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A B S T R A C T   

The electrochemical conversion of methane to C2 compounds at room temperature is reported using CeO2-ZrO2 
electrocatalysts. The mixed oxide electrocatalysts produced methanol, ethanol, and acetone, along with traces of 
acetaldehyde and isopropanol, under a polarization of 1.2 V with ~ 50 % Faradaic efficiency. Detailed char
acterization of the CeO2-ZrO2 revealed the formation of nanoparticles (7–9 nm mean size) composed of ceria- 
zirconia solid solution or a mixture of ceria with both tetragonal and monoclinic zirconia polymorphs depend
ing on the assembling configuration of the electrocatalyst. Samples with separated phases and limited solid 
solution formation showed the highest electrochemical activity, indicating that an optimal assembly of ceria and 
zirconia was crucial to achieving efficient conversion with high Faradaic efficiency and selectivity. Such high 
electrochemical activity observed for the phase separated CeO2-ZrO2 electrocatalyst suggests that a synergic 
effect between ceria and zirconia is required for the critical reaction steps, such as the activation and partial 
oxidation of methane. The experimental results point to credible routes to efficiently convert methane into 
valuable chemicals in mild conditions.   

1. Introduction 

Methane (CH4) is the simplest alkane and serves as the fundamental 
building block for most bulk organic compounds on Earth. It constitutes 
the primary component of natural gas, accounting for 70 to 90 % of its 
composition, making it the fastest-growing fossil fuel globally [1,2]. 
According to the International Energy Outlook 2019 (IEO2019), global 
natural gas consumption is projected to rise by 40 % from 2018 to 2050, 
reaching 200 quadrillion Btu [3,4]. However, methane is a potent 
greenhouse gas (GHG) with a significantly higher impact on the ab
sorption and emission of infrared radiation (IR) compared to CO2, 
exhibiting 25 times greater global warming potential on an equimolar 
basis [1–3]. Typically, methane is flared, converting it into carbon di
oxide, which results in the transformation of a potential feedstock into 
polluting waste. Given the increasing number of natural gas reserves, the 
development of efficient methane conversion processes has become 

crucial in recent years. The deployment of technology capable of con
verting methane into easily storable liquid fuels, such as methanol, 
while simultaneously reducing greenhouse gas emissions is highly 
desirable [1,5–7]. 

Despite the thermodynamics and kinetics of the oxidative C − H 
bond activation in CH4 allowing its low-temperature conversion, its high 
bond dissociation energy (435 kJ⋅mol− 1) poses a challenge for C − H 
cleavage reactions via homolytic or heterolytic pathways. These pro
cesses suffer from limited selectivity for the desired products, and only a 
few catalysts can prevent excessive oxidation, leading to the formation 
of carbon dioxide (CO2) [8–12]. The main strategies employed to pro
mote methane conversion to other products include biocatalysis, ho
mogeneous catalysis, heterogeneous thermal catalysis, photocatalysis, 
and electrocatalysis [13]. Electrochemical processes are particularly 
appealing for low-temperature activation and offer several advantages 
over purely chemical processes, such as the production of pure 
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chemicals, reduction of activation energy, and precise control over 
product formation through the manipulation of surface free energy and 
electrode potential [12]. Although methane can be electrochemically 
converted to methanol with high selectivity, the overall efficiency of the 
process is often low, demanding new catalysts [14]. For instance, highly 
reactive metals like platinum (Pt) tend to promote complete oxidation 
[15,16]. 

Metal oxides, with their versatile acid-base and redox properties, 
along with high chemical, thermal, and mechanical stability, hold 
promise for partial oxidation reactions. Mixed oxides based on zirconia 
(ZrO2) in combination with other oxides have been used for direct 
methane activation [14,17–19]. For example, a bifunctional NiO-ZrO2 
electrocatalyst employed carbonate ions (CO3

2–) to activate methane via 
oxygen insertion (O2–). ZrO2 functions as a surface Lewis acid site, 
capable of accepting electrons and facilitating CO3

2– adsorption, while 
NiO activates methane at room temperature [14]. Similar behavior has 
been observed for Co3O4/ZrO2, further confirming the role of ZrO2 [20]. 

By considering that ceria (CeO2) has been validated as an excellent 
catalyst for CH4 oxidation [14,21–24], because of its capacity to pro
mote oxygen diffusion through oxygen vacancies, it can be tuned to an 
adequate electrocatalyst to regulate the methane conversion reaction. 
As the selectivity of the products depends on the electrocatalyst’s effi
ciency in controlling the reaction with CO3

2– and ZrO2 was shown to play 
a role in the CH4 activation, we can use zirconia as a modifier for the 
active ceria. Therefore, the present study explores mixed CeO2/ZrO2 
electrocatalysts with distinct microstructural configurations, such as 
solid solutions and mixed oxides, which can efficiently react with 
methane to form value-added compounds under mild conditions. 
Experimental results indicate that ceria-zirconia effectively activates 
CH4, leading to sustainable and controlled methane conversion, with a 
preference for methanol, achieved through a controlled microstructure 
that maintains a subtle separation between the Lewis acid sites of zir
conia and the active oxygen species of ceria. 

2. Materials and methods 

2.1. Synthesis of CeO2-ZrO2 bifunctional electrocatalysts 

A microwave-assisted hydrothermal (MH) method was used to syn
thesize the electrocatalysts. Zirconyl nitrate hydrate (N2O7Zr⋅xH2O, 
Sigma-Aldrich) and cerium nitrate hexahydrate (CeN3O9⋅6H2O, Sigma- 
Aldrich) were used as precursor salts and potassium hydroxide (KOH, 
Synth) as a precipitating agent. All reactants were used as received from 
freshly opened recipients. The electrocatalysts were synthesized with a 
nominal Ce:Zr molar ratio of 1:2, 1:1, and 2:1. All reactants were dis
solved in ultrapure water (UPW, Milli-Q) under constant stirring at room 
temperature for 30 min. Subsequently, the precursor solution was taken 
to the MH (Milestone SynthWave) reactor, set at 200 ◦C for 30 min and 
1500 W of power under an initial pressure of 45 bar for all runs. Three 

different microstructural configurations were studied, as shown in the 
schematics of Fig. 1. The CexZryOz (CZ) sample results from the simul
taneous synthesis of ceria and zirconia by mixing both precursors in the 
same MH reaction medium, forming a solid solution. Two additional 
samples were prepared: ZrO2 particles (preformed) with CeO2 addition 
(pZC) and ceria particles (preformed) with zirconia (pCZ). These elec
trocatalyst samples were synthesized by separating the oxide precursors 
in a two-step MH synthesis. Firstly, the nanoparticles of one oxide (ceria 
or zirconia) were synthesized following the same procedure described 
for the CZ sample. In the second step, the previously prepared oxide 
nanoparticles (e.g., ceria) were mixed with the precursor solution of the 
second oxide (e.g., zirconia) to form the phase-separated electrocatalyst 
(e.g., pCZ). The two MH synthesis steps were run with the same pa
rameters to produce the electrocatalyst. 

After each MH reaction, including ceria and zirconia nanoparticles, 
the precipitates were centrifuged and thoroughly washed out using 
Milli-Q standard water until reaching pH = 7 to remove all chemical 
residues. Finally, the materials were dried in an oven at 80 ◦C for 24 h. 

2.2. Characterization of electrocatalysts 

The phase analysis of the prepared powders was performed in an X- 
ray diffractometer (XRD) D8 Focus Bruker AXS with Cu K-alpha radia
tion (λ = 15.4056 nm), over an angular range varying from 10◦ to 110◦, 
at 0.002◦angular step and 3 s/step counting rate. 

Rietveld analyses were performed in X-ray diffraction data. The 
FULLPROF software (2021) was used to perform the refinements, using 
Thompson-Cox-Hastings pseudo-Voigt and Chebyshev polynomial 
functions to fit the shape and background of these data, respectively. 
From preliminary analysis, the X-ray patterns were indexed with three 
crystallographic phases: cubic CeO2 (ICSD 24887), tetragonal ZrO2 
(ICSD 66785), and monoclinic (ICSD 417639), then the initial structural 
model used the parameters described in the ICSD 24887, ICSD 66785, 
and ICSD 417639 files. The refinements evaluated the cell parameters 
and the amount of each phase. 

Wavelength Dispersive X-ray (WDX) analysis of the samples was 
performed on a Rigaku Supermini 200 X-ray fluorescence spectrometer 
with a Pd tube (50 kV, 4 mA). Specific surface areas were determined by 
N2 physisorption method at 77 K (Micromeritics ASAP-2020 Surface 
Area Analyzer) according to the Brunauer-Emmett-Teller (BET) method. 
Before the experiment, the samples were subjected to thermal pre
treatment at 300 ◦C for ~16 h (100 mmHg—Micromeritics VacPrep 
061) for surface degassing and stored in a vacuum chamber. 

High-resolution transmission electron microscopy (HR-TEM) was 
carried out using a FEI TECNAI G2 F20 HR-TEM microscope at 200 kV. 
The samples were prepared by using isopropanol dispersion of the 
electrocatalyst powders. Subsequently, 3 µL of the dispersion was drip
ped onto a lacey carbon film (300-mesh) on a Cu TEM grid. To obtain 
atomic-scale images and EDS mapping, we used an aberration-corrected 

Fig. 1. Schematics of the synthesis of ceria-zirconia: representation of CZ, and the second step of the synthesis for the phase-separated samples pCZ and pZC.  
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scanning-TEM (STEM) JEOL 200 CF NeoArm equipped with dual EDS 
detectors. Both bright field and annular dark field images were recorded. 

X-ray photoelectron spectroscopy (XPS) determined the catalyst 
surface chemistry using an Omicron surface analysis station coupled to a 
SPHERA hemispherical analyzer and a DAR 400 Al Kα x-ray source (hν 
= 1486.7 eV). The binding energy scales were calibrated based on the C- 
C contribution of carbon 1 s peak at 284.8 eV. 

2.3. Preparation of gas diffusion electrodes (GDE) 

The synthesized materials were deposited on carbon paper (Toray, 
TGP-H-60) (2.0 x 2.0 cm) using a spray gun. A precursor ink with 
catalyst loading of 1.0 mg cm− 2 using a weight proportion of 70 % for 
electrocatalyst and 30 % for Nafion® D-520, used as the binder, was 
employed for the catalyst layer deposition. To facilitate the deposition, 
1 mL of Milli-Q standard water and 9 ml of isopropanol were added to 
the solution. The loading control was performed by gravimetry, 
weighting before and after the electrocatalyst ink deposition, and 
drying. 

2.4. Methane electrochemical conversion 

Electrooxidation runs were carried out using a single-compartment 
stainless steel reactor (external dimensions of 9x9x7 cm3 and wall 
thickness of 1 cm) with 100 mL solution capacity. In the reaction 
chamber, a circular cavity at the bottom facilitates mechanical agitation 
during electrochemical reaction. The spacing between electrodes in the 
reactor was 1 cm. Initially, nitrogen was bubbled in 0.1 mol/L Na2CO3 
solution, pH = 12, for 30 min, followed by methane flow at 200 mL/min 
flow rate for 60 min before cyclic voltammetry tests, then kept constant 
during chronoamperometry measurements to ensure saturation. 

The gas diffusion electrodes were connected as the working elec
trode, while a platinum wire was used as a counter electrode and Ag/ 
AgCl in KCl 3.0 mol/L as the reference electrode. Cyclic voltammograms 
and chronoamperometry measurements were performed in a potentio
stat/galvanostat Autolab model 102 N. Cyclic voltammograms were 
collected before each chronoamperometry measurement to define 
oxidation peaks and their respective potentials. For this purpose, a 20 
mV/s scan rate was used in a range of 0.1 to 2.0 V before and after CH4 
bubbling. The defined peak potentials were then applied in chro
noamperometry experiments. At each fixed potential, the electrical 
current was monitored for a time interval of up to 2 h, totalizing 4 h of 
chronoamperometric runs. After a one-hour time interval at each fixed 
potential, 3 mL electrolyte aliquots were collected to identify and 
quantify the products generated by methane oxidation. 

The identification and quantification of the products obtained after 
the electrochemical experiments were performed through gas chroma
tography in an Agilent model 7890B GC coupled to a mass detector (MS) 
and flame ionizer detector (FID), with a HP-PLOT/U column (30 m x 
0.535 mm x 20 μm). The headspace method was used. For that, 3 mL 
aliquots were collected and transferred to 20 mL glass vials sealed with 
rubber septa. Such containers were left in a water bath system for 5 min 
at 80◦ C. Finally, a volume of 1 mL was injected into the chromatograph 
to fill the injection loop. The chromatographic conditions were defined 
as a temperature gradient of 35◦ for 4 min, followed by a heating ramp of 
30 ◦C/min to 130 ◦C, maintained for 10 min. 

The faradaic efficiencies (FEs) were calculated according to Equation 
(1), 

η =
nFN

Q
(1)  

where n is the number of electrons involved in the reaction for each 
product, F is Faraday’s constant, N is the number of mols from the 
process obtained from GC analysis, and Q is the charge after 1 h of 
electrochemical experiment. 

3. Results and discussion 

3.1. Characterization of electrocatalysts 

Fig. 2 shows the X-ray diffractograms for the ceria-zirconia samples. 
Ceria is crystallized in the cubic phase (PDF34-394), while zirconia 
peaks were indexed to monoclinic (PDF 37–1484) and tetragonal (PDF 
50–1089) polymorphs. Both the pZC and pCZ samples exhibit a mixture 
of ceria and zirconia crystalline phases. The indexed peaks of both ceria 
and zirconia polymorphs confirmed the coexistence of the two oxides. 
Differently, the XRD patterns of the CZ samples show peaks indexed to 
the cubic Ce0.6Zr0.4O2 phase (PDF 38–1439). The XRD patterns of the CZ 
series exhibit broad peaks with 2θ positions shifting depending on the 
relative composition of the oxides. This result indicates the formation of 
ceria-zirconia solid solutions for the CZ samples, consistently with the 
mixing of both ceria and zirconia precursors during the synthesis. The 
analysis of the XRD patterns is complex in this Ce:Zr system because it is 
a multiphase system with a relatively small size of the particles and 
possible formation of solid solutions in a broad range of compositions. 
Thus, selected samples were further analyzed using Rietveld refinement. 

Rietveld refinement was used to quantify crystalline phases and solid 
solution formation in the ceria-zirconia samples. The refinements for the 
Ce:Zr 2:1 pZC, pCZ, and CZ samples evidenced ceria and zirconia (both 
tetragonal and monoclinic) oxides with fitted crystallographic parame
ters listed in Tables S1, S2, and S3, respectively. The refinement of the 
pCZ sample required a tiny mass fraction (0.4 %) of CeO2:ZrO2 solid 
solution along with ceria and the zirconia polymorphs. Rietveld re
finements for the CZ samples evidenced ceria-zirconia solid solution as 
the major phase. Interestingly, the ceria lattice parameters of both pCZ 
and pZC were close to the nominal value reported for the CeO2 and 
indicated that no solid solution was formed, irrespective of the relative 
concentration of the oxides. The CZ lattice parameters shown in Table S3 
are consistent with the Ce0.6Zr0.4O2 solid solution composition. 

Therefore, XRD data reveals a strong dependence of the phase dis
tribution on the synthesis of the samples. Mixing ceria and zirconia 
precursors in CZ samples results in an extensive solid solution formation, 
prevailing the cubic symmetry of the ceria. On the other hand, when first 
nucleating nanoparticles of one oxide, either zirconia or ceria, followed 
by the assembling of the second one, as in the pCZ and pZC series, the 
separation of the ceria and zirconia polymorphs is promoted. 

Detailed electron microscopy analyses were carried out to unveil the 
phase assembling of the studied electrocatalysts. Fig. 3 shows the high- 
resolution transmission electron microscopies (HR-TEM) for pZC, pCZ, 
and CZ electrocatalysts with Ce:Zr ratio 2:1. The pZC and pCZ samples 
show agglomerated particles with similar shapes, both cubic and 
spherical particles, with calculated average particle size 7.6 and 8.9 nm, 
respectively. The CZ sample has finer particles and a more agglomerated 
morphology with a calculated average particle size 5.4 nm. The BET 
surface area values for the CZ, pCZ, and pZC samples are comparable, 
with the CZ sample exhibiting a slightly higher specific surface area 
(153 m2/g) due to its smaller particle size. In contrast, the phase- 
separated samples pCZ and pZC have similar surface area values: 131 
m2/g and 126 m2/g, respectively. 

The Fast Fourier Transform (FFT) analysis from pZC, pCZ, and CZ 
STEM images (Fig. S1) provided valuable information about the d- 
spacing values of crystalline planes of the synthesized oxides. For the 
pZC sample the FFT analysis revealed d-spacing values of 0.313 nm, 
0.277 nm, and 0.196 nm, corresponding to the (111), (200), and (220) 
planes of cubic ceria, respectively. The d-spacing values of 0.299 nm and 
0.182 nm, representing the (011) and (112) planes for tetragonal zir
conia, respectively (Table S4). Additionally, a few spots at 0.270 nm 
were attributed to ( − 111) planes of monoclinic zirconia. The FFT 
analysis of pCZ revealed d-spacing values that were associated with 
ceria and tetragonal zirconia. On the other hand, the CZ sample 
exhibited the planes of cubic ceria reflecting the formation of the Ce1- 

xZrxO2 solid solution. Such findings further confirm the observed phase 
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distribution dependence on the electrocatalyst synthesis detected by the 
XRD analysis. 

To better distinguish the chemical composition of the nanoparticles, 
the ceria-zirconia electrocatalysts were further investigated by the high- 
resolution STEM-EDS mapping analyses depicted in Fig. 4. The EDS 
analyses were performed in four randomly chosen regions of each 
sample, and the results in Fig. 4 show representative regions of each 
sample. The EDS maps revealed significant differences between the 

samples. Both pCZ and pZC exhibited a heterogeneous distribution of 
ceria and zirconia, with some composition deviations depending on the 
region analyzed. Some nanometric particle agglomerates displayed 
higher concentrations of one oxide, while other regions of the same 
sample had composition that closely matched the nominal ratio. The 
phase separation is clearly observed for the samples pZC and pCZ, in 
which nanometric regions rich in Zr and Ce are evident and in perfect 
agreement with the XRD data. Such microstructures are consistent with 

Fig. 2. X-ray diffractograms for (a) pZC, (b) pCZ, and (c) CZ. The XRD of the synthesized CeO2 and ZrO2 are shown as references.  

Fig. 3. HR-TEM images for the pZC (A, D), pCZ (B, E), and CZ (C, F) samples with the Ce:Zr ratio 2:1.  
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Fig. 4. STEM images with EDS analysis for (A) pZC, (B) pCZ, and (C) CZ samples with Ce:Zr ratio 2:1. Left panel shows the electron image in Annular Dark Field 
mode, and at right panel the corresponding EDS mapping for selected elements. 
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the phase distribution imposed by the two-step MH synthesis. From the 
combined analysis of STEM-EDS, the average compositions were 75.7 % 
Ce / 24.3 % Zr and 72.1 % Ce / 27.9 % Zr for pZC and pCZ, respectively. 
The CZ sample showed a more homogeneous phase distribution without 
a clear distinction between ceria and zirconia in the analyzed regions. 
The CZ measured average composition is 78 % Ce / 22 % Zr. Chemical 
analysis of ceria-zirconia 2:1 samples by WDX revealed average com
positions of 73.0 % Ce / 27.0 % Zr, 71.8 % Ce / 28.2 % Zr, and 75.3 % Ce 
/ 24.7 % Zr for pZC, pCZ and CZ, respectively, in good agreement with 
STEM-EDS and Rietveld refinement data. 

Both crystallographic and structural characterization provided 
valuable insights to identify the effect of the electrocatalyst assembly 
method. It is confirmed that by controlling the addition of the metal 
oxide precursors during the synthesis, it was possible to produce 
different configurations of ceria and zirconia phases in ceria-zirconia 
nanoparticles with comparable chemical composition, particle size, 
and morphology. 

To further investigate the surface composition of the electrocatalysts, 
XPS spectra of the ceria-zirconia 2:1 samples were collected (Fig. 5). The 
Ce 3d high-resolution spectra in Fig. 5a show the two multiplets (v and 
u) corresponding to the spin–orbit split 3d5/2 and 3d3/2 core holes of 
CeO2. Ten peaks corresponding to the pairs of spin–orbit doublets can be 
identified in the Ce 3d3/2,5/2 spectra of the studied samples, which agree 
with previously reported data [25]. Such peaks were fitted to the cor
responding states Ce3+and Ce4+. All nanoparticles showed the typical Zr 
3d spectra, as shown in Fig. 5b. For the Zr 3d analysis, well-resolved 
spin–orbit doublets (d5/2 and d3/2), separated by ~ 2.4 eV, indicate 
the formation of ZrOx. The Zr 3d doublet peaks have 182.3 eV and 184.7 
eV, corresponding to contributions from Zr 3d5/2 and Zr 3d3/2, 

respectively. 
The surface elemental composition of the electrocatalysts was 

calculated according to the normalized peak areas of the Ce 3d and Zr 3d 
core level spectra, listed in Table 1. The results in Table 1 correspond to 
the average fitted values of at least three measured spectra collected in 
different samples of the same batch. It is interesting to note that XPS data 
clearly reflects the assembly of the nanoparticles. As the photoelectrons 
probe only a few layers of the samples, the fitted compositions indicate 
the most exposed species at the outer surface of the nanoparticles. Thus, 
sample pZC, in which initially formed Zr particles are then covered with 
ceria nanoparticles, exhibits the highest ceria fraction (Ce3++ Ce4+), Ce: 
Zr = 2.2, as inferred by XPS data. The relative surface content of Ce3+

(4.6 atm%) for pZC indicates that this material has a large number of 
oxygen vacancies on its surface and a high oxygen mobility/storage 
because Ce3+ is associated with the formation of oxygen vacancies 
[26–30]. Conversely, the pCZ specimen shows the lowest value of the 
Ce:Zr = 0.67 ratio, with the lowest concentration of ceria (Ce3+ 2.8 atm 
% and Ce4+ 7.4 atm%). Interestingly, the solid solution sample CZ has a 
Ce:Zr = 2.1, which corresponds to the nominal stoichiometry with the 
highest amount of Ce3+(4.8 atm%). Such a feature is related to the 

Fig. 5. XPS spectra of the ceria-zirconia samples (2:1): The left panel corresponds to Ce 3d3/2, 5/2 spectra, and the right panel to the Zr 3d spectra collected for the 
samples pZC (A, B), pCZ (C, D) and CZ (E, F). 

Table 1 
Surface elemental composition calculated according to normalized peak areas of 
the Ce 3d and Zr 3d XPS data.  

Sample Ce:Zr Zr Ce3+ Ce4+

pZC  2.2  8.4  4.6  13.8 
pCZ  0.67  15.1  2.8  7.4 
CZ  2.1  7.0  4.8  9.8  
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formation of ceria-zirconia solid solutions, which were previously 
shown to exhibit an increased amount of Ce3+ as compared to pure ceria, 
as inferred by X-ray absorption synchrotron measurements [31]. 

The combined results of XRD, XPS, and TEM-EDS revealed that the 
assembling of ceria and zirconia nanoparticles resulted in electro
catalysts with distinct features, such as phase separation, surface 
composition, and active defects such as oxygen vacancy concentration 
that are crucial for tunning the methane conversion reactions. 

3.2. Electrochemical conversion of methane 

Considering that CeO2 was previously shown as an active electro
catalyst for methane oxidation reaction, we have hypothesized that the 
ZrO2 acts as a modifier to enhance selectivity to partially oxygenated 
compounds. Thus, we chose to perform the electrocatalytic character
ization of samples pZC, pCZ, and CZ with Ce:Zr ratio of 2:1 and compare 
them with single-phase CeO2 and ZrO2 electrocatalysts. The reaction 
was initially assessed by determining the peak potentials toward 
methane oxidation obtained from cyclic voltammetry runs. The exper
iments were carried out in a methane-saturated medium (batch mode), 
using a previous run in a nitrogen-saturated medium (i.e., no methane) 
as a blank, which was subtracted from the methane run. Fig. 6 displays 
the voltammograms obtained for the ceria-zirconia samples with 2:1 
ratio, along with the reference voltammograms of the individual oxides. 

Different methane electrooxidation profiles were characterized by 
the presence of a process with onset potential (Eonset) at ~ 1.2 V followed 
by faradaic processes in the 1.4–1.6 V range and ~ 1.9 V vs. Ag/AgCl. 

The Eonset process at 1.2 V can be attributed to the methane activation 
followed by partial oxidation, with the formation of methyl radicals 
(labeled as “1″ in Fig. 6). The methyl radicals are precursors for C1 and 
C2 compounds, such as methanol, ethanol, and acetaldehyde [20,32], 
which can further react with methane to form C3 compounds. 

A continuous current increase with increasing potential character
izes the process starting from ~ 1.7 V (labeled as “2″ in Fig. 6). It can be 
the result of a continuous methane and/or intermediates oxidation with 
the oxygen evolution reaction (OER) taking place concomitantly [6]. 
The onset and peak potentials extracted from cyclic voltammograms for 
each catalyst are listed in Table S5. 

Initially, individual CeO2 and ZrO2 were active electrocatalysts, and, 
surprisingly, ZrO2 presented appreciable electrocatalytic activity, i.e., it 
exhibited a noticeable faradaic current. This finding is a strong indica
tion that ZrO2 facilitates CO3

2– absorption [14] as the main responsible 
for the methane activation, and probably the carbonate adsorption is the 
rate-determining step for the formation of C1 and C2 compounds. A 
similar behavior is seen in all CeO2:ZrO2 samples, though more pro
nounced in the CZ electrocatalyst, which achieved relatively high cur
rent values comparable to that of CeO2 and 4 to 10 times higher than 
those observed for the other samples. 

The oxidation peak (labeled as “3″ in Fig. 6) in the cathodic scan at ~ 
1.35 V is possibly associated with the oxidation of an intermediate (or a 
product) of the process related to peak 1. It suggests the re-oxidation of 
some intermediate or product of the first process (i.e., methane oxida
tion). It is consistent with the formation of intermediates resulting from 
partial oxidation of methane, which can lead to C2 + products. The 
intensity of the third process (peak 3) follows the sequence pZC > pCZ ~ 
CZ, indicating that more CeO2 exposed at the surface (as in the pZC 
sample) favors partial methane oxidation. 

Interestingly, such peak potentials reflect the values observed for the 
individual oxides. For ceria, peaks are observed at ~ 1.2 V and 1.5 V, 
while for zirconia, peaks are observed at 1.2 V and 1.7 V. These values 
are consistent with those obtained for the mixed oxides (pCZ and pZC) 
and the solid solution (CZ) electrocatalysts. The pZC 2:1 sample, char
acterized by a high amount of ceria grown on zirconia, exhibited the 
same potential as pure ceria for the second peak. In contrast, the pCZ 2:1 
sample, which is zirconia grew over ceria support, displayed an inter
mediate second peak at 1.6 V, similar to the CZ solid solution. This 
behavior suggests that the catalysts are indeed bifunctional catalysis 
since both CeO2 and ZrO2 are playing a role in the oxidation path. 

Considering the electric potential, a shift to more negative potentials 
is observed for bifunctional electrocatalysts, i.e., containing ceria in the 
composition. Such shift is not observed for ZrO2, revealing that CeO2 has 
a significant catalytic effect in methane oxidation. Such a feature sug
gests that ZrO2 acts in the methane activation, while CeO2 favors the 
methane electrooxidation at lower potentials. 

Chronoamperometric curves are depicted in Fig. S2. The time 
dependence of the current at fixed potential showed a slight increase in 
all experiments, suggesting an activation process (Fig. S2). More 
importantly, all catalysts showed negligible changes during the experi
ments, indicating that the stability of the catalyst was maintained for 4 
h. 

The electrochemical processes involved in methane oxidation were 
identified through product analysis using the GC–MS technique at1.2 V 
and 1.6 V fixed potential, selected based on the onset and peak poten
tials shown in Fig. 6. Fig. S3 and Table S6 present the screening results 
obtained for each studied electrocatalyst, displaying the formed prod
ucts and their respective quantification limits. The GC–MS measure
ments were conducted after 60 min of reaction with applied potential 
associated with the onset of anodic current (~1.2 V). Methanol, ethanol, 
and acetone were the main detected products. Quantified concentrations 
of methanol ranged from 129.7 to 758.8 μmol g-1h− 1, ethanol from 97.4 
to 459.8 μmol g-1h− 1, and acetone was formed in smaller amounts, 
ranging from 77.7 to 134.0 μmol g-1h− 1, depending on both the micro
structure and relative composition. 

Fig. 6. Cyclic voltammograms of the methane oxidation on pZC, pCZ, and CZ 
electrocatalysts with Ce:Zr = 2:1 obtained in Na2CO3 0.1 mol/L and ʋ=50 mV 
s− 1 versus Ag/AgCl. Data for CeO2 and ZrO2 are shown as a reference. 
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Calculated Faradaic efficiencies (η) varied from 0.1 to 17.4 % and 
showed a clear maximum for the CeO2:ZrO2 2:1 composition, regardless 
of the microstructural configuration of the electrocatalyst. Samples with 
CeO2:ZrO2 ratios of 1:1 and 1:2 exhibited maximum η = 4 %, while 
samples with a 2:1 ratio demonstrated higher product formation effi
ciencies (η up to 18 %). Nonetheless, high amounts of methanol were 
converted by the pCZ (758.8 mmol g-1h− 1) and pZC (403.8 mmol g-1h− 1) 
electrocatalysts with 1:1 CeO2:ZrO2 ratio with considerable low η ~ 0.5 
%. However, the striking result is the total η ~ 48 % for methane con
version to methanol, ethanol, and acetone measured for the pZC with 2:1 
CeO2:ZrO2 ratio, which indicates a high selectivity. 

The microstructural analyses showed that the pZC sample has a 
significant CeO2 amount on the surface, confirming the critical role of 
the ceria in the methane electrooxidation activity. In addition, XPS data 
(Fig. 5) have shown that the main difference between pCZ and pZC is 
related to the amount of Ce3+ species on the surface. The presence of 
Ce3+ species is related to the oxygen vacancies (VÖ) concentration, 
which has a strong redox catalytic effect. This finding can be evidenced 
by the shift towards more negative potentials (Fig. 6) for bifunctional 
catalysts in comparison to ZrO2, demonstrating that the methane con
version is thermodynamically facilitated in the presence of CeO2. 

Since the catalysts with ceria: zirconia ratio of 2:1 have demon
strated the highest Faradaic efficiencies, they were selected to evaluate 
the electrooxidation of methane under different applied potentials, with 
the results detailed in Fig. 7 and Table S7. 

Fig. 7 shows that a large amount of Ce3+ at the surface in sample pZC 
contributes to a high Faradaic efficiency. In contrast, the high selectivity 
to methanol of sample pCZ indicates that selectivity requires a more 
subtle balance between zirconia and ceria. A clear correlation is 
observed between the magnitude of the electrical current and the shift 
towards more negative potentials with increasing Ce3+ ion contents. 
This increase is indicative of more oxygen vacancies, which facilitate 
methane electrooxidation at ambient temperature. Interestingly, the 
ceria-zirconia solid solution (CZ) sample exhibited lower electro
chemical activity, which underscores the beneficial effects of having 
ceria and zirconia in a phase-separated configuration for this reaction. 
The phase arrangement appears to be critical for optimizing the elec
trooxidation of methane, even in the face of a substantial concentration 
of oxygen vacancies within the solid solution. Thus, the experimental 
results indicate that carbonate ions on ZrO2 surface act primarily in the 
activation and as an oxygen donor for the oxygenation of the interme
diate species resulting from activation and partial oxidation processes 
[33], contributing effectively to selectivity. CeO2, in contrast, seems to 
offer an electrocatalytic effect, enhancing Faradaic efficiency. The 
coexistence of Ce3+ in segregated phase catalysts like pZC and pCZ may 
lead to improved performance due to kinetic modifications in redox 

reactions. Since both oxygen vacancy formation and methane adsorp
tion on ceria are surface reduction processes, the activation energy 
required for methane oxidation is directly associated with the reduc
ibility of ceria [34–36]. 

Summarily, it was observed that catalysts with a mix of both cerium 
and zirconium oxides favored the initial methane conversion reactions 
more than the solid solution catalysts (CZ sample). Zirconium dioxide 
was particularly critical in the early reaction stages, offering active sites 
for both carbonate ion formation and methane activation. As the reac
tion progressed, the formation of methyl radicals was a precursor to 
creating longer-chain alcohols (C2 + alcohols). The catalyst pZC, which 
had a higher surface concentration of cerium, showed optimal selec
tivity and Faradaic efficiency. It is attributed to the surface’s oxygen- 
active species, which are linked to the mobility of lattice oxygen and 
the presence of Ce3+ ions, creating necessary oxygen vacancies. The 
synergy between zirconium and cerium oxides on the catalyst surface is 
crucial, as it facilitates both the adsorption and activation stages of the 
reaction. However, a balance is necessary to prevent over-oxidation; a 
controlled presence of active oxygen species is essential to promote mild 
oxidation rather than complete oxidation to CO2. 

For pZC and pCZ materials, the onset potential 1.2 V provided the 
highest conversions and Faradaic efficiencies. Increasing the applied 
potential to the peak at 1.6 V decreased conversion rates, and Faradaic 
efficiency dropped to η < 2 %, possibly indicating a predominance of the 
oxygen evolution reaction (Eq. 2) over the methane oxidation. Never
theless, it’s worth noting that at 1.6 V, a high selectivity was achieved 
for methanol formation in the pCZ electrocatalyst, while the CZ sample 
displayed the highest selectivity for ethanol. 

Methanol is the main product of methane conversion (Fig. 7); how
ever, both ethanol and acetone are also detected in appreciable con
centrations. Table 2 presents the possible reactions involved in the 
methane conversion by using CeO2-ZrO2 bifunctional electrocatalysts. 
Equation 2 is associated with OER, and Equations 3–8 detail the re
actions involved for all possible products found in the electrooxidation 
of methane using the synthesized materials. Equation 3 refers to com
plete methane oxidation, while Equations 4–8 are related to the partial 
methane oxidation processes, which are reactions of interest from 
methane to value-added products, forming methanol, ethanol, acetal
dehyde, isopropanol, and acetone. The dissociative adsorption of 
methane occurs through the abstraction of an H atom, forming a methyl 
radical (CH4 → CH3• + H+ + 1e-), while a surface metal atom is reduced 
by a single electron (Ce4+ + 1e- → Ce3+) [34]. Incorporating metal 
atoms such as Zr on the surface reduces the oxygen vacancy formation 
energy and the activation energy barrier for methane adsorption [37]. 

The methane conversion is assumed to start with the methane acti
vation to CH3*, following conversion to C2 + products. The product 
selectivity is based on the phase composition and surface properties of 
the ceria-zirconia (CeO2-ZrO2) electrocatalysts. The presence of Ce3+

and the associated oxygen vacancies, particularly enhanced in the pZC 
(preformed ZrO2 with CeO2 addition) samples, play a crucial role in 

Fig. 7. Quantification of the products generated by the electrooxidation of 
methane using the catalysts pZC, pCZ, and CZ in the 2:1 ratio varying the 
applied potential (see Tables SI-5 and SI-6) in Na2CO3 0.1 mol/L versus 
Ag/AgCl. 

Table 2 
Possible products found in electrooxidation of methane using CeO2/ZrO2 
bifunctional electrocatalysts.  

Possible occurring reactions 
Oxygen evolution reaction  

2H2O→O2 + 4H+ + 4e− Eq. 2 
Complete Methane oxidation  

CH4 + CO2−
3 →CO2 + CO + 2H2 + 2e− Eq. 3 

Possible reactions for C2 + products’ formation 
Methanol CH4 + CO2−

3 →CH3OH + CO2 + 2e− Eq. 4 
Ethanol CH4 + CH3OH + CO2−

3 →CH3CH2OH + H2O + CO2 +

2e−
Eq. 5 

Acetaldehyde CH3CH2OH + CO2−
3 →CH3CHO + CO2 + H2O + 2e− Eq. 6 

Isopropanol CH4 + CH3CHO→CH3CHCH3OH Eq. 7 
Acetone CH3CHCH3OH + CO2−

3 →CH3COCH3 + CO2 + H2O + 2e− Eq. 8  
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facilitating methane activation at lower potentials, leading to increased 
Faradaic efficiency. Thus, the formation of the different products is 
kinetically controlled by the diffusion of the species and by their 
different affinities with the catalyst surfaces. It was observed that car
bonate ions on ZrO2 surface act primarily in the activation and as an 
oxygen donor for the oxygenation of the intermediate species resulting 
from activation and partial oxidation processes. The pCZ system (pre
formed ceria nanoparticles with zirconia addition at the surface), since 
we expect a higher exposition of ZrO2, leads to higher methanol pro
duction that confirms the methane activation, but possibly a low 
adsorption at the surface. The best activity of the pZC catalyst (in terms 
of faradaic efficiency and of C2 + production) is thus explained by the 
effective synergy between the activation roles of carbonate ions on ZrO2, 
enhancing methane activation and oxygen donation, and the electro
catalytic effects of CeO2, which boost Faradaic efficiency through the 
formation and mobility of oxygen vacancies and active oxygen species. 
It is noteworthy that the product selectivity for pZC follows the sequence 
methanol > ethanol > acetone, i.e., C1 > C2 > C3, supporting that C2 +
products are generated by reactions of CH3* with as-formed methanol. 

Monitoring the production of CO2 is essential to understand the 
conversion performance. Partial electrooxidation to methanol or other 
products of interest remains a critical issue, mainly because methane can 
be fully oxidized to CO2 even under mild oxidizing conditions. Usually, 
conversion products are far more reactive than methane and end up 
overoxidized. Consequently, few catalysts can prevent excessive oxida
tion to carbon dioxide (CO2) or other COx compounds. The intermediate 
products are easily activated once the high activation energy is provided 
for dissociating the methane’s C-H bond. [8–12]. As highlighted by 
Equation 3, the direct conversion of methane to CO2 is energetically 
favored since a E◦ = 0.17 V is required. 

Therefore, the evaluation of the two applied potentials on the per
formance of methane oxidation shows that the reactions of total con
version to CO2, the re-oxidation of products, and oxygen evolution 
reactions become predominant when higher potentials are applied, 
reducing both product formation and the Faradaic efficiency of the 
process. 

Fig. S4 shows the selectivity determined from the quantities of 
products obtained for each electrocatalyst, using a loading of 1 mg. 
cm− 2. In Table 3, selectivity is compared to Faradaic efficiency. 

Upon examining the interplay between selectivity and Faradaic ef
ficiency in the studied electrocatalysts, it is found that high selectivity is 
achievable, though it tends to coincide with reduced methane conver
sion rates. The high selectivity is reflected in the estimated CH4 con
version, detailed in Table S6, which shows that the highest conversions 
do not correspond to the best Faradaic efficiencies. The electrocatalyst 
pCZ with a 2:1 ratio stands out, achieving a methanol formation effi
ciency of 6.9 % at a selectivity of 63 %, while the CZ with a similar ratio 
yields ethanol with a 5.8 % efficiency and 45 % selectivity. Not far 
behind in performance is the 2:1 pZC configuration, which achieves a 
methanol selectivity of 54 % and an impressive efficiency of 15.3 %. 
Additionally, this material also shows promising results for ethanol, 
with a selectivity of 31 % and an efficiency of 17.4 %. 

4. Conclusion 

The comprehensive analysis of ceria-zirconia electrocatalysts by 
advanced characterization techniques such as X-ray diffraction (XRD), 
electron microscopy, and X-ray photoelectron spectroscopy (XPS) has 
elucidated the crucial role of phase composition and surface properties 
in methane electrooxidation. The experimental findings underscore the 
importance of phase separation of ceria and zirconia for optimizing 
catalytic performance. Notably, the presence of Ce3+ and the associated 
oxygen vacancies, which are enhanced in the pZC samples, are instru
mental in facilitating methane conversion at lower potentials, leading to 
increased faradaic efficiency. The optimal balance between ceria and 
zirconia phases, particularly in a 2:1 ratio, is determinant in achieving 

high selectivity and efficiency in electrocatalytic applications, as evi
denced by the superior performance of pZC and pCZ electrocatalysts in 
the selective formation of methanol and ethanol. In conclusion, the 
strategic assembly of ceria-zirconia nanoparticles significantly in
fluences the electrocatalytic activity, with the electrochemical behavior 
being closely linked to the surface composition and the presence of 
active defects, such as oxygen vacancies and active adsorption sites. The 
findings of this study provide a pathway for the design of highly efficient 
and selective electrocatalysts for methane oxidation. Moreover, it con
tributes to the broader understanding of the interplay between material 
synthesis, microstructure, and electrocatalytic performance. Future 
work should aim to refine the synthesis process further to control the 
surface characteristics and phase distribution, which are pivotal in 
tailoring the catalytic properties for desired electrochemical reactions. 
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