin films. No
reflection was observed near the Ia-3 (112) reflection peak (denoted by the white border box) in the skew-symmetric

scan. Therefore, we conclude the Gd,, ;Ce, 5O, 5 thin films to be in fluorite structure.

Gd, sCe, 5O, -5 structures have been reported as either fluorite phase! (space group Fm3m)
or cubic phase? (space group Ia-3). Since the lattice parameter of the cubic phase is about two times
that of the fluorite phase, the peaks common to these two structures appear to be superimposed-.
The only difference is the cubic phase would have some additional peaks due to symmetry breaking
from the disordered Gd/Ce and O sites. Among all these additional peaks, the strongest one is Ia-3
(112). Therefore, we collected a 2D skew-symmetric scan near the Ia-3 (112) reflection pattern
and the result is shown in Supplementary Fig. [3b. The 2D reflection pattern were collected when
the sample was rotating from ¢ = 0° to ¢ = 360°, in other words, Supplementary Fig. |3b shows

a p-averaged skew-symmetric scan. No (112) reflection from the Ia-3 phase was observed, we



therefore conclude the Gd,, sCe 5O, 45 films to be fluorite phase.

Similarly, Zr, sCe, O, could also have either a tetragonal® (space group P45 ,,,,.) or a cubic
structure® (space group Fm3m), depending on the preparation method. Since the out-of-plane lat-
tice parameter of the cubic and tetragonal phase are similar, we collected the in-plane XRD data on
a Zr, sCe 5O, film without Pt grid (to prevent X-ray attenuation in the Pt). The in-plane symmetric
scan was collected at grazing incidence (1 degree) on a Rigaku SmartLab X-ray diffractometer us-
ing Cu K-alpha 1 radiation and the result is shown in Supplementary Fig. {4, Since only the fluorite

diffraction patterns are observed, we conclude the Zr, ;Ce, 5O, film to be fluorite cubic phase.
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Supplementary Figure 4: Verification of the fluorite structure of Zr,, 5Ce, 5O, thin films. X-ray diffraction data of
symmetric in-plane scan of the pristine Zr, ;Ce, 5O, thin film without Pt grids. Only fluorite ZDC reflection was

observed. Therefore, we conclude the Zr, ;Ce 50O, thin films to be in fluorite structure.

To assess the surface morphological change during carbon deposition, scanning electron

microscope (SEM) images were collected on the CeO, working electrodes (with 10 nm carbon



coating) before and after experiments. As shown in Supplementary Fig. [Sh, no cracks were ob-
served on the thin film. In addition, a Veeco Metrology Nanoscope IV-Dimension 3100 atomic
force microscope (AFM) operated in Tapping Mode was used to characterize the surface morphol-
ogy (Supplementary Fig. [5p). The thin films grown on the YSZ substrate demonstrated compacted
grains of similar size, whereas the ones on the Pt grids showed larger and scattered grain sizes.
Nevertheless, no significant morphological differences were observed before and after the experi-
ment, indicating the possible morphology change would have no impact on the carbon deposition

behavior.
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Supplementary Figure 5: (a) SEM and (b) AFM image of the thin-film CeO, working electrodes before and after
experiment. No significant morphological change was observed. SEM images were collected on ceria films with 10

nm carbon coating. Field of view for the AFM images: 1 ym.



Supplementary Note 2: XPS peak assignment: CO, CO, gas phase

A typical C 1s spectra during carbon deposition on ceria-based thin film is shown in Supplementary
Fig. 6. To better understand the two features at around 292 eV (shaded region), we compare
the C 1s spectra collected on the sample and the C 1s spectra collected with sample extracted
(Supplementary Fig. [6b). Since we are only probing the gas atmosphere, the two distinct features
in Supplementary Fig. @) arise from CO and CO, gas phase ", respectively. For Supplementary
Fig. @), we calibrate the binding energy by aligning the CO, gas peak at 293.5 eV®. As the binding
energy in Supplementary Fig. @a were calibrated by aligning the Ce 4d3/, peak at 122 eV?, we
cannot directly compare the binding energy in Supplementary Fig. [0 and [6b. Nonetheless, as the
peak separations in Supplementary Fig. [6p and [6b are rather similar (~1.5 eV), we conclude the

features at around 292 eV in the C s spectra to be CO and CO, gas phase.
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Supplementary Figure 6: C 1s spectra collected (a) on Zr;sCe, 50, and (b) with sample extracted. Data were

collected in 0.3 Torr 9 : 1 CO/CO, atmosphere at 450 °C.



Supplementary Note 3: Evolution of surface chemistry
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Supplementary Figure 7: Evolution of surface chemistry during carbon deposition. (a) Surface reduction state

([Ce**]) and (b) carbon deposition at 450 °C in 0.3 Torr 9 : 1 CO/CO, as a function of applied electrical bias.

Supplementary Note 4: Quantification of carbon intensity

Since signals from surface elements such as Ce may get attenuated during carbon deposition, the

total area of CO gas peak was selected as the normalization factor for carbon quantification. To

validate our choice, Supplementary Fig. 8| shows the XPS intensities of the deposited carbon, Ce

4d, and CO gas peak on Gd,,Ce, 3O, ¢ during the measurement. As can be seen, the CO gas peak

remained rather stable throughout the polarization experiment whereas the Ce 4d peak lost almost

half of its intensity after carbon deposition.
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Supplementary Figure 8: Normalization method: the corresponding CO gas peak. Time-dependent study showing
CO gas peak remained rather stable throughout the polarization experiment while the intensity of Ce 4d peak decreased
after carbon deposition. Data collected on Gd,Ce3O; ¢ in 0.3 Torr 9 : 1 CO/CO, atmosphere at 450 °C. To ease
comparison, the intensities of CO and Ce 4d peaks shown in the plot are normalized to their initial value (i.e., the first

data point).

For u = zy, the standard deviation can be calculated from 1%

2 2
% = <&> + (%) (1)
u x Y

Since carbon quantity is normalized to the CO gas peak, the error bar for the normalized

10



deposited carbon quantity X = I(carbon)/I(CO) can be calculated as:

AX Al(carbon)? N AI(CO)\? )
X I(carbon) I(CO) )’
where the uncertainty for individual peak intensity is obtained from CasaXPS software.

Supplementary Note 5: Quantification of [Ce>*]

The concentration of surface Ce®" sites has been calculated from Ce 4d peak. The two highest
binding energy components were assigned to Ce** species 11. These two peaks refer to Ce 4dj /2
and Ce 4ds -, with a spin-orbit splitting of 3.3 eV ?2. The area of this doublet is calculated through
peak fitting, denoted with I(Ce*™). The fitting constraints were set so that the two fitted peaks are

separated by 3.3 eV, and the area ratio is fixed at 2 : 3, as shown in Supplementary Fig. Op.

11
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Supplementary Figure 9: [Ce**] quantification from (a) Ce 4d and (b) Ce 4 f spectra. The doublet in Ce 4d spectra
is fitted with a fixed separation of 3.3 eV and area ratio of 2 : 3. Peaks were fitted with a 30% Lorentz/Gaussian line

shape over a Shirley background.

Since surface Ce** concentration is directly related to the intensity of the doublet, [Ce*"] can

be quantified as 17

I(Ce 4d),ey I(Ce*™)
I(Ce4d) I(Ce**)yes’

[Ce*t] =1 —[Ce*t] =1 — 3)

with “ref” represents the fully oxidized condition ([Ce**] = 0). The fully oxidized spectra were
collected at the beginning of each experiment in 20 mTorr O, at 350 °C, where a complete absence

of the Ce 4 f peak in the valence band was considered as the sign of a full oxidation.

As shown in previous study, Ce 4 f peak is only attributed from Ce*" species, and the normal-

ized Ce 4 f peak intensity (I(Ce 4f)/(Ce 4d)) is proportional to surface Ce®* concentration 1313,

12



Therefore, as a sanity check, all the calculated [Ce®*] values used in this paper are compared with
the corresponding normalized Ce 4f intensities. The relation between [Ce**] and normalized Ce
4 f intensity is shown in Supplementary Fig. As can be seen from the linear relationship, the
overall agreement between the quantified [Ce®*] and the normalized Ce 4f intensity is satisfactory.
In this work, we took the maximum deviation between the quantified [Ce**] and linear fitting as

the error bar.

13
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Supplementary Figure 10: Validation for [Ce*"] quantification for each sample studied in this work. The Ce**
concentrations obtained from Ce 4d peaks demonstrate a good linear correlation with normalized Ce 4 f peak intensity.
The error bar was then estimated from the maximum deviation, which is 10%. The legends such as “SOLEIL”, “ALS”,

and “NSLS-II” indicate at which beamline the data were collected.
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Supplementary Note 6: Quantification of surface dopant concentration from XPS

For homogeneous materials, the total emitted electron intensity from an individual element can be

expressed as 1°

Ixo-c-NE)-GE)-¢-D, 4)

where o,c, \, G, E, ¢, D represent photoionization cross section, atomic concentration, attenua-
tion depth, analyzer efficiency, electron kinetic energy, photon flux and geometrical factor (e.g.,

electron emission angle), respectively. In addition, A(E) and G(F) follow approximately "*°

E (5)
MNE) oc B

For cations A and B in a material that are measured in one single experiment, ¢ and D cancel

out. Therefore, the concentration ratio of these two cations can be calculated as:

CA . IA UBABGB
CB B Iz oaAAGa

_]AUB EA 0-25
—IBO'A EB

Surface dopant concentrations were calculated as cation fraction, i.e., dopant/(dopant+Ce).

(6)

Peaks used for analysis were Ce 4d, Zr 3d, and Gd 4d, respectively. The photoionization cross

15



sections were adopted from Ref. |17, as shown in Table

The error in quantifying the surface composition may arise from two parts: first of all, the
random error A,,,q that exists during the APXPS measurement (e.g., variation of photon flux and
local atmosphere) and data analysis (e.g., background subtraction); secondly, the systematic error

Agys in data analysis (e.g., the accuracy of the photoionization cross section).

To address the random error A,,,q, surface composition were calculated on Gd,,Ce; O, 4
sample in 0.15 Torr 9 : 1 CO/CO, mixture under a constant —0.5 V cathodic bias as a function of
time. As shown in Supplementary Fig. surface Gd concentration has around 1% fluctuation
during the 5-hour measurement. Since the surface chemistry remained stable during the measure-

ment (Fig. 3), the observed 1% fluctuation reflects the random error A,,,4.
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Supplementary Figure 11: Time-dependent surface Gd concentration of Gd,,Ce, 3O, o upon exposure to 0.15 Torr

9:1 CO/CO, mixture at 450 °C. The 1% standard deviation was adopted as A;anq in this paper .
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Table 1: Photoionization cross sections at 400 eV (Mb)

Ced4d Zr3d Gd4d

0.9 3.0 0.8

17



Secondly, to address the systematic error Ay, we compare the surface composition quanti-
fied from both lab-based XPS spectra (UHV, room temperature) and the APXPS spectra (20 mTorr
0O,, 350 °C). For the spectra collected with lab-based XPS, data analysis was done by using the
Multipak software package, a proprietary data processing software of Physical Electronics (PHI).
The comparison is summarized in Fig. 2c and we assign the variation of the calculated dopant

concentration from the two methods as the systematic error Agys.

As a result, the error bar of surface composition quantification A was calculated as:

A= \/ Ar2and + A?ys (7)

Supplementary Note 7: Preferential carbon deposition

As shown in Fig. 2c, after the threshold carbon deposition, an apparent increase was observed for
the Gd/(Gd + Ce) ratio on Gd,,Ce, 30, and Gd, sCe sO, ;5. This originates from the fact that

more carbon was deposited onto the Ce site rather than onto the Gd site.

To better demonstrate this phenomenon, Supplementary Fig. [[2]shows the Gd 4d and Ce 4d
spectra on Gd sCe 5O, ;5, collected before and after the threshold carbon deposition at the same
condition (i.e., same temperature, atmosphere, and electrical polarization). For the Ce 4d spectra,
the new broad feature above 120 eV is from the carbon KVV Auger peak!®. Besides the Auger

feature, it can be clearly seen that the intensity of Ce 4d decreased after the carbon deposition. The

18
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Supplementary Figure 12: Gd 4d and Ce 4d spectra of Gd, sCe,, 50, ;5 before and after the threshold carbon deposi-
tion. Data were collected at 450 °C in 0.3 Torr 9 : 1 CO/CO,, under +0.5 V anodic bias. After carbon deposition, the
intensity of Ce 4d decreased while the Gd 4d spectra remained almost the same. This phenomenon clearly indicates

that carbon are more favorable deposited onto the Ce sites rather than the Gd sites.

decreased Ce 4d intensity is due to the signal attenuation from the deposited carbon. On the other
hand, the intensity of Gd 4d remained almost the same before and after carbon deposition whereas

the increased background level near 136 eV is from the carbon KVV Auger peak.

The observed spectra intensity change clearly demonstrates that the Ce 4d intensity got more
attenuated during the carbon deposition, indicating carbon atoms are preferentially to be deposited

onto the Ce sites rather than the Gd sites.

19



Supplementary Note 8: Carbon saturation and removal

Following the time-dependent experiment shown in Fig. 3, we further increased the cathodic bias
to —1.5 V but found the carbon peak did not increase. This carbon growth saturation can be
clearly visualized by the time-dependent C 1s spectra shown in Supplementary Fig. As shown
in the plot, both C 1s spectra collected at 400 eV and 650 eV remained stable during the 1.5-hour

measurement, indicating the carbon stopped growing on the surface.

As the total intensity of Ce 4d halved after the carbon deposition (Supplementary Fig. [g)),
we can roughly estimate the saturated carbon thickness to be around 4.2 A (1-2 monolayers of

graphite) and the calculation is as follows:

Consider a simple model where the ceria surface is covered by a uniform and smooth graphitic
layer with thickness d. The attenuation of the signal strength of Ce 4d (I) by the graphitic layer

can be expressed as'®:

d
— 70 _
I1=1 xexp( Acos@)’ (8)

where 19, )\, and # denote the signal intensity from the ceria thin film without carbon, attenua-
tion length of the electron, and the take-off angle (the off-axis angle with respect to the surface

normal'®).

The inelastic mean free path (IMFP) of an electron with 270 eV kinetic energy (i,e, the Ce

20



4d spectra at 400 eV photon energy) in graphitic carbon is around 7.1 A2%, Since the attenuation
length is typically 15-20% smaller than the IMFP1®, here we assign A = 6 A. In addition, as the
sample is normal to the detector (ALS, beamline 9.3.2) during measurement, ¢ = (. Consequently,

we can roughly estimate the film thickness d to be

d=—1In <%> X Acosf = 4.2 A, 9)

which corresponds to the thickness of 1-2 monolayers of graphite.

This self-limited carbon growth has also been observed in the previous study, showing the

graphene growth on Cu terminates once the surface is fully covered !
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Supplementary Figure 13: Time-dependent C 1s spectra collected under 1.5 V cathodic polarization at a photon
energy of (a) 400 eV and (b) 650 eV. Both spectra remained stable during the 1.5-hour measurement, indicating a

carbon growth saturation.
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In addition, it was observed that the surface carbon after the threshold deposition can be
very difficult to remove. As shown in Supplementary Fig. [4p, the surface carbon on Zr, sCe 5O,
before the threshold deposition can be easily removed from anodic polarization. In contrast to this,
for Gd, ,Ce 3O, 4 after the threshold carbon deposition, the surface carbon did not decrease even

after 0.5 hours of anodic polarization (Supplementary Fig. [I4p).
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Supplementary Figure 14: Carbon removal (a) before and (b) after the threshold carbon deposition. (a) Carbon can
be easily removed on Zr, sCe, sO, with 0.5 V anodic bias. (b) Carbon intensity did not decrease on Gd,,Ce 30 4

even with 0.7 V anodic polarization. Both spectra were collected at 450 °C in 0.3 Torr 9:1 CO/CO, atmosphere.
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Supplementary Note 9: Surface overpotential

According to the Nernst equation, application of an overpotential (1) could change the chemical

potential of oxygen (Ajip) within the working electrode?*23:

Apo = 4Fn, (10)

where F denotes the Faraday constant.

Previous studies have demonstrated that when the electronic defects are the minority defect

species in the materials, a change in Ay changes the chemical potential of electrons (A, )*%:

1
Apte = =7 Bpo = —Fn (1n

Consequently, the Fermi level (Er) would change with overpotential as*:

= ) (12)

Under these circumstances, the binding energy (£p) shifts of non-redox-active elements,

23



measured with XPS, can be used to quantify the surface overpotential**

(13)

where e = 1 eV/V. As an example, this —1 eV/V relation has been observed between the binding

13

energy shift and overpotential on Sm-doped ceria™® as well as on La, ¢Sr,,FeO;** in reducing

environment.

Inspired by this, we quantified binding energy shift of Si 2p (Supplementary Fig. [I3) as Si is
a common inert element in all the ceria-based films. The Si peak shift as a function of applied bias
is shown in Supplementary Fig. In addition, the binding energy shift of Zr 3d in Zr, sCe, 5O,
is also shown as a reference. As can be seen, the peak shifts quantified by both peaks match quite

well, validating our choice of using Si peak to quantify the binding energy shift.

Feng et al. have observed a —1eV/V relation between the binding energy shift and the
surface overpotential on 20% Sm-dopoed ceria®. As the Brouwer diagrams of Gd-doped and Sm-
doped ceria are very similar*, we would expect the surface overpotential of Gd,,Ce, 3O, o and
Gd, sCe 5O, ;5 can be also quantified with Eq. Therefore, we can plot the carbon deposition

as a function of overpotential for Gd,,Ce, 0O, and Gd,Ce,sO, 55, and the result is shown in

Supplementary Fig.

24
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Supplementary Figure 15: An example of Si 2p peak used to quantify the peak shift.
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Supplementary Figure 16: Binding energy shift as a function of applied bias on four types of ceria-based thin films

at 450 °C in 0.3 Torr 9:1 CO/CO,. The binding energy shift was quantified from Si 2p and Zr 3d spectra, respectively.
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Supplementary Figure 17: Carbon deposition on Gd-doped ceia at different overpotentials in 9:1 CO/CO, environ-
ment. Note carbon deposition starts at different overpotentials for Gd, ,Ce; 3O, ¢ and Gd,, ;Ce, 5O, 45, indicating the

surface overpotential cannot explain the threshold carbon onset. The lines are the guide for the eye.

Supplementary Note 10: Carbon-induced Ce** enrichment

As shown in the time-dependent study in Fig. 3, along with the threshold carbon deposition, the
surface Ce** species vanished. We first verify the observed increase of Ce®* concentration does not

originate from a misinterpretation of the XPS data.

After carbon deposition, signals from the ceria thin films got attenuated. Consequently, the
deposited carbon layer would decrease the probing depth in the ceria film, making the XPS spectra
more “surface sensitive”. In other words, the Ce 4d spectra collected after the threshold carbon
deposition would contain more chemical information from the very surface Ce compared to those

collected before carbon deposition. As surface Ce can be more reduced than the sub-surface'®,
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the measured [Ce**] may consequently increase after carbon deposition. In this scenario, it is
possible that the measured [Ce*"] increase while surface chemistry remains the same. To exclude
this possibility, Ce 4d spectra were collected at photon energies of both 400 and 650 eV on CeO,.
As shown in Supplementary Fig. even Ce 4d spectra collected at 400 eV are more surface
sensitive than the ones from 650 eV, the calculated [Ce®*] from both photon energies did not
exhibit significant differences. In particular, [Ce**] quantified from both photon energies exhibited
a similar carbon-induced [Ce**] enrichment (the two data sets at —1.2 V bias). Therefore, the

surface did become more Ce**-enriched during the threshold carbon deposition.
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‘© 0.5-4
o,
00 T ] ) ]
0.6 0.0 -0.6 -1.2
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Supplementary Figure 18: [Ce**] quantified from Ce 4d spectra collected at 400 eV and 650 eV on CeO,. No
considerable difference was observed between the quantification from two photon energies. Data collected at 450 °C

in 0.3 Torr 9:1 CO/CO, atmosphere.

Here we briefly discuss two possible origins of this carbon-induced Ce*" enrichment. First of
all, this could originate from the electrochemical polarization. According to the Nernst equation,
a cathodic polarization would result in a more reduced surface??, which have also been observed
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in our experiment (Fig. 2). Since the ceria working electrode is not the only source of resistance
in our cell (electrolyte, counter electrode, and wiring are the others), only part of the applied
voltage drops as an overpotential at the working electrode (Supplementary Fig. [19). After carbon
deposition, the surface resistance could increase as carbon can block the active sites. An increase
of the surface resistance of the ceria working electrode consequently increases the voltage drop
(i.e. the overpotential) at the working electrode thus causing a stronger degree of reduction, which
becomes visible in XPS as a higher Ce®" fraction. Secondly, the observed [Ce**] increase can be
also due to the deposited carbon atoms. In this case, it can either be a surface oxygen removal
from carbon combustion? or a charge transfer?” from the deposited carbon to the surface Ce atom

(cation reduction without oxygen removal). Further studies are suggested to unravel this intriguing

phenomenon.
Deposited carbon
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Supplementary Figure 19: Schematics of the relation between surface overpotential and applied bias (a) before and
(b) after carbon deposition. After carbon deposition, the surface resistance (Rwpg) could increase, resulting in an

increase in surface overpotential (nwg). WE and CE denote the working electrode and counter electrode, respectively.
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Supplementary Note 11: Monte carlo simulation

At each [Ce**] and doping ratio, 100 random initial configurations were generated. For each initial
configuration, 500 Monte Carlo steps (MCS) were employed to ensure equilibrium (Supplemen-
tary Fig. ), and the averaged value from 300 to 500 MCS were interpreted as the Ce**-Ce’*
pair number formed on this configurations. Finally, the Ce**-Ce™ pair number formed at each
[Ce**] were obtained by averaging over 100 random initial configurations, as shown in Supple-
mentary Fig. 20b. The error bar was estimated from the standard deviation (STD) over 100 initial

configurations. The Ce pair calculation principle is illustrated in Supplementary Fig. 21]
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Supplementary Figure 20: Validation for Monte Carlo simulation. (a) Sensitivity of simulation result to Monte Carlo
step (MCS). The horizontal line represents the averaged value between MCS 300 to 500. (b) Sensitivity of simulation
result to initial lattice configurations. Histogram of the calculated Ce**-Ce** pair from 100 different random initial

configurations. Data calculated at 50% [Ce®*] with 10% dopant.
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Supplementary Figure 21: Ce pair calculation. In this work, a periodic boundary condition was considered when

counting the Ce pairs. In this way, there are in total of 6 Ce**-Ce®* formed in the lattice shown in the plot.

Supplementary Note 12: APXPS spectra
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Supplementary Figure 22: Typical Ni 3p and Pt 4f spectra during experiment. No detectable Ni or Pt peaks are

observed. Data collected on Gd,, 5Ce, 5O, 55 at 450 °C in 0.3 Torr 9:1 CO/CO,.
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Supplementary Figure 23: Typical Zr 3d and Gd 4d XPS spectra. Data collected at 450 °C in 0.3 Torr 9:1 CO/CO,.
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Supplementary Figure 24: XPS spectra of CeO,. Spectra were collected at 450 °C in 0.3 Torr 9:1 CO/CO, and at

350 °C in 20 mTorr O,, respectively.
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Supplementary Figure 25: XPS spectra of Zr, sCe, 50,. Spectra were collected at 450 °C in 0.3 Torr 9:1 CO/CO,

and at 350 °C in 20 mTorr O,, respectively.
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Supplementary Figure 26: XPS spectra of Gd,, ;Ce, 50, 75. Spectra were collected at 450 °C in 0.3 Torr 9:1 CO/CO,

and at 350 °C in 20 mTorr O,, respectively.
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Supplementary Figure 27: XPS spectra of Gd,,Ce 3O, . Spectra were collected at 450 °C in 0.15 Torr 9:1 CO/CO,

and at 350 °C in 20 mTorr O,, respectively. Note even at a different total gas pressure, the threshold [Ce**]-carbon

relation still exists.
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Supplementary Figure 28: Typical O s spectra during CO, electrolysis. Data collected on Gd,,,Ce( 3O, 4 at 450
°C in 0.3 Torr 9:1 CO/CO, atmosphere at open circuit (OCV), -0.7 V, and -1.2 V electrical bias in sequence.Three
dominant features exist: lattice oxygen, Si impurities, and adsorbate, which is in accord with the previous APXPS
paper on surface chemistry of CeO, during CO, electrolysis 13, After the threshold carbon deposition (-1.2 V), the
total intensity of the O 1s spectra decreased; and the adsorbate peak vanishes, which is in accord with the C 1s spectra

behavior shown in Figure 3 in the main text.
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