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Abstract 

Ni-YSZ-based electrodes are well-established in the field of solid oxide technologies. Ni/YSZ-based 

architectures have well-known performance and mechanical properties besides well-established 

manufacturing processes. Solid oxide-based CO2 electrolysis on Ni-YSZ at high temperature requires 

the presence of H2 in the CO2 inlet stream. It is believed that in pure CO2 streams the reaction fails due 

to oxidation of the Ni-YSZ electrode. Using operando Raman spectroscopy and online mass 

spectroscopy, we have shown that CO2 can in fact be reduced on the Ni-YSZ surface. Our 

measurements, reveal that Ni-YSZ oxidizes to NiOx-YSZ within a pure CO2 stream. CO2 electrolysis is 

possible on this oxide surface via a surface oxygen and vacancy-mediated mechanism similar to those 

observed within other oxide cathodes such as CeOx. The deactivation of the electrode coincides with 

strongly reducing conditions and at current densities > 400 mA/cm2, NiOx is completely reduced 

coinciding with complete stoppage of CO production. Cu-impregnation into Ni-YSZ was demonstrated 

to mitigate the deactivation issue by forming a more stable surface oxide on Ni which continued to carry 

out CO2 reduction under strongly reducing conditions. The new electrode demonstrated improved 

kinetics and stability against carbon deposition via Bouduard reaction. 
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Introduction 

Global targets of CO2 reduction require aggressive mitigation of CO2 production and increased capture.1  

Capturing CO2 from various sources (including air) and converting it into synthetic fuel using green 

energy is an excellent way of making the fuel usage cycle carbon neutral.2–4  

High-temperature electrochemical reduction of CO2 within a solid oxide electrolysis cell (SOEC) is an 

attractive approach allowing for cost-effective and energy-efficient production of CO.5,6 The 

electrochemical conversion of CO2 to CO is relatively energy efficient with 100% faradaic efficiency 

and greater than 90% energy efficiency. The efficiency losses increase significantly when higher 

hydrocarbons are targeted. Creation of heavily reduced products such as CH4, requires multiple electron 

and proton transfer steps (8e- and 8H+). Such multistep electrochemical reactions result in high energy 

losses owing to slower kinetics. CO production from CO2 is a 4e-
 process and thus kinetically easier. 

Ideally, CO produced from renewable electricity can be easily coupled with the well-known Fischer 

Tropsch process resulting in energy-efficient production of higher synthetic hydrocarbons (Figure 1).7,8 

SOECs have the advantages of excellent kinetics along with selectivity towards the products and they 

are more electrical energy-efficient due to the high operating temperature (~ 800 0C) which reduces cell 

voltage.9–11 
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Figure 1: CO2 neutral fuel cycle. Green electricity can be channelled into energetic fuels using a 

combination of CO2 electrolysis and Fischer Tropsch Reaction. This study has demonstrated the CO2 

electrolysis without using additional H2 with copper-impregnated Ni{Cu}x-YSZ electrodes. 

CO2 electrolysis is carried out on a membrane electrode assembly comprising of a CO2-reducing 

cathode, a solid oxide electrolyte, and an oxygen-evolving anode. Nickel on yttria-stabilized zirconia 

cermet (Ni-YSZ) serves as the popular choice for the cathode. Perovskites such as (La0.8Sr0.2)0.95MnO3-

x (LSM-YSZ) and YSZ serve aspopular choices for oxygen-evolving anode and electrolyte 

respectively.6,12–17  

Besides Ni-YSZ, several electrode materials have been tested as cathodes. These include perovskites 

such as La0.35Sr0.65TiO3-x, Sr2FeMo0.5O6-x, (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-x, La0.2Sr0.8TiO3-x, 

La0.75Sr0.25Cr0.5Mn0.5O3-x and CeO2-x.11,18–28 They have the advantage over Ni-YSZ in terms of high ionic 

and electronic conductivity, better redox stability, and resistance to carbon deposition and sulphur 

poisoning. However, the poor catalytic activity of perovskites compared to Ni-YSZ makes the latter a 

preferred material.29–31 Due to its popularity as a SOFC anode, Ni-YSZ has been well-studied and 

known in the industry. Well-established manufacturing processes leverage its good electrical, catalytic, 

and mechanical characteristics to create efficient membrane electrode assembly (MEA) architectures. 

Anode-supported SOFC based on Ni-YSZ are well known for mechanical stability and high efficiency 

in fuel cells as they enable very thin electrolyte layers. Ni-YSZ is a well-established anode for the 

SOFC-H2 fuel cell.32,33 But when it comes to CO2 electrolysis, several challenges remain.34 In a pure 

CO2 atmosphere, the Ni-YSZ electrode is believed to degrade by oxidizing into NiOx.35 This results in 

catastrophic deactivation of the electrode and even cell failure. Feeding CO along with CO2 can mitigate 

this problem to some extent.  However, Ni remains a good catalyst for carbon deposition via the 

Boudouard reaction {2CO → C + CO2}, resulting in another pathway for electrode deactivation.6,18,37 

This challenge is avoided by using Ni/YSZ electrodes along with a small percentage of H2 at the inlet 

of the reaction chamber. The hydrogen maintains a reducing atmosphere at the electrode allowing for 

sustained CO production. The introduction of H2 into the reactant stream introduces additional 

complexity. It not only creates dependency issues on H2 delivery infrastructure (rather lack of it), but 
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the presence of H2 at the cathode also enables thermochemical reverse water gas shift (RWGS) 

reaction.39–41 A cathode catalyst that can directly convert a pure CO2 stream into CO with a sustained 

performance would be of value.  

We believe that rather than starting from scratch, there is merit in altering the existing Ni-YSZ based 

cathode architecture to achieve our electrocatalytic goals. It can reduce the significant time and effort 

involved in translation to large-scale devices as it can leverage the current manufacturing and process 

supply chains.  

Pure CO2 electrolysis has been a subject of interest. Xie and Coworkers have studied Ni-based catalyst 

for pure CO2 electrolysis. Specifically, they have indicated improved performance on electrodes such 

as Ni/Cr2O3-x .42 Ye et al. have reported CO2 electrolysis on (La, Sr)TiO3-x cathodes and have shown 

that “carbonate type” species can form upon CO2 adsorption on the cathode using in situ infrared 

spectroscopy in combination with temperature programmed desorption experiments.17,43 Wang et al. 

have shown that electrodes that result in in-situ exsolution of nanoscale metal/metal oxide interfaces 

perform well in CO2 reduction.44  

In this manuscript, we have shown that altering the Ni-YSZ electrode by infiltration of Cu-containing 

salt can achieve high and sustained electro-reduction performance within a pure CO2 stream. Using 

online mass spectrometry and operando Raman spectroscopy, we have characterized the cathode 

performance of pure Ni-YSZ, and its Cu infiltrated counterpart (Ni{Cu}x-YSZ) by simultaneously 

tracking catalyst structure and product formation within reaction streams. The pretreatment steps 

leading to active catalyst formation have also been characterized. Our results, for the first time, allow a 

direct spectroscopic evaluation of the Ni-YSZ catalyst deactivation process and its mitigation within 

the Cu-infiltrated counterpart. We have shown that within the Ni-YSZ catalyst, the active material for 

CO2 reduction is a type of nickel oxide (NiOx) which easily develops under open circuit conditions in 

the presence of CO2. We have argued that CO2 reduction on the active catalyst material NiOx follows 

an oxide-mediated mechanism where surface oxygen and vacancies mediate a carbonate-type 

intermediate as proposed in LSM and CeO2-x type cathodes. We have proposed that the active material 
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is likely to be a dynamically stable oxide that has sufficient vacancies and stability to interact with the 

CO2 molecule and transfer the O2- ion to the electrolyte. We have shown that a progressive regime of 

cathodic current application results in the complete removal of the oxide layer and, consequently 

catalyst deactivation.  The Cu infiltrated catalyst on the other hand allows the formation of a “stable” 

oxide layer that can engage with CO2 molecule and reduce it to CO. We have shown that Ni{Cu}x-YSZ 

catalyst also suppresses the Bouduard reaction. Our results indicate that it’s possible to develop new 

catalysts for pure CO2 reduction by using earth-abundant metals such as Ni and Cu.  

Preparation of the solid Membrane Electrode Assembly (MEA) 

The solid MEA was prepared by screen printing NiO-YSZ (66:34) and LSM-YSZ (50:50) inks on the 

sides of YSZ solid electrolyte (220 µm thickness, 25 mm diameter) forming the cathode and anode 

respectively. All the above materials were obtained from Fuel Cell Materials. The MEA was air-dried 

at 30oC for 8 hours. Subsequently, it was heated (air, heating rate (2oC/min)) up to 1050°C and annealed 

for 3 hours. The cell was allowed to furnace cool to room temperature.  For electrodes modified with 

Cu (Ni{Cu}-YSZ), a 20 l precursor solution of 0.2 M CuNO3 (Thomas Baker) was infiltrated into the 

NiO-YSZ electrode and dried at 30oC for 12 hrs to allow impregnation of precursor solution into the 

electrode. It was followed by sintering at 800oC for an hour. After furnace cooling, current collectors 

(porous Ag paste, Fuel Cell Materials) were screen printed on both sides of the pellet. The MEA was 

dried at 30oC for 6 hrs followed by sintering at 500oC for 1 hr (heating rate 5oC/min). All the 

measurements were carried out in a 3-electrode geometry with the concentric Ag reference electrode 

screen printed on the cathode side around the LSM-YSZ electrode as shown in Figure S1.  

The electrode geometry used is similar to that suggested by Rutman et al. which averages out the effects 

of WE-CE misalignment for planar electrode geometries.45 Thereafter, the cell was mounted on a 

stainless steel (SS) reactor. The gas flow was monitored using a mass flow controller. The cell outlet 

was connected to a mass spectrometer (Hiden HPR-40) for online gas analysis. Electrochemical studies 

were carried out using Autolab PGSTAT 30. Operando Raman studies were performed using InVia 

confocal Raman Microscope (Renishaw) using a 532 nm laser. For operando studies at high 
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temperature, a 2-chamber operando cell was constructed in-house. Further characterization details are 

provided in the supporting information (Supplementary Note 1). 

Characterization of Electrodes 

Materials were characterized using powder X-ray diffraction (PXRD), scanning electron microscopy 

(SEM, EDX), transmission electron microscopy (TEM), Raman spectroscopy (Renishaw), X-ray 

photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) and temperature programmed 

reactivity (TPR) studies were carried out using a customized TPR setup. Further details of the 

experimental setup are provided in the supporting information (Supplementary Note 2). 
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Figure 2: The cathode (NiO-YSZ, Ni{Cu}Ox-YSZ) was evaluated post-Cu impregnation and annealing 

step. The electrodes shown have not been reduced under hydrogen. (a) Membrane electrode assembly 

used for the studies. The interfaces of the cathode (NiO/YSZ) and anode (LSM/YSZ) with electrolyte 

(YSZ) are shown. (b) The PXRD patterns for NiO-YSZ and Ni{Cu}Ox-YSZ electrodes are shown. The 
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reference samples have been obtained from ICDD (international center for diffraction data). The 

JCPDS numbers have been reported in the supporting section (Supplementary note 2). (c) SEM images 

of the cross-section of NiOx-YSZ/YSZ/LSM-YSZ cell are shown. The average composition of Cu was 

found to be ~20  3% and that of Ni to be ~80  3% using EDX (d) The STEM images of Ni{Cu}Ox-

YSZ were collected in HAADF mode. Elemental mapping was performed using EDX. 

The Cu-impregnated samples were annealed at 800oC and characterized using PXRD and electron 

microscopy (Figure 2). Figure 2(a) shows the membrane electrode assembly and cross-section SEM 

images showing the anodic and cathodic–electrolyte interfaces; of NiO-YSZ/YSZ and LSM-YSZ/YSZ. 

The cathode and anode were sufficiently porous and adhered well to the electrolyte. Figure 2(b) shows 

the PXRD patterns of NiO-YSZ and Ni{Cu}Ox-YSZ. The NiO-YSZ sample compares well with NiO 

and YSZ reference spectra indicating that the pure NiO phase is present alongside YSZ. The Ni{Cu}Ox-

YSZ sample shows that this material is a combination of NiO, CuO, and YSZ phases. Comparison of 

the peaks shifts for these materials shows that NiO(111) diffraction peak is shifted upon adding Cu 

indicating the mixing of Cu into the NiO lattice (Figure 2(b), bottom panel). SEM-EDX mapping 

(Figure 2(c)) indicates heterogeneity in Cu (Cu K1) distribution on the Ni-YSZ surface upon 

impregnation of Cu. TEM-EDX-based mapping indicates that NiO particles are linked via YSZ linkages 

(co-localization of Zr and Y distribution is seen). Cu impregnation and annealing treatment results in 

complete coverage of NiO-YSZ surface by CuO.  

 

Operando Raman Spectroscopy 
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Figure 3: (a) Schematic diagram of operando Raman cell used in these studies. Optical images of  (b) 

NiO-YSZ (c) Ni{Cu}Ox-YSZ (d) Raman spectra at the corresponding spots, (e) Schematic diagram of 

cathode architecture. Raman spectra of (f) NiO-YSZ, (g) Ni{Cu}Ox-YSZ, at B site, and (h) Ni{Cu}Ox-

YSZ, at B site recorded at different temperatures during heating from 22oC to 800oC in artificial air 

(20% O2+80% Ar). 
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A two-chamber setup designed in-house was used for operando Raman studies (Figure 3(a)). The 

porous Ag current collector layer was partially removed from the top of the catalyst layer so that the 

NiO-YSZ particles could be directly visible under the Raman microscope. Sufficient conductivity was 

observed in active samples (containing Ni or Ni{Cu}Ox-YSZ) to maintain and monitor the triple-phase 

boundary regions that were electro-catalytically responsive. Studies by Kim. et al. have reported single 

chamber (cathode and anode on the same side) in situ Raman spectroscopic studies in the context of 

oxygen reduction reaction (ORR).46 We are reporting results from a two-chamber cell (cathode and 

anode in different atmospheres) that simulates the conditions likely to be found within a real 

electrolyzer. Optical images corresponding to NiO-YSZ and Ni{Cu}Ox-YSZ cathodes are shown in 

Figure 3(b, c). For NiO-YSZ, the surface was green in color, while Ni{Cu}Ox-YSZ surface was golden 

along with the presence of dark spots. The reported Raman spectra in Figure 3(b,c) were recorded at 

22oC in artificial air (20% O2 + 80% Ar). The spots for the Raman spectral collection have been marked 

with “x “and labeled with A, B and B as shown in Figure 3(d). The spectrum of spot A corresponds 

to the NiO-YSZ electrode with peaks at 146 cm-1, 225 cm-1, 319 cm-1, 460 cm-1, and 604 cm-1 

corresponding to B1g, Eg, B1g, Eg, A1g, and Eg vibration modes of YSZ respectively.47 A more detailed 

spectrum is provided in  Supplementary Note 3. The peak appearing at 562 cm−1 corresponds to 1P (1 

phonon) oscillations in NiO. The peaks at ~725, 900, and 1082 cm−1 are attributed to the 2P oscillations 

in nickel oxide.  Apart from this, the peak at ~1490 cm−1 arises due to magnon (2M) oscillations.48  

Raman spectra of B spot shows peaks at 225, 534, 1074, 1372, and 1593 cm−1. The peak at 534 cm−1 

confirms the presence of Cu-doped Ni oxide (Cu alloyed into Ni oxide).49–51 Spectrum at B on 

Ni{Cu}Ox-YSZ surface shows peaks at 294, 342, and 622 cm−1 corresponding to Ag, Bg, and Bg 

vibrational modes of CuO.52  More details are available in Supplementary Note 3. 

Figure 3(e) shows the schematic diagrams of electrode surfaces of both pure Ni-YSZ and its Cu-

infiltrated counterpart. Whereas the pure material is composed of NiO as expected, the Cu infiltrated 

material is heterogenous at room temperatures with pure CuO patches (B) present on a Cu-doped nickel 

oxide surface (B) as confirmed using SEM-EDX mapping in the previous section. 
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In situ Raman spectra collected during cell heating (22oC temperature to 800oC) are reported in Figure 

3(f-h). For NiO-YSZ, upon heating, the 2M peak of NiO shifts to a lower wavenumber and eventually 

disappears at 200oC, as per the well-known magnetic behavior of this material.53  No significant change 

in material phase was observed other than the expected redshift shift of peaks with increasing 

temperature (due to volume expansion).54 The peak at 1082 cm-1 redshifted by 31 cm-1  upon heating to 

800oC. For Ni{Cu}Ox, peaks around 1350-1595 cm-1 corresponding to pore-forming carbon are 

completely removed by 800oC as the sample is heated in air (Figure 3(g)). The CuO patches (Figure 

3(e)) remain upon heating to 800oC. 

The cathode was subsequently reduced by using 5% H2 in Ar. Concurrently, an artificial air atmosphere 

(20% O2 in Ar) was maintained at the anode. The process was terminated when a stable open-circuit 

voltage (OCV) between the two electrodes wasarrived at (1.1V after ~15 minutes, Figure S2(a)). The 

decay in the detected H2O signal confirmed the completion of the process (Figure S2(b)). 

a. Electrochemical characterization 

A customized 2-chamber setup was used for electrochemical testing coupled with an online mass 

spectrometer as shown in Figure S17(a). Figure 4(a) shows the current-voltage performance of CO2 

electrolysis at 800oC for both Ni-YSZ and Ni{Cu}-YSZ electrodes. The measurements were carried out 

in a 3-electrode geometry. The cathode voltage is reported vs. Ag/Pt electrode. A reduction current was 

progressively applied (current density J varied between 0 A/cm2 and -0.48 A/cm2) in steps of 40 

mA/cm2. The current was held for 60 seconds at each step (Figure S17(b) shows currents maintained 

for 240 s at each potential step, no differences in behavior were observed). Mass signals were monitored 

simultaneously for reactions at both the cathode and anode. Electrochemical Impedance Spectroscopy 

(EIS) measurements were carried out at various applied currents (including at OCV). The 

uncompensated resistance (Rs) was extracted from the high-frequency intercept. All potentials have 

been corrected with obtained Rs value (Ecathode = Eapplied – iRs) in Figure 4(b). The progressive 

application of cathodic current resulted in increased production of CO and consumption of CO2 (Figure 

4(c)). This continued up to 240 mA/cm2 (@ -1.9V vs. Ag/Pt). At currents higher than this value, the 
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production of CO decreased, and the CO2 consumption decreased as well, indicating deactivation. 

Subsequently, the cathode was switched between 480 mA/cm2 and open circuit (each condition 

maintained for 3 minutes, while mass signals were continuously monitored).  Application of 480 

mA/cm2 resulted in an instant increase in CO production followed by immediate deactivation. 

 

Figure 4: Performance of Ni-YSZ and Ni{Cu}x-YSZ cathodes. (a) Applied current vs. potential curves 

for electrochemical reduction of CO2, (b) EIS plots under open-circuit conditions, Cathodic and anodic 

MS signal (c) Ni-YSZ (d) Ni{Cu}x-YSZ, in the presence of 25% CO2 at 800 °C. 

Cu infiltration into the Ni-YSZ electrode (Figure 4(a)) resulted in a significant decrease in potential 

(η = 0.58 V) required to achieve -240 mA/cm2 during pure CO2 electrolysis. A significant reduction 

in the polarization resistance was observed in the impedance spectra indicating superior electrocatalytic 

performance(Figure 4(b)). The cathodic and anodic online mass signals from reactions from Ni-YSZ 

and Ni{Cu}x-YSZ electrodes during CO2 electrolysis are shown in Figure 4(c, d). In the case of 

Ni{Cu}x-YSZ cathode there is a progressive increase in the amount of CO formation with an increase 

in applied current density. Unlike Ni-YSZ, the CO signal does not decay after 240 mA/cm2 but rather 

continues to increase all the way up to 480 mA/cm2. Once at 480 mA/cm-2, the CO mass signal is 
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reasonably maintained at a constant current. Contrastingly, in the case of the Ni-YSZ cathode (as 

discussed earlier), the onset of CO production (jump in CO production mass signal) upon stepping up 

to 480 mA/ cm-2 is immediately followed by a catastrophic decay in the CO formation signal.  

b. Verification of electrode oxidation and Bouduard reaction  

Previously, it has been proposed that Ni catalyst deactivation during pure CO2 electrolytic reduction 

results from reactions such as Ni oxidation and Bouduard reaction (Figure 5(a)).35,37  The experimental 

scheme shown in Figure 5(b) was used to probe the formation of Cx and metal oxide(s) species on the 

electrode surface from reactions (1) and (2) respectively. Mass signals were monitored during the entire 

scheme of experiments. In the reaction regime A, electrolysis was carried out at 480 mA/cm2 for the 

time duration of t1 – t2. The current was switched off and the electrode was allowed to stay in the CO2 

atmosphere (25% CO2 in Ar) during t2 – t3. Then CO2 was switched off and the electrode was exposed 

to 100% Ar during t3 – t4 (regime B). Subsequently, the electrodes were exposed to either 1% O2 (in Ar) 

(C) or 5% H2 (in Ar) (C).  

Figure 5(c-f) shows the above experimental scheme applied to Ni-YSZ and Ni{Cu}x-YSZ electrodes. 

On Ni-YSZ, the introduction of 5% H2 resulted in the formation of H2O on both electrodes indicating 

that electrodes get oxidized during reaction regime A. The H2O mass signal obtained from identical 

experiments on two different electrodes indicated that the amount of oxide formed on Ni{Cu}x-YSZ is 

less compared to the Ni-YSZ electrode.  The H2O signal from the Cu-doped counterpart is not only 

smaller, but the reduction process also gets completed in half the time (~20 mins) as opposed to on the 

Ni-YSZ electrode. Similarly, exposure to 1% O2 resulted in developing a mass signal for CO2 (m/z = 

44) indicating that reaction regime A does result in the formation of Cx species on the surface of the 

electrode via the Bouduard reaction. No carbon deposit formation could be inferred on Ni{Cu}x-YSZ 

using mass spectroscopy.  
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Figure 5:  (a) Possible side reactions during CO2 electrolysis (b) Experimental Scheme to probe 

reactions mentioned in (a). After treating the catalyst at -0.48 mA/cm2 under 25% CO2, the catalyst is 

treated at OCV under 100% Ar atmosphere. Subsequent treatment in 5% H2 [C] and 1%O2 [C] was 

carried out to confirm the presence of oxides (NiOx/Ni{Cu}Ox) and carbon on the electrode surface. 

The mass signals from Ni-YSZ (c,e)  and Ni{Cu}x-YSZ (d,f) electrodes are shown.  

Impedance Spectroscopy: 
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Figure 6: EIS under CO2 electrolysis conditions for various applied current densities (a) Ni-YSZ (b) 

DRT plot for Ni-YSZ. (c) Ni{Cu}x-YSZ (d) DRT plot for Ni{Cu}x-YSZ (e) Comparison of Ni-YSZ and 

Ni{Cu}x-YSZ electrodes at -0.04 mA/cm2. (f) DRT plots for of Ni-YSZ and Ni{Cu}x-YSZ electrodes. 

To understand the improvement in the performance of Ni{Cu}x-YSZ cathode, impedance spectra of Ni-

YSZ and Ni{Cu}x-YSZ cathode were recorded at different applied current densities during CO2 

electrolysis. With an increase in current density, cell resistance decreased slightly, while a drastic 

reduction in polarization resistance is observed (Figure 6(a)). Distribution of Relaxation Times (DRT) 

analysis was carried out on EIS data to separate out contributions to the electron transfer processes at 

different timescales Figure 6(b). DRT plot showed three distinct peaks. The high-frequency peak could 

be attributed to charge transfer resistance, the intermediate-frequency peak could be attributed to surface 

exchange, and the low-frequency peak could be attributed to diffusion, based on similar data analysis 

by Chen et al. and Kim and coworkers for oxygen reduction reaction in perovskite materials.55,56 A 

reduction in charge transfer resistance at higher current densities can be inferred from the high-

frequency component of the Ni-YSZ DRT spectra (Figure 6(b)). The contributions from the middle 

decrease, but those from low-frequency components remain. The overall impedance was smaller for 

Ni{Cu}x-YSZ electrode. The contribution of the high-frequency component was significantly reduced 
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at higher current densities indicating faster kinetics. At high current densities, the reaction on 

Ni{Cu}Ox-YSZ became essentially diffusion-limited with a large contribution from low-frequency 

component (Figure 6(c, d)). At low current densities (-40 mA/cm-2), where Ni-YSZ was found to be 

active for CO2 reduction, the improved performance of Ni{Cu}x-YSZ cathode can be attributed 

primarily to better surface exchange, charge transfer (difference in the high and intermediate-frequency 

components (Figure 6(e, f)) 

c. Operando Raman spectroscopy 

Operando Raman spectroscopy of Ni-YSZ electrode was carried out post reductive treatment in 5% H2 

(at 800oC) shown in Figure S18(e, I). The peaks including 599 cm-1 can be assigned to YSZ, indicating 

that all Ni is present in a reduced metallic state (Figure S18(e) I). The reduced electrode was then 

exposed to 25% CO2 (in Ar) at 800oC and developed peaks at 343, 509, 684, and 1051 cm-1 (Figure 

S18(e) II). These peaks can be attributed to the oxide of Ni, indicating that exposure to 25% CO2 at 

800oC (at OCV) is sufficient to develop an oxide on Ni. The peaks at 343, 684, and 1051 cm-1 appear 

in NiO (Figure 3(f)). A strong peak at 509 cm-1 was also observed. The PXRD pattern of this oxide 

(Figure S9) matches with NiO, similarly Ni_2p levels observed in XPS (Figure S12) indicate similarity 

to NiO indicating that this is possibly a defective form of NiO, hereby referred to as NiOx. Subsequently, 

a reducing current was applied (-480 mA/cm2) while the electrode was maintained in this atmosphere 

(25% CO2) simulating a condition where electrolysis happens under a strong reducing condition. Raman 

spectrum of this electrode (Figure S18(e) III) only showed peaks corresponding to YSZ, while the NiO 

signal completely vanished indicating that NiO converts back to Ni under strongly reducing conditions 

(deactivated electrode). 

Operando Raman spectra were recorded at various applied cathodic current densities during CO2 

electrolysis (Figure S19(a)). The electrode showed a strong NiOx signal at the open circuit. Upon 

applying increasing cathodic currents progressively, the NiOx signal intensity decreased and eventually 

vanished after 300 mA/cm2 (Figure S19(a)).  The detection of CO in the mass spectrometer exactly 

followed the same trend with respect to the applied currents. A direct correlation of the detected CO 
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mass signal to the intensity of NiOx peaks on the electrode surface was observed. The CO production 

peaked at 240 mA/cm-2 and then degraded. The NiOx signal on the electrode surface was observed from 

OCV up to 200 mA/cm2 and then begins to degrade coinciding with the decay of the CO mass signal. 

This indicates that CO2 is reduced at an electrode that is composed of NiOx rather than Ni. The NiOx is 

formed at the open circuit, and with increasing overpotential, the reduction of NiOx competes with CO2 

reduction on the electrode. As the current density increases, the amount of NiOx progressively decreases 

(Raman intensities, Figure S19(a)) and eventually disappears. Since the current density for complete 

reduction of catalyst (NiOx disappearance) matches the current density at which decay in the CO 

production (and CO2 consumption) occurs, it indicates that there is a significant decrease in the number 

of active sites for CO2 electrolysis due to conversion of NiOx to Ni.  

Upon switching the electrode between 480 mA/cm2 (strongly reducing condition) and OCV, the 

catalytic behaviour of CO2 reduction along with deactivation of the electrode can be recreated. The 

Raman spectra on the Ni electrode shows that under conditions of electrolysis NiOx gets regenerated 

when OCV is created and is completely removed once a strongly reducing current of 480 mA/cm2 is 

applied. Application of 480 mA/cm2 resulted in a spike in the CO signal immediately followed by a 

decay in the signal indicating that the electrode gets deactivated (Figure 4(c)). Alternating the applied 

current between strongly reducing (480 mA/cm2) and OCV, showed that oxide creation was reversible 

(Figure S19(b)). The Raman spectra confirms it. 

Figure S27 shows Raman spectra of both the cathodes at OCV, collected in artificial air (20% O2 + 

80% Ar), followed by a reduction in (5% H2 + 95% Ar), and subsequently in the presence of 25% CO2 

+ 75% Ar. For the Ni-YSZ electrode (Figure S27(a)), the NiO was observed in both artificial air and 

CO2 (peaks in air and CO2 are similar with the earlier noted difference in 509 cm-1 peak), whereas in 

the presence of 5% H2,  the oxide was completely reduced, and only peaks attributed to YSZ could be 

observed. In artificial air, Raman spectrum at B showed peaks at 520 and 1057 cm-1 corresponding to 

the formation of Cu doped-Ni oxide (Figure S27(b)) while B spot showed peaks at 273 and 316 cm−1 

corresponding to CuO as shown in Figure S27(c). A reduction in 5% H2 resulted in the complete 
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removal of oxide peaks at both B and B. Exposure to CO2 again resulted in the appearance of the same 

oxide peaks indicating oxidation in CO2 in both Ni-YSZ and Ni{Cu}x-YSZ electrodes. 

During CO2 electrolysis at 480 mA/cm2, the Ni in Ni-YSZ, present as NiOx at OCV, is completely 

reduced back to metallic Ni  (Figure S28(a)). For Ni{Cu}x-YSZ, the application of 480 mA/cm2 results 

in changes at two different sites identified in Figure 3(c). At B, the site which is composed of Cu-

doped Ni oxide, the intensity of oxide peaks decreases but does not disappear ((Figure S28(b)). At B, 

the site which was rich in CuO,  the peak at 273 cm-1  (corresponding to CuO peak) vanished completely, 

and the peak at 520 cm-1 (corresponding to Cu doped Ni oxide) reduced in intensity. It was observed 

that sites like B although initially rich in CuO change in composition to B type sites upon electrode 

cycling (reoxidation and reduction)(Figure S31). Such sites (B) can be understood as those where Cu 

atoms have not completely mixed with Ni to form a mixed oxide during impregnation and consequent 

heat treatment. But eventually, as the electrode is repeatedly exposed to high temperatures (800oC) and 

repeated oxidation and reduction processes such Cu-rich sites eventually disappear due to diffusion of 

Cu into the electrode creating a mixed Ni-Cu material which when reoxidized (in CO2) results in the 

formation of Cu-Ni mixed oxide. EDX data also confirms that Cu redistributes into the electrode 

uniformly (Figure S6-S7). Hereon, we would primarily focus the discussion on B (Cu-doped Ni). 
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Figure 7: Operando Raman Spectra during CO2 electrolysis at various current densities. (a) Ni-YSZ 

electrode (b) Ni{Cu}x-YSZ, B site (c) Ni{Cu}x-YSZ, B site, d) Raman peak intensity plotted against the 

abundance of CO in the product stream of various electrodes.  Raman spectra at Ni-YSZ and Ni{Cu}x-

YSZ, B site are shown.  

Operando Raman spectra collected at progressively increasing applied cathodic currents during CO2 

electrolysis are shown in Figure 7. The peaks observed on the Ni-YSZ electrode (corresponding to 

NiOx)(Figure 7(a)) decrease in intensity as the currents increase. The peaks are of negligible intensity 

by 300 mA/cm2 and completely disappear by 400 mA/cm2. For the Ni{Cu}x-YSZ electrode (Figure 

7(b)), the peaks corresponding to Cu-doped Ni oxide decrease in intensity with a progressive 

application of reduction current (in CO2), but never disappear. At site B,  the peak at 273 cm-1 (assigned 

to CuO) vanishes on applying 100 mA/cm2, but the remaining set of peaks corresponding to Cu-doped 

Ni oxide show a behavior similar to that at B (Figure 7(c)).  

Peak intensities of representative peaks (for both electrodes) and the abundance of CO in the product 

stream have been plotted against the applied current density (Figure 7(d)). In the case of the Ni-YSZ 

electrode, the drastic decrease in peaks’ intensity beyond 200 mA/cm2 coincides with the decrease in 

CO production. This indicates that a certain minimum amount of oxide is necessary for continued CO2 

electro-reduction, as complete removal of oxide coincides with catalytic deactivation. For the Ni{Cu}x-

YSZ electrode, although the amount of oxide reduces upon increasing the reduction current, the amount 

of oxide on the electrode stabilizes around 200 mA/cm2 and remains constant even at higher currents, 

the electrode does not deactivate.    

An alternating application of 480 mA/cm2 and OCV on both Ni-YSZ and Ni{Cu}x-YSZ electrodes is 

shown in Figure S29. Whereas a complete removal of metal oxide is seen in Ni-YSZ upon application 

of 480 mA/cm2, the oxide remains on Ni{Cu}x-YSZ electrode. 

The H2O mass signal in Figure 5(a,b), in combination with operando Raman spectroscopy indicates 

that the oxide layer formed on Ni{Cu}x-YSZ is thinner but more stable to electrochemical reduction 

under a CO2 electrolysis environment.  No carbon deposit formation could be inferred through either 
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mass spectroscopy or Raman spectroscopy on the Ni{Cu}x-YSZ cathode, indicating an absence of 

Bouduard reaction on this electrode.  

Figure S33(a,b) shows the current-voltage performance of Ni-YSZ and Ni{Cu}x-YSZ cathodes in two 

cycles of CO2 electrolysis. Each cycle takes the electrodes from OCV up to 480 mA/cm2 at 40 mA steps 

and then creates an open circuit. A single cycle results in a substantial increase of overpotential at Ni-

YSZ, indicating a significant loss of active sites during the previous cycle. A third such cycle could not 

be carried out on Ni-YSZ as the electrode completely degraded. It is likely that repeated oxidation (NiOx 

formation) and complete electrochemical reduction back to Ni may lead to the degradation of ionic 

connections resulting in electrode breakdown. More information on the degradation of Ni-YSZ is 

available in Figure S34. On the other hand, the Ni{Cu}x-YSZ electrode does not degrade with the same 

sequence of current cycling. The current potential curve during the second cycle exactly retraced the 

first, indicating no degradation.   

Reducibility of metal oxides 

In the light of results obtained from operando studies, further studies on the stability of NiO, CuO, and 

Ni{Cu}Ox were carried out both using theoretical calculations (Figure 8(a)) and temperature 

programmed reduction (TPR) experiments (Figure 8(b)). Theoretical calculations (Density Functional 

Theory) which estimate oxygen abstraction energies from these oxides were carried out  (Eabs = (EO + 

EMO’) - EMO ) where Eabs is the energy of O abstraction (electronic energy), EMO is the energy of the 

metal oxide and EMO’ is the energy of the defective metal oxide (where one oxygen atom has been 

removed), and EO is the energy of a free oxygen atom. A higher abstraction energy implies a greater 

degree of difficulty in oxygen atom removal or higher oxophilicity of the particular oxide. It was 

observed that doping with Cu atoms resulted in the enhancement of Eabs of oxygen atoms within Ni-O-

Ni bonds (by nearly 1.9 eV). The oxygen bound to Ni-O-Cu bonds became slightly easier to abstract 

with Eabs of 4.76 eV compared to Ni-O-Ni bonds in pure NiO (at 5.03 eV). Calculations indicate that 

doping NiO with Cu results in a bimodal distribution of oxygen abstraction energies, whereas some 
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oxygen atoms become slightly easier to abstract, other oxygen atoms, those within Ni-O-Ni become 

much more difficult to abstract.  
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Figure 8: (a) Oxygen atom abstraction energies calculated from NiO and Ni{Cu}O structures. (b) 

Temperature programmed reduction in 3% H2 (in Ar) for pure NiO, CuO, and Ni0.5Cu0.5O. The mass 

signals for H2O (m/z 18), H2 (m/z 2), and O2 (m/z 32) were continuously monitored.  (c)  Ni 2p and Cu 

2p, and CuLMM signals for samples were collected before and after CO2 electrolysis. The pre-

electrolysis signals (black) are those from Ni{Cu}O oxide (post impregnation and annealing at 800oC) 

before sample reduction, and post-electrolysis samples (red) were obtained by cooling the samples 

under 25% CO2 (in Ar) at OCV. 

The TPR experiments were performed on NiO, CuO, and Ni{Cu}O powders. These powders were 

synthesized using solution-based precursors (co-precipitation method) guaranteeing atomic-level 

mixing of metals within the metal oxide framework. More information on the synthesis and 

characterization of these powders is provided in the supporting information (Supplementary Note 3, 

VII). TPR experiments using 3% H2 (in Ar) were performed on various compositions of Ni1-0.5Cu0–0.5OX 

(Figure 8 (b) and Figure S25-26).  Measurements indicate that H2O removal peaks in pure NiO and 

pure CuO range between 274-563oC and 220-547oC respectively. Mixing NiO with Cu results in a 

bimodal distribution of oxygen removal (H2O signals) signal. The sample with 50% Cu doping showed 

oxygen removal between 172-396oC and between 396 and 653oC. Such a distribution is also visible in 

other samples where Cu doping is between 10 and 40%. These experiments are consistent with 

theoretical calculations where doping with Cu within NiO seems to both reduce and increase O 

abstraction energies within the oxide. The high-temperature stability introduced by mixing Cu also gets 

reflected within the higher stability to reduction of Ni{Cu}Ox electrodes. XPS and AES were used to 

probe the surface of the catalysts before and after CO2 electrolysis (Figure 8(c) and Figure S12-14). In 

the latter case, the catalysts post CO2 reduction, at OCV was created, and the electrode was cooled from 

800oC to room temperature in a CO2 atmosphere (same as reaction atmosphere). Ni 2p spectra indicate 

that Ni retains essentially the same features before and after CO2 electrolysis, an oxidation state of Ni2+. 

This is also similar to pure NiO/YSZ electrodes. The Cu 2p spectra in the pre-electrolysis sample have 

features similar to CuO indicating Cu is in a +2 oxidation state. Post CO2 reduction, the satellite features 

(945-940 eV) reduce in relative intensity, and the peak at 933.1 shifts to lower binding energies 
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indicating the reduction of Cu. Distinguishing between Cu1+ and Cu0 remains challenging using Cu 2p 

spectra as binding energy differences are minute between the two. AES (Cu LMM) peaks better 

distinguish between Cu oxidation states. Peaks at 564 and 569 eV indicate that the sample has both Cu0 

and Cu2+ in the sample. This indicates that in Ni{Cu}Ox electrode, Cu is in a reduced state post-

electrolysis compared to the as-prepared Ni{Cu}Ox before electrolysis.  

 

Scheme 1: Proposed mechanism for CO2 reduction on Ni electrodes is shown (left). The nature of 

electron transfer reactions (1, 2) is shown. Pure Ni shows reductive instability and reduces to Ni metal 

(at currents >300 mA/cm2) which is inactive for CO2 reduction. The mixed Ni-Cu oxide has more 

strongly bound oxygen species on Ni which are reductively stable even at currents ~480 mA/cm2. 

Mechanism of CO2 reduction 

In oxide cathodes such as (La, Sr)(Co, Fe)Ox and SmCeOx, it has been shown that CO2 reduction 

proceeds via a carbonate type (3 coordinate carbon) type intermediate. The presence of oxygen atoms 

on the surface of the catalysts plays a vital role in the formation of such a species.28,57–59 Scheme 1 

shows the mechanism of CO2 reduction on the surface of oxide electrodes. The surface oxygen, labeled 

α interacts with gas phase CO2 to form a carbonate-type species.  The presence of a vacancy nearby 
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helps in cleaving the C-O bond with the oxygen atom inserting into the oxide surface and transferring 

to the ionic conductor. Optiz et al. have proposed a similar surface oxygen and surface vacancy 

mediated carbonate type species formation.59 Ye et al. have also shown the formation of carbonate-type 

species on {La, Sr}TiO3-x using in situ IR spectroscopy in combination with TPD.17 In oxides, the CO2 

reduction process essentially competes with the reduction of the metal. Feng et al. have shown that the 

surface of SmxCe1-xO2 became enriched in Ce3+ (~45%) upon application of cathodic overpotential 

under CO2 reduction. The anodic polarization on the other hand results in Ce4+ enriched surface. 

Albrecht et al. have shown using C k-edge NEXAFS on defective ceria (CeO1.7), CO2 to be 

preferentially adsorbed in the vicinity of Ce3+.60 It is imperative that both surface oxygen species (α) 

and oxygen vacancy on the surface play an important role in the creation of a carbonate-type 

intermediate. Under reducing conditions, both CO2 and NiO are likely to be reduced as shown in 

processes 1 and 2 respectively. Whereas the former is the desired reaction, the latter very likely assists 

in the process via the creation of vacancies that can interact with CO2. A live catalyst is likely to have 

both species in balance. NiO catalyst does not degrade at currents of ~200 mA/cm2 and can successfully 

reduce CO2 to CO (Figure S34). At higher current densities  > 240 mA/cm2 the metal oxide reduction 

process seems to dominate, leading to a reduction in α oxygen-type active sites and decrease in CO 

production. At currents approaching 400 mA/cm2, a complete reduction of oxide occurs, which does 

not allow for CO2 to interact with the now pure Ni surface. The Ni{Cu}Ox, on the other hand is much 

more difficult to reduce owing to difficult to abstraction of oxygens within Ni-O-Ni linkages of the 

mixed oxide material which allows this material to have stability even under strongly reducing 

conditions. Importance of surface oxygen for CO2 reduction is also highlighted by studies from Zhou 

et al. who have shown (using operando XANES/XAFS) that even in the aqueous medium, at ambient 

temperatures, CO2 reduction to products involves sites containing Ni-O bonds(with Ni+).61 

Conclusion: 

Operando Raman and online mass spectrometry experiments indicate that Ni-YSZ can be used for 

reducing pure CO2 streams to CO. When the electrode is placed under reaction conditions at OCV, CO2 

creates an oxide on the Ni surface. It is this oxide surface that acts as the catalyst for CO2 reduction. 
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CO2 reduction and oxide reduction are competing processes, and CO2 reduction proceeds via a surface 

oxygen and vacancy-mediated carbonate type intermediate. Although Ni-YSZ remains active around 

200 mA/cm2, at currents > 240 mA/cm2, the catalyst begins to lose active sites resulting in decreased 

CO production. Under strongly reducing conditions (currents ~400 mA/cm2), the NiOx completely 

reduces which coincides with stoppage in CO production. The Cu-impregnated Ni-YSZ results in a 

Ni{Cu}x alloy, which forms a more stable mixed oxide in situ on the Ni surface. Theoretical calculations 

using DFT and TPR experiments indicate that oxide stability significantly increases upon mixing Cu 

with Ni. The oxygen within Ni-O-Ni (in Cu-doped material) linkages is significantly more stable to 

reduction compared to pure NiO. Such an oxide survives under strongly reducing conditions and 

remains active for CO2 reduction. The Ni{Cu}x-YSZ electrode also demonstrated improved kinetics 

and greater stability against the carbon deposition via the Bouduard reaction.  Impedance analysis 

suggests that better surface exchange and reduction in charge transfer resistances are responsible for the 

improved kinetic performance of Ni{Cu}x-YSZ electrode. 
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