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Abstract
Energy crisis of the current society have attract the research attention for alternative energy sources. Methanol oxidation 
is source of energy but need efficient electrocatalyst like Pt. However, their practical ability is hinder due to cost and poi-
soning effect. In this regard, efficient catalyst is required for methanol oxidation. Herein, high temperature, pressure, and 
diethylenetryamine (DETA) as reaction medium/structure directing agent during solvothermal method are used for nanobelt 
Cu3Se2/Cu1.8Se (mostly hexagonal appearance) formation. The electrocatalyst shows optimized methanol electrooxidation 
reaction (MOR) response in 1 M KOH and 0.5 M methanol at scan rate of 50 mV/s and delivers a current density 7.12 mA/
mg at potential of 0.65 V (vs Ag/AgCl). The catalyst exhibits high electrochemical active surface area (ECSA) (0.088 mF/
cm2) and low Rct with good stability for 3600 s which favor its high MOR performance. This high response is due to its 2D 
hexagonal nanobelt morphology, which provides large surface area for reaction. The space among nanobelt reduce diffusion 
kinetics and rough/irregular edge increase reaction site to overall improve the methanol oxidation reaction.
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Introduction

The current day research focuses sustainability in order 
to stimulate the engineering of more feasible energy stor-
age and conversion alternatives prioritizing energy crises 
and environmental pollution [1, 2]. In this context, diverse 
energy storage and conversion devices have been proposed 
owing promising outcomes for instance batteries, super-
capacitors, and diverse fuel cells have been claimed for 
exhibiting higher electrocatalytic abilities [3]. Still, the 
room for improvement is open for new developments in this 

area and the researchers are always in progressive develop-
ment for the quest of more prospective power substitutes 
that are more reliable, affordable, and eco-friendly [4]. In 
this regard, recently direct methanol fuel cells (DMFCs) 
have been proposed as the best substitutes in the meantime 
with the capability to produce electricity from the chemical 
energy of small organic molecules by virtue of electrochemi-
cal processes [5].

These (DMFCs) are considered future energy sources for 
vehicles and portable electronic devices due to their high 
energy density, low pollution emission, low working tem-
perature, and high availability of methanol [6, 7]. The pri-
mary obstacle is the synthesis of optimal materials capable 
of undergoing electrocatalytic reactions for the advancement 
of DMFCs. For acquiring extra-economical electrocatalyst 
deprived of upsetting the durability and electrocatalytic 
activity is practically a real research challenge [4]. Noble 
metals and Platinum group metals such as Ir, Os, Pt, Pd, Ru, 
Rh, Ag, and Au are comparatively stable with high catalytic 
performance [8]. For instance, Pt is the most efficient elec-
trocatalyst but its high price and poisoning effect due to CO, 
are main limiting factors that causes a loss in cell voltage for 
its practical application and results the long term instability 
due to agglomeration [9, 10]. Additionally, alkaline methanol 
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electro-oxidation reaction (MOR) exhibits faster reaction 
kinetics, negligible poisoning, reduce corrosion and high effi-
ciency compared to acidic MOR [11]. Thus, it is intensively 
required to develop non-precious metal–based electrocatalyst 
for alkaline medium with high efficiency for MOR.

Although these discussed materials have shown promis-
ing outcomes but the high costs, catalyst poisoning, long-
term instability, and inappropriate methanol crossover are 
inevitable with losses in cell voltage. In a very quick suc-
cession during last decades, keen attentions have been given 
to commercialize more innovative electrocatalysts by tuning 
various features such as topography, morphology, and sur-
face architecture of diverse electrocatalytic materials with 
efficient mass transport efficiency, crystal facets, and more 
redox interactions [10]. In this regard, transition metal–based 
electrocatalyst especially copper selenides got special atten-
tion due to their multiple crystal phases and oxidation state. 
These multiple oxidation state and multiple crystal phase 
will facilitate its catalytic application [12]. And the Cu at 
edge of catalysts is unsaturated which provide more active 
points for the reaction to occur [13]. Additionally, the pres-
ence of Se in the sample will further improve its activity due 
to its unique metallic features [14]. However, to the best of 
our knowledge, there is no study on copper selenide–based 
methanol electrooxidation reaction.

With these motivations, Cu3Se2/Cu1.8Se composite mate-
rial has been developed here via simple and single-step sol-
vothermal process. The Cu3Se2/Cu1.8Se showed nanobelt 
morphology which is due to diethylenetryamine (DETA) as 
solvent and structure directing agent. The Cu3Se2/Cu1.8Se is 
used for the first time and showed excellent performance for 
MOR application, due to multiple oxidation states of Cu in 
the catalytic materials and large surface area due to nanobelt 
morphology.

Experimental

Materials

Absolute ethanol [C2H5OH ≥ 99.7%], methanol [CH3OH 
≥ 99.5%], potassium hydroxide [KOH ≥ 85%], sodium 
selenite [Na2SeO3 ≥ 99%] copper nitrate hexahydrate 
[Cu(NO3)2•2H2O ≥ 98.5%], and diethylenetryiamine 
(DETA) ≥ 99% were purchased from Sigma-Aldrich and 
were of analytical grade. Deionized water was used through-
out the experiments.

Synthesis of copper selenide nanobelts

A simple solvothermal method was applied for mix-copper 
selenide synthesis. Typically Cu(NO3)2•2H2O (1.2 mmol) 
and Na2SeO3 (0.8 mmol) were added simultaneously to 

DETA (30 mL) under stirring to get a homogeneous mix-
ture. The final mixture was transfer to stainless steel Teflon 
autoclave (50 mL), and heat for 16 h at 180 °C. The sam-
ple was cooled down to room temperature and collected via 
centrifuge. The sample was washed with water and ethanol 
subsequently to remove impurities. The final catalyst was 
dried and stored for further investigation and application.

Electrochemical application

Electrochemical application of catalyst is study by mAutolab 
potentiostat connected with three electrode system. Glassy 
carbon electrode (GCE), Ag/AgCl (3 M KCl), and Pt rod are 
used as working, reference, and auxiliary electrode respec-
tively. The sample (5 mg) was added to mixture of 250 μL of 
ethanol and 750 μL of water and ultrasonicate for 30 min to 
obtain a homogeneous suspension. Cu3Se2/Cu1.8Se suspen-
sion (2 μL) was drop-casted on freshly clean GCE surface 
and let to dry, and then, 2 μL of Nafion was dropped on 
GCE/ Cu3Se2/Cu1.8Se, and made it dried again. The GCE/
Cu3Se2/Cu1.8Se was applied for electrochemical studies of 
methanol (0.0 to 1.0 M) in alkaline (1 M KOH) medium at 
different scan rate (25–100 mV/s) via cyclic voltammetry 
(CV). Electrochemical impedance spectroscopy (EIS) was 
studied at frequency of 0.1–105 Hz, amplitude of 5mV, and 
with open circuit potential. Chronoamperometry was study 
for continuous 3600 s at potential of 0.65 V vs Ag/AgCl. The 
electrochemical active surface area (ECSA) was calculated 
from CV collect in non-faradic region at scan rate of 20–100 
mV/s follow by Cdl.

Results and discussion

Characterization

SEM, TEM, and EDX were studied with STEM (NOVA 450) 
to characterize the morphology and purity of the sample. 
SEM data (Fig. 1a, b) shows that the material is composed 
of nanobelts which are stack on each other. The nanobelt are 
mostly in hexagonal shape (Fig. 1a), which are in different 
size. Irregular shape materials are also shown which may be 
initials of nanobelt formation or it represents two different 
states of copper selenides in mix-copper selenide sample. 
The data shows space in between nanoblet, this space and 
2D appearance of nanobelt with small size increase its sur-
face area, while the irregularity at the edge of the sample 
also increases the number of active spots for reaction, which 
ultimately improved its electrochemical application.

TEM data (Fig. 1c, d) confirmed the hexagonal shape 
nanobelt morphology of the sample. Gray appearance 
demonstrates low thickness of the nanobelt which also a 
proof for its high surface area. However, the dark black 
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appearance is due to stacking of materials due to their 2D 
morphology. The presence of space in material provides 
a channel for electrolyte to go inside and develop short 
distance interaction with active materials which resulted 
in high performance. The morphological data confirmed 
the space in between the nanobelts for its high surface area 
and activity. The irregularity in the appearance and at the 
edge of nanobelts is further confirm and is a reaction for 

high response of the materials. The EDX data (Fig. 2a) 
shows that materials only consist of Se and Cu which is 
corresponding to XRD data.

However, it is very important to determine the composi-
tion of materials, purity, and crystal structure of the mate-
rial. In this regard, X-Ray diffractometer (XRD) (Aeris 1.2.0 
(PAN analytical) diffractometer with Cu radiation and PIX-
cel 1D detector) was used to determine crystal phases of 

Fig. 1   a, b SEM and c, d TEM images of Cu3Se2/Cu1.8Se

Fig. 2   a EDX and b XRD data of Cu3Se2/Cu1.8Se
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the sample. XRD (Fig. 2b) data confirmed that the material 
is a composite composed of two different phase of copper 
selenides. The most prominent peaks at 2θ degree of 27.06°, 
30.99°, 44.83°, 53.06°, 65.24°, 71.89°, and 82.55° are cor-
responding to fringes value of (111), (200), (220), (311), 
(400), (331), and (422) are very well-match with cubic unite 
cell of Cu1.8Se according to ICDD # 71-0044. The other 
peaks at 2θ degree of 25.07°, 27.25°, 31.12°, 44.83°, 65.32°, 
and 82.73° are corresponded to fringes value of (101), (200), 
(210), (310), (331), and (313) are well matched with tetrago-
nal unit cell of Cu3Se2 according ICDD # 47-1745. There 
are some other very small peaks in the XRD graph with low 
intensity that are also well match with other fringes of value 
Cu3Se2. The data confirmed that material is highly crystal-
line and single phase with high purity.

MOR application

The GCE modified with Cu3Se2/Cu1.8Se an electrocatalyst 
was studied in 1 M KOH solution without methanol via CV 
at scan rate of 50 mV/s. The CV shows in Fig. 3a confirmed 

an oxidation peak at 0.48 V (vs Ag/AgCl), for the oxidation 
of copper to higher state and this oxidation is favorable for 
MOR. Similarly, a reduction peak can be seen at about 0.37 
V for conversion of copper to original state of the materials. 
When methanol 0.25 M was added to solution under same 
condition, the oxidation peak immediately followed by MOR 
and get increased to higher current density. The peak shifts 
to a higher current density and potential which confirmed 
that the material is active for MOR and provides excellent 
response. It is worth-noting that the current density in oxi-
dation reaction of MOR is high at 0.65 V and makes a peak 
slightly broad, which confirmed partial oxidation of metha-
nol during the reaction. However, as the reduction reaction 
proceeds, the peak again increased at 0.65 V and the graph 
became inverted as studied previously [15]. This inverted 
behavior and high current density in reduction direction can 
be attributed to oxidation of intermediates formed during 
oxidation. The system gave optimized response in 0.5 M 
methanol to deliver a current density of 7.12 mA/mg at a 
potential of 0.65 V (vs Ag/AgCl) at the scan rate of 50 mV/s. 
Because, as the concentration further increases to 0.75 M of 

Fig. 3   CV cycles for MOR application in a 1 M KOH, 0.25–1M methanol at scan rate of 50 mV/s, b effect of scan rate in 1 M KOH and 0.75 M 
methanol, c EIS (inset EIS at high frequency) of Cu3Se2/Cu1.8Se electrocatalyst, d chronoamperometry test for stability of 3600s, (inset ECSA)
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methanol, the peak corresponded to oxidation of methanol 
and intermediate decreases and become completely flatted 
in 1 M methanol, which demonstrates that in such a high 
concentration, incomplete oxidation occur and produce 
intermediates as pollutants. In this regard, it is important to 
avoid the formation of intermediate pollutant, it is necessary 
to follow the reaction condition where it gives high current 
density as energy so that minimum pollutants are produce. 
Thus, the optimize concentration (1 M KOH, 0.5 M metha-
nol) was further studied with scan rate of 25–100 mV/s to 
determine the optimized scan rate for the reaction. In scan 
rate study, it is also observed that at the scan rate of 25 and 
50 mV/s, the oxidation is immediately followed by MOR 
and delivered good response for the reaction. In reduction 
reaction the current signal inverted as discuss above in order 
to oxidize the remaining intermediates. However, at high 
scan rate like 75 and 100 mV/s, the oxidation peak became 
disappeared which might be attributed to incomplete oxida-
tion due to fast reaction rate. With the increase of scan rate, 
the current increase which confirmed that the reaction is 
completely electrochemical and depended on potential and 
no side reaction takes place. EIS was collected in 1 M KOH, 
0.5 M methanol at frequency range of 0.1–105 Hz, 5 mV 
amplitude, and open circuit potential to determine charge 
transfer resistance (Rct).

The negligible semi-circle (Fig. 3c inset) at high-fre-
quency range determined its low Rct value which favors 
its high performance. Almost horizontal response (Fig. 3c) 
of EIS in low-frequency range determined its high capaci-
tance. The low Rct value is due to its morphology where 
the large surface area and the presence of pores in between 
the nanobelt facilitates the transport of target materials 
(methanol) for reaction and reduce the resistance. Addi-
tionally, the irregular shape and edge of the materials also 
provide high number of active spots for the reaction and 
fast adsorption/desorption, which also reduces resistance 
and facilitate the reaction for high performance. Simi-
larly, the high capacitive behavior is also related to its 
2D appearance. Stability is the basic requirement for any 

efficient electrocatalyst. Cu3Se2/Cu1.8Se showed a very 
promising stability with negligible change in current den-
sity for continue 3600 s in electrolyte of 1 M KOH and 0.5 
M methanol at potential of 0.65 V (vs Ag/AgCl) as shown 
in Fig. 3d. ECSA was collected in 1 M KOH and 0.5 M 
methanol from the CV in non-faradaic region (0.0-0.1 V 
vs Ag/AgCl) at scan rate of 20–100 mV/s. ECSA value is 
obtained from double layer capacitance calculation, when 
current density difference of anodic and cathodic reac-
tion is plotted against scan rate. Half of the slop is equal 
to ECSA value which is equal to 0.088 mF/cm2 (Fig. 3d 
inset). The high value of ECSA can be attributed to its 
flatted morphology which provides large surface area, and 
the edge of thin materials further improves the number of 
active spots. The excellency of this material in comparison 
with other materials is shown in Table 1.

Conclusion

Cu3Se2/Cu1.8Se electrocatalyst was developed via single-
step solvothermal method. DETA act as reaction medium 
and structure directing agent and as result nanobelt 
Cu3Se2/Cu1.8Se are developed with mostly hexagonal 
appearance. The spectroscopic characterization of cata-
lyst confirmed single phase, high purity, and crystallinity. 
The electrocatalyst showed optimized MOR response in 
1 M KOH and 0.5 M methanol at scan rate of 50 mV/s. 
In optimized condition of electrolyte and scan rate, the 
catalyst delivered a current density 7.12 mA/mg at poten-
tial of 0.65 V (vs Ag/AgCl). The catalyst exhibited low 
Rct and high ECSA (0.088 mF/cm2) with good stability 
for 3600 s.
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Table 1   Comparison of active 
materials for MOR

S. no. Catalyts Overpotential Current density Ref.

1 Ni/P(1,5-DAN)/MCPE 0.68 V vs Ag/AgCl 1.4 mA/cm2 [16]
2 Pt/Pani/Pt 0.62 V vs SCE 5 mA/cm2 [17]
3 Pt–Ru/C 0.9 V vs RHE 7.2 mA/cm2 [18]
4 Cu/P(2ADPA)/MCPE 0.85 V vs Ag/AgCl 46 mA/cm2 [19]
5 PtNiPb/WC 0.85 V vs RHE 2.67 mA/cm2 [20]
6 Pt/Ni-WC 0.4 V vs Ag/AgCl 0.51 mA/cm2 [21]
7 CuCo2Se4 250 mV vs RHE 15 mA/cm2 [22]
8 CuCoSe-HNCs 1.1 V vs RHE 10 mA/cm2 [23]
9 10Pt/Ni-MoCx/C 0.9 V vs RHE 260.5 mA/mg [24]
10 Cu3Se2/Cu1.8Se 0.65 V vs Ag/AgCl 7.12 mA/mg This work
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