
Contents lists available at ScienceDirect 

Applied Catalysis B: Environmental 

journal homepage: www.elsevier.com/locate/apcatb 

Electro-conversion of methane to alcohols on “capsule-like” binary metal 
oxide catalysts 
Nengneng Xua,b,1, Cameron A. Cocoa,b,1, Yudong Wanga,b, Tianshun Sua,b, Yu Wanga,c,  
Luwei Pengd, Yanxing Zhanga,e, Yuyu Liuf, Jinli Qiaod,**, Xiao-Dong Zhoua,b,* 
a Institute for Materials Research and Innovation, University of Louisiana at Lafayette, Lafayette, LA 70504, United States 
b Department of Chemical Engineering, University of Louisiana at Lafayette, Lafayette, LA 70504, United States 
c Department of Chemistry, University of Louisiana at Lafayette, Lafayette, LA 70504, United States 
d State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Environmental Science and Engineering, Donghua University, 2999 Ren’min 
North Road, Shanghai 201620, China 
e College of Physics and Materials Science, Henan Normal University, Xinxiang, Henan 453007, China 
f Institute for Sustainable Energy, College of Sciences, Shanghai University, Shanghai 200444, China   

A R T I C L E  I N F O   

Keywords: 
Binary metal oxide 
CuOx 

Methane conversion 
High activity 
Alcohol 

A B S T R A C T   

Research on the electro-conversion of methane has been driven by the necessity of addressing a key catalytic 
challenge to oxidize methane to liquid products at ambient conditions. In this work, we employed a series of 
binary metal oxide catalysts with capsule-like morphology by anchoring ZrO2 on Cu oxide (CuOx) for the oxi
dation of methane. The ZrO2:CuOx(180, 24) was found to convert methane with a difference in current density up 
to 13.35 mA cm−2 in comparison with ZrO2, CuOx, and other ZrO2:CuOx. The density functional theory calcu
lations show that the enhanced activity originated from the increased charge distribution in ZrO2 after the ZrO2 

cluster grew on the Cu2O(111), which enhances the activity of CH4 dissociation and improves the electronic 
conduction through Cu2O support. Benefiting from these advantages, the hybrids exhibit a high catalytic activity 
and stability. Surprisingly, 1-propanol and 2-propanol were the main products after 18 -h operation under 
ambient conditions.   

1. Introduction 

In comparison with coal and petroleum, natural gas is the cleanest 
fossil fuel, and has become a primary energy source in both industrial 
processes and human daily life [1–3]. Methane (CH4), a greenhouse gas, 
is the main component (85 %) of natural gas and its emission is more 
than 30 times more impactful on the environment than CO2 [2,4,5]. 
The negative effect of CH4 emissions has attracted growing attention 
due to the increasing energy demand and environmental pollution [6]. 
As a result, transformation of methane to other chemicals, for example, 
formaldehyde, methanol, and ethylene, is desired [7–9]. The electro
chemical conversion of methane to alcohols is of particular interest 
because this process is capable of stabilizing the desirable intermediates 
and reducing the activation barriers of the charge transfer reaction. This 
can be accomplished through the proper selection of electrocatalysts 
and operating potentials. It is known that under the same conditions, 

electrochemical reactions are generally faster than the corresponding 
chemical reactions and therefore a significant effect on the slow reac
tions, such as the partial oxidation, can be expected (Table S1) 
[10–20]. Moreover, the electrochemical oxidation is capable of directly 
converting methane to liquid products at ambient conditions, which 
enables a possibly cost-effective process [11,12,21]. However, CH4 is 
the least reactive of all the paraffin hydrocarbons, attributed to its high 
dissociation energy of C–H bonds (104 kcal mol−1) [22]. Accordingly, 
CH4 is not expected to be readily oxidized by O2 to form singlet me
thanol by O2 at room temperature [23]. Hence, it is necessary to use 
other suitable oxidizing agents [8]. Hydroxide has been used as the 
oxidizing agent to extract protons from CH4 in a traditional electro
catalytic system. However, hydroxide also exhibited negligible activity 
at room temperature. [24]. On the contrary, carbonate (CO3

2-) ions 
provide an attractive feature by offering a charged oxygen atom via the 
reaction of CO3

2- ↔ CO2 + O2- under mild conditions [25,26]. The O2- 
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generated in the liquid medium can lower the reaction barrier and 
accelerate the kinetics of methane oxidation reaction (MOR). Therefore, 
the electrocatalyst must exhibit the ability towards CO3

2- adsorption on 
its surface. Zirconia (ZrO2) has rich Lewis acid active sites and electron 
acceptability, showing a remarkable adsorption capacity of CO3

2- 

[27,28]. Based on these characteristics, zirconia-based hybrids have 
attracted growing attention as an electrocatalyst. Primarily, transition 
metal oxide (TMO), such as NiO and Co3O4, doped ZrO2 to form TMO/ 
ZrO2. These compounds showed the potential for methane oxidation at 
room temperature [25,29,30]. However, the TMO/ZrO2 hybrid still 
faces the following issues: (i) a low activity and selectivity with sluggish 
kinetics and many side chemical reactions; (ii) poor stability attributed 
to the weak contact between TMO and ZrO2, and (iii) an unclear re
action mechanism. Therefore, further developing highly efficient TMO/ 
ZrO2 electrocatalysts and studying their reaction mechanisms are 
needed to understand and improve CH4 oxidation processes. 

Compared to NiO and Co3O4, copper-based (Cu) catalysts have a 
high activity and a long-term durability on forming the liquid and gas 
organics of a C1 catalysis reaction system (CO2 reduction reaction) at 
room temperature [31–35]. In addition, CuOx shows good adsorption 
for CH4 and methanol [36–38]. According to theoretical calculations, 
methanol can be further oxidized to form ethanol on the oxide surface, 
illustrating the high selectivity of a Cu-based catalyst towards the for
mation of higher alcohols [39,40]. Hence, it becomes more attractive to 
utilize a highly efficient MOR electrocatalyst consisting of CuOx and 
ZrO2 [41–43]. The advantages of this type of catalytic structure include: 
(i) a possibly high activity and fast intrinsic kinetics due to the coupling 
effect between Cu oxides and Zr oxides; (ii) long-term stability which is 
attributed to the formation of the stable ZrO2/CuOx binary metal oxide 
structure; (iii) the promotion for CH4 dissociation resulting from the 
charge redistribution; and (iv) high electronic conduction by forming a 
new electron transfer pathway. Notably, a CuOx-adsorbing ZrO2 hybrid 
has not yet been studied in the electrochemical oxidation of methane. 

Inspired by the above advantages, we synthesized a series of cap
sule-like ZrO2:CuOx hybrid catalysts to enhance methane oxidation 
activity at room temperature in this work. To the best of our knowl
edge, this hybrid is a new electrocatalyst for the selective electro
chemical oxidation of methane to produce propanol (1-propanol and 2- 
propanol). Comparative experimental investigation illustrates the 
strong synergistic effect between CuOx and ZrO2, which its unique 
catalytic structure and electron transfer pathway are responsible for 
accelerating electrochemical activity. Density function theory (DFT) 
calculations reveal an obvious charge redistribution after the ZrO2 an
chored on the Cu2O(111), which enhances the CH4 dissociation and 
forms a quick electron transfer network. Consequently, the ZrO2:CuOx 

manifests high activity with a large current difference of 13.35 mA 
cm−2 and long-time durability with almost no change in performance 
for 40 h, surpassing many of the recently reported catalysts. Notably, 
high levels of 1-propanol (2105.8 ug mL-1) and 2-propanol (2084.8 ug 
mL-1) as the main alcohol products were collected after 18 h, with a 
production efficiency > 56 %. Hence, the study reported herein may 
encourage research on the design of other new high-activity and robust 
binary metal oxides; TMO-based electrocatalysts for the oxidation of 
methane at room temperature. 

2. Experiment section 

2.1. Preparation of CH4 oxidation catalysts 

The ZrO2:CuOx powders were synthesized from the hydrothermal 
method. Initially, 2 mmol Cu(CH3COO)2 4H2O and 2 mmol ZrOCl2 H2O 
were dissolved in 60 mL deionized (DI) water. Then, 14.4 g NaOH were 
added into the Zr and Cu ion solution, with vigorous stirring for 1 h. 
Next, the as-prepared solution was transferred to a 100 mL container 
and heated at 180 °C for 24 h. After the hydrothermal treatment, the 
precipitant was collected after being rinsed and centrifuged with DI 

water 3 times and isopropanol 1 time, respectively. The collected and 
clean powders were dried at 70 °C for 6 h. Finally, the sample was an
nealed at 350 °C in air for 1 h to convert it into the ZrO2:CuOx com
posite (denoted as ZrO2:CuOx(180,24)). The 0.5 g ZrO2:CuOx(180, 24) was 
treated in 40 mL 0.1 M H2SO4, with stirring for 2 h. The H2SO4-treated 
powders were collected after being washed and centrifuged with DI 
water 3 times and isopropanol 1 time, respectively, then were dried at 
70 °C for 6 h to form the final specimen (denoted as ZrO2:CuOx(180,24)- 

acid). For comparison, ZrO2:CuOx(180,24) powders, such as ZrO2:CuOx 

(180,12), ZrO2:CuOx(180,18), and ZrO2:CuOx(180,30), were prepared by the 
same synthesizing method as ZrO2:CuOx at 12 h, 18 h and 30 h instead 
of 24 h, respectively. Additionally, pure ZrO2 and CuOx were synthe
sized without Cu(CH3COO)2 4H2O and 2 mmol ZrOCl2 H2O, respec
tively. 

2.2. Physical characterization 

Morphology and structure analyses of these samples were employed 
by using X-ray diffraction (XRD, Philips PW3830, Cu Kα radiation and 
λ =1.5406 Å), scanning electron microscope (SEM, Hitachi S3600), 
and high-resolution TEM (HRTEM, JEOL 2010 F, 200 kV) measure
ments. EDS spectra and mapping were conducted for obtaining the 
elements ratio and distribution measurement. X-ray photoelectron 
spectroscopy (XPS, Thermo Scientific with an A1 Ka X-ray source) 
analysis was carried out for further analysis of the physical structure. 
The methane oxidation products were recorded by 1H-NMR (Varian MR 
400 MHz NMR spectrometer) and GC–MS instrument (Agilent 7890A/ 
5975C). 

2.3. Electrochemical measurements 

Liner scanning voltammetry (LSV) and electrochemical impedance 
spectroscopy (EIS) of these samples were performed in a standard half- 
cell system using Solartron 1470E Multistat and 1255B Frequency 
Response Analyzer (Solartron Analytical, Oak Ridge, TN, 37830) with 
Ag/AgCl electrode as the reference electrode, platinum (Pt) wire as the 
counter electrode, and a glassy carbon electrode with catalyst as 
working electrode. 0.5 M Na2CO3 was used as the electrolyte. In detail, 
all working electrodes were obtained by dropping 16 μL of 5 mg mL−1 

catalyst ink (powder samples in isopropanol (4.98 mL) and Nafion@ 
solution (20 μL)) on the surface of the glassy carbon area 
(0.19625 cm2). Ultra-high purity methane gas and nitrogen gas were 
bubbled in the electrolyte for 1 h before each test. LSV was obtained in 
CH4-saturated and N2-saturated electrolyte at 5 mV s−1 with the po
tential range for 0 V to 1.3 V vs. Ag/AgCl, respectively. EIS perfor
mances were obtained in a frequency range from 0.1–100 kHz with a 
perturbation of 10 mV. In addition, the long-term electrochemical oxi
dation of CH4 was carried out in a three-electrode system. The Pt foil 
and Ag/AgCl electrode were used as the counter electrode and re
ference electrode, respectively. The carbon paper with the loading of 
2 mg cm-2 was prepared by spraying the sample ink on the surface as 
working electrode, which was used for home-made reactor assembling. 
The sample ink was obtained by dispersing 25 mg of sample powder in 
10 mL mixture solution of 9.8 mL isopropanol and 0.2 mL 5% Nafion@ 
solution with ultrasonic treatment for half an hour. 

3. Results and discussion 

3.1. Synthesis and characterization 

The ZrO2:CuOx hybrid was prepared by one-step hydrothermal and 
calcination methods (Fig. 1(a)). In addition, pure CuOx and pure ZrO2 

were synthesized for comparison. As shown in Figure S1(a), the CuOx 

sample is composed of Cu2O (JCPDS: 43-0953) and CuO (JCPDS: 44- 
0706), with the Cu2+/Cu+ ratio being 79:21. The pure ZrO2 corre
sponds to the monoclinic structure (JCPDS: 37-1484, Figure S1(b)). 
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TEM images reveal a leaf-like ZrO2 with the size of 400 μm (Figure 
S2(a) and (b)). The CuOx sample shows sheet-like morphology and the 
large particles are more than 600 μm in size (Figure S2(c) and (d)). 
Hence, the XRD, TEM, and XPS were carried out to further observe the 
structure, morphology, and chemical state of different samples syn
thesized using different hydrothermal times, denoted as 
ZrO2:CuO(180,12), ZrO2:CuO(180,18), ZrO2:CuO(180,24), and 
ZrO2:CuO(180,30). Compared with ZrO2 and CuOx, all diffraction peaks 
of the ZrO2:CuOx correspond to the related peaks of ZrO2, Cu2O, and 

CuO (Figs. 1(b) and S3). Among all samples, the typical planes of ZrO2 

did not apparently shift and were displayed at 17.4° (001), 24.1° (110), 
24.4° (011), 28.2° (-111), 31.2° (111), 34.4° (020), and 50.1° (022), 
respectively. In contrast, the typical (111) planes of Cu2O at 36.5° show 
obvious changes. The peak gradually increases in intensity as the hy
drothermal time increases up to 24 h. It is worth noting that the ratio of 
ZrO2, Cu2O, and CuO in the hybrid varies with reaction time. The mass 
ratio of the ZrO2 remains almost constant at 18 % after 12 h. However, 
the mass ratio of the Cu2O shows a different trend. At 24 h, the 

Fig. 1. (a) The fabrication process of the ZrO2:CuOx hybrid catalyst and its CH4 electrochemical oxidation, (b) the observed, calculated, and difference profiles from 
XRD data for ZrO2:CuOx(180,24), (c) Crystal structures of ZrO2, CuO, and Cu2O, (d) TEM image of ZrO2: CuO(180,24), (e) HRTEM image of ZrO2:CuOx(180,24), (f) TEM 
image and element mapping of ZrO2:CuOx(180,24), (g) deconvoluted Cu 2p, Zr 3d and O 1s XPS signals of ZrO2:CuOx(180,24). 
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ZrO2:CuO(180,24) illustrates the biggest mass ratio of the Cu2O of 71 %, 
and the smallest mass ratio of the CuO of 12 %. These findings reveal 
that the component of CuOx in the ZrO2:CuOx(180,24) is almost Cu2O. 
The mass ratio of ZrO2:CuOx will be further supported by TEM-Mapping 
and XPS. In addition, the morphology of all ZrO2:CuOx samples were 
observed by TEM. 

In all samples, ZrO2 nanoparticles uniformly grew into the CuOx, 
forming the unique capsule-like ZrO2:CuOx hybrid (Figs. 1(d), S4(a), 
S5(a), and S6(a)). Before 18 h, the ZrO2 nanoparticles can be easily 
distinguished from CuOx nanoparticles. The CuOx sheets are sur
rounded by ZrO2 leaves, where ZrO2 is gradually embedded into the 
CuOx. Upon further increasing the time of hydrothermal processing, the 
morphology and size of these hybrids show almost no change while the 
ZrO2:CuOx show different crystal structures with different exposed 
planes. From the HRTEM image (Fig. 1(e)), the lattice spacing of ZrO2 

are 0.369 nm, 0.261 nm, and 0.187 nm, corresponding to (110), (020), 
and (022) facets, respectively. The lattice spacing of CuOx is 0.248 nm, 
corresponding to the (111) plane. For ZrO2:CuOx(180,12), the lattice 
spacings are 0.187 nm and 0.248 nm, corresponding to (022) facet of 
ZrO2 and (110) facet of CuOx, respectively (Figure S4(b)). For 
ZrO2:CuOx(180,18), the (111) plane of CuOx is found in Figure S5(b). In 
addition, ZrO2:CuOx(180,30) also shows the (020) plane of ZrO2 (Figure 
S6(b)). In order to further analyze the distribution and ratio of the Zr, 
Cu, and O atoms, elemental mapping and EDS were applied (Figs. 1f 
and S4c-S6c). From these results, the ZrO2 and CuOx are confirmed to 
be uniformly distributed. Specifically, the elemental distribution of 
ZrO2:CuOx is almost unchanged. However, the ratio of ZrO2:CuOx was 
well in agreement with the refined XRD results. It further proved the 
Cu2O is the main component of ZrO2:CuO(180,18). From the XRD pattern 
and TEM images, uniform distribution and strong physical connection 
between CuOx and ZrO2 could be revealed and lead to the synergistic 
effect, which may be beneficial to the catalytic activity of CH4 oxida
tion. 

XPS measurement was carried out to provide further evidence. As 
shown in Figs. 1(g) and S7, Cu 2p signals, Zr 3d signals, and O 1s 
signals, along with survey scans, were obtained for ZrO2:CuOx. The 
binding energy of Cu core levels did not clearly shift upon changing the 
hydrothermal time past 18 h. The Cu 2p spectra of ZrO2:CuOx(180,18) has 

a right shift, which may be attributed to the electron transformation 
from Cu2+ to Cu+ and from Cu ions to Zr ions. In Fig. 1(g), the Cu 2p 
spectrum shows Cu 2p3/2, Cu 2p1/2, and 2 satellite peaks. The Cu 2p3/2 

and Cu 2p1/2 peaks are deconvoluted into 4 peaks. The deconvoluted 
peaks at around 933.5 eV and 934.8 eV are assigned to Cu+ species and 
Cu2+ species, respectively [44,45]. For Zr 3d spectra, its intensity and 
location are clearly changed as the reaction time increases. Actually, 
this shift to the right corresponds to the process by which CuOx adsorbs 
ZrO2 [46]. At 12 h, a majority of ZrO2 was adsorbed on the top CuOx 

surface, while a small number of ZrO2 inserted into the CuOx. As time 
increases, the proportion of ZrO2 in the mixture increases, which leads 
to the electron transition from CuOx to ZrO2, achieving a Cu+ con
version [47]. It is beneficial to expose more active sites and improve the 
conductivity. For 30 h, a further increase of the Cu content in the 
sample results in the partial migration of electrons from ZrO2 to Cu2O, 
which decreases the number of Cu active sites. Additionally, the O 1s 
spectrum was deconvoluted into 3 peaks, which can be indexed to the 
lattice oxygen (O1, 529.5 eV), the oxygen vacancies (O2, 530.5 eV), 
and the number of defect sites (O3, 532.1 eV), respectively [48,49]. 
Compared to other ZrO2:CuOx, ZrO2:CuOx(180,24) has a higher intensity 
of O1 and O3, implying more active sites and the ability of ZrO2 to 
enhance surface charge adsorption, respectively. These changes reveal 
the ZrO2:CuOx crystal state is affected and results in higher CH4 oxi
dation performance of ZrO2:CuO(180,24), which match the results of XRD 
and TEM well. 

3.2. Electrochemical performance 

To measure the electrocatalytic performance of MOR at room tem
perature, a 3-electrode electrochemical system was assembled with a Pt 
wire as the counter electrode, a Ag/AgCl electrode as the reference 
electrode, a catalyst-loaded glassy carbon electrode as the working 
electrode, and 0.5 M carbonate solution as the electrolyte. Figs. 2(a)-(c) 
show the linear sweep voltammetry (LSV) curves of ZrO2:CuOx(180,24), 
ZrO2 and CuOx in CH4, and N2-saturated carbonate electrolyte, re
spectively. The oxidation current should be attributed to oxygen evo
lution reaction (OER) and CH4 oxidation reaction (MOR). The current 
density in N2-saturated carbonate electrolyte should be caused by OER. 

Fig. 2. LSV curves of (a) ZrO2, (b) CuOx, and (c) ZrO2:CuOx(180,24) in CH4 and N2-saturated carbonate electrolyte, respectively; (d) the current density difference Δj of 
ZrO2, CuOx, and ZrO2:CuOx(180,24); (e) Tafel slope of ZrO2, CuOx, and ZrO2:CuOx(180,24); (f) schematic of MOR mechanism. 
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Hence, the current density difference (Δj, mA cm−2) of catalyst be
tween CH4- and N2-saturated carbonate electrolytes is a key parameter 
to evaluate the catalytic activity of MOR. The ZrO2:CuOx(180,24) ex
hibited a large Δj of 13.35 mA cm-2, which is 10 and 7 times greater 
than that of ZrO2 (1.27 mA cm-2) and CuOx (1.85 mA cm-2), respectively 
(Fig. 2(d)). The result not only proves the high MOR activity, but also 
reveals the strong synergistic effect between ZrO2 and CuOx. In detail, 
the ZrO2 displayed a low activity for both CH4- and N2-saturated 
electrolytes, while the CuOx showed high OER activity. Hence, the 
strong synergistic effect could further enhance the MOR activity with 
considerably suppressed side reaction of OER. In addition, the high 
performance may be attributed to the good conductivity, which can be 
further observed via electrochemical impedance spectroscopy (EIS). 
Figures S8 illustrates the EIS results of these samples, which is well in 
agreement with the LSV discussion. The ZrO2:CuOx(180,24) has good 
electronic conduction and a lower ohmic resistance (∼ 20.7 Ω) for 
MOR than ZrO2 (∼ 22.7 Ω) and CuOx (∼ 21.8 Ω). Notably, the 
ZrO2:CuOx(180,24) demonstrated a lower charge-transfer resistance with 
CH4-saturated electrolyte than ZrO2:CuO(180,12), ZrO2:CuO(180,24), and 
ZrO2:CuO(180,30), which in turn results in fast kinetics and a highly ef
ficient transfer pathway of MOR. Compared with other ZrO2:CuOx, the 
ZrO2:CuO(180,24) exhibits more promising performance with a larger Δj 
and lower resistance than ZrO2:CuO(180,12), ZrO2:CuO(180,18), and 
ZrO2:CuO(180,30). Combined with the results of physical characteriza
tion (XRD, XPS, and TEM), it can be found that the activity of the 
catalyst is related to CuOx in the sample, particularly Cu2O. The higher 
the Cu2O proportion in the hybrid, the better the MOR activity of the 
sample. Meanwhile, the (111) crystal plane is beneficial to the elec
trocatalytic process. To further study the active sites of the hybrid, the 
ZrO2:CuOx(180,24) was soaked in sulfuric acid for 2 h to remove CuOx 

from the sample, which is denoted as ZrO2:CuOx(180,24)-acid. In this re
gard, the main ingredient of the ZrO2:CuOx(180,24)-acid is ZrO2 (Figure 
S9(a)). Compared with pure ZrO2, the ZrO2:CuOx(180,24)-acid shows a 
different structure, but has a similar morphology to, ZrO2:CuOx(180,24) 

(Figures S9(a–c)). Importantly, the low catalytic activity of ZrO2:CuOx 

(180,24)-acid is the same as the pure ZrO2 (Figure S9(d)), further con
firming that the CuOx plays a pivotal role in the active site of the hy
brid. Moreover, the ZrO2:CuOx(180,24) also manifests a clearly enhanced 

stability when compared to ZrO2:CuO(180,12), ZrO2:CuO(180,18), and 
ZrO2:CuO(180,30) (Figure S10). 

Tafel analysis was carried out to further study the kinetic me
chanism of MOR on the ZrO2:CuOx(180,24) catalyst, (Fig. 2e) including 
pure CuOx and pure ZrO2. In the linear Tafel region, pure ZrO2 ex
hibited a Tafel slope of 80 mV dec−1, indicating that the initial electron 
transfer from CH4 to CH3OH species is the rate-determining step for 
MOR. Pure CuOx at weak polarization region (low current density and 
overpotential) shows a low Tafel slope of 39 mV dec−1, revealing how 
pure CuOx could effectively improve the above rate-determining step. 
However, at strong polarization region, the Tafel slope of pure CuOx 

increases, suggesting that the further oxidation of methane becomes 
difficult. By contrast, the capsule-like ZrO2:CuOx(180,24) hybrid ex
hibited a lower Tafel slope (21 mV dec−1) than CuOx and ZrO2, 
showing faster reaction kinetics for MOR. On the basis of the Tafel 
results and the previously reported work [4,25], a possible electro
chemical mechanism for MOR to alcohols (1-propanol and 2-propanol) 
on the ZrO2:CuOx(180,24) electrode was proposed (Fig. 2f). Initially, a 
CH4 molecule is adsorbed on the surface of ZrO2:CuOx hybrid and then 
oxidized to generate CH3OH and this step is identified as the rate-lim
iting step [37,50]. Then, the CH3OH further oxidized to HCHO and fi
nally to 2-propanol [22]. For 1-propanol, CH4 binds to carbonate on the 
ZrO2:CuOx surface to produce CH3⋅, which subsequently attacks 
CH2CHOH and further generates the aim product according to the 
Markovnikov rule. This possible catalytic pathway is consistent with the 
Tafel slope result (21 mV dec−1). The electrochemical reaction me
chanism will be further discussed in DFT calculations and the analysis 
of MOR products. 

3.3. DFT analysis 

To gain mechanistic insights of the promoted electrocatalytic per
formance, two models of Cu2O(111) and ZrO2/Cu2O(111), which con
sist of one ZrO2 cluster adsorbed on the Cu2O(111), are constructed to 
study the CH4 dissociation processes and theoretically understand the 
higher activity of CH4 oxidation to CH3OH, as shown in Fig. 3(a) [51]. 
It is found that the CH4 dissociates on the surface Cu site, forming CH3 

adsorbed on Cu atom and OH with neighbor O atom. For ZrO2/Cu2O 

Fig. 3. (a) The CH4 dissociation process 
for Cu2O(111) and ZrO2:Cu2O(111). 
(b) The corresponding Ea vs Reaction 
coordinate, (c) the 2p density of states 
of surface O of the Fermi level, (d) the 
charge density difference of the 
ZrO2:Cu2O(111) system. Negative and 
positive values are represented in light 
blue and yellow, respectively. The iso
surface value used is 0.002 e Å−3 (For 
interpretation of the references to 
colour in this figure legend, the reader 
is referred to the web version of this 
article). 
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(111), the CH4 dissociation energy decreased by 0.17 eV (0.76 vs 
0.93 eV) and the reaction becomes exothermal by 0.02 eV from en
dothermic by 0.35 eV (Fig. 3(b)). In order to explore the mechanism 
from an electronic level, the charge density difference is plotted in the  
Fig. 3(c) and (d). The charge redistribution is obviously found after the 
ZrO2 adsorbed on the Cu2O(111), especially in the neighbor of the ZrO2 

cluster. The charge redistribution in Cu during CH4 dissociation is 
negligible; while it is much more for the neighbor O. The 2p orbital of O 
gets electrons after the ZrO2 cluster adsorbed on the Cu2O(111). Fur
thermore, we plot the 2p states of O before and after ZrO2 adsorbed on 
the Cu2O(111). The 2p states of O in the ZrO2/Cu2O(111) increase to 
near its Fermi level, indicating that ZrO2/Cu2O(111) possesses good 
electronic conduction. Moreover, the conductivity is improved by 
forming the high-speed electron transfer network, which is due to the 
transfer of O from the Cu2O to the ZrO2. The findings are in good 
agreement with the EIS results. In the end, the activity enhancements 
for CH4 dissociation stem from the activated surface O by the adsorbed 
ZrO2 cluster. In addition, the large adsorption energy and charge 
transfer indicates the strong chemical adsorption of CH3 on the Cu2O 
(111) surface. Bader charge analysis shows that the CH3 gets 1.21 |e| 
from the Cu2O substrate. 

3.4. Product analysis 

To further analyze the product of MOR, a home-made reactor was 
assembled (Fig. 4(a)). The ZrO2:CuOx(180,24) was sprayed on the 
1*2 cm2 carbon paper with the loading of 2 mg cm−2 as the working 
electrode. Based on the LSV curve of ZrO2:CuOx(180,24), the potential of 
1.3 V was selected as the working potential for MOR. The potential not 
only helps the high oxidation current, but also benefits the low OER 
competition. The products of MOR in CH4-saturated carbonate elec
trolyte were collected at 3 h, 6 h, 12 h and 18 h, respectively. For fur
ther comparison, the products of MOR in N2-saturated electrolyte for 
18 h were also collected. Here, 1H-NMR spectroscopy was carried out to 
identify the products of MOR. As shown in Fig. 4(b), 1-propanol and 2- 
propanol are the main oxidation products. In order to analyze the 
products, the concentration of various products of different reaction 
time measured by the GC–MS system is shown in Table 1. Five organic 
products are detected, including methanol, ethanol, acetaldehyde, 1- 
propanol, and 2-propanol. As displayed in Table 1, the amount of one- 
carbon atom compounds (methanol) are similar with reaction time, 
revealing a balance between consumption and production. The amount 

of ethanol increased with the reaction time, illustrating that ethanol is 
the main two-carbon product. In addition, the amount of acetaldehyde 
decreased with the reaction time. As detailed in a previous report [52], 
the acetaldehyde plays an important role in the generation of propanol. 
This finding further shows that the acetaldehyde might be a chemical 
intermediate of the conversion into 1-propanol and 2-propanol. After 
18 h, 1-propanol and 2-propanol were the main stable products of CH4 

oxidation. The content of 1-propanol (2105.8 ug mL-1) slightly exceeds 
that of 2-propanol (2084.3 ug mL-1) at 18 h, even though 2-propanol 
has a higher thermodynamic stability [29]. The finding reveals 
ZrO2:CuOx(180,24) has a unique selectivity for 1-propanol production 
through free radical addition in a carbonate electrolyte. Hence, the 
analysis of the products from CH4 oxidation appears consistent with the 
above MOR mechanism shown in Fig. 2(f). This indicated that it is 
suitable pathway of the free radical addition reaction as the main step 
in CH4 electrochemical oxidation. 

4. Conclusion 

In summary, the capsule-like ZrO2:CuOx electrocatalyst was syn
thesized and used in CH4 electrochemical oxidation at room tempera
ture. The active sites are hypothesized to originate from CuOx. The 
corresponding experimental and DFT results show that the high per
formance of the hybrid can be attributed to (i) the strong synergistic- 
coupling effect between CuOx and ZrO2; (ii) the unique morphology and 
structure, and (iii) the charge redistribution of ZrO2:CuOx. As expected, 
the hybrid shows high catalytic activity with a large Δj of 13.35 mA 
cm−2 and long-term stability. ZrO2:CuOx catalysts have a highly effi
cient oxidation-selective conversion of CH4 to 1- and 2- propanol in a 
home-made reactor. The new design of the catalyst and the electro
chemical pathway offer more possibilities for the synthesis of higher 
alcohols by CH4 oxidation at room temperature. 

Fig. 4. (a) The scheme of the electrochemical oxidation reaction of methane gas. (b) 1H-NMR spectrum of the products after 18 h in CH4- and N2- saturated 
electrolyte. 

Table 1 
Concentrations of various products after the electrochemical oxidation of CH4 

for 3, 6, 9 and 18 h.        

Time (h) Methanol 
(ug / mL) 

Ethanol 
(ug / mL) 

Acetaldehyde 
(ug / mL) 

1-Propanol 
(ug / mL) 

2-Propanol 
(ug / mL)  

3 35.1 0 197.6 15.2 24.6 
6 37.6 0 159.7 75.1 144.8 
9 38.4 21.7 147.3 658.6 701.8 
18 39.3 45.8 138.4 2105.8 2084.3 
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