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Abstract
Carbon microbead-encapsulated ZnO (CM-ZnO) particles have been synthesized from the spent coffee ground (SCG) by 
chemical activation with  ZnCl2 followed by calcination at 700 ℃ in  N2 environment. Interestingly,  ZnCl2 can act as an acti-
vating agent as well as a precursor for ZnO particles. The structure of the core and shell of the CM-ZnO was investigated by 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) techniques. Moreover, X-ray diffraction 
(XRD) and energy-dispersive spectroscopy (EDS) studies confirmed the presence of the encapsulated ZnO particles. The 
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) plots showed a well-developed porous structure with a 
specific surface area of 210  m2/g, average pore volume of 1.12  cm3/g, and an average pore radius of 31.7 Å. The electrooxi-
dation behavior of ethanol toward the synthesized CM-ZnO was then studied using cyclic voltammetry (CV) technique. 
For comparison, two types of modified electrodes were prepared: the first one with the non-activated SCG and the second 
one with the CM-ZnO. The electrochemical measurements of the prepared CM-ZnO demonstrated higher electrocatalytic 
activity with a current density of ~ 35 mA/cm2 at 0.4 V vs. Ag/AgCl for ethanol electrooxidation in an alkaline medium. The 
electrochemical measurements specified that the presence of ZnO particles and the high surface area of the activated sample 
have a significant influence on electrooxidation activity. Therefore, the introduced CM-ZnO particles could be an alternative 
and effective non-precious electrocatalyst for ethanol electrooxidation.

1 Introduction

The world is expected to face an undeniable energy short-
age in future due to the depletion of fossil fuel resources, 
increased energy demands, and the harmful environmental 
impacts of current energy resources [1]. Therefore, signifi-
cant research has been focused on the development of new, 
efficient, and cleaner energy resources to resolve energy and 
environmental issues [2–4]. Fuel cells (FCs) could be a very 
good choice for a variety of applications due to the merits of 
zero-emission, ease of handling, low operating temperature, 
and high efficiency [5, 6]. Fuel cells allow the direct con-
version of the chemical energy contained in the hydrogen-
enriched fuel and an oxidant into electrical energy through 

electrochemical oxidation with minimum power losses. 
Among the various types of fuel cells, direct alcohol fuel 
cells are promising options due to some unique characteris-
tics such as low permeability in the proton exchange mem-
brane (PEM), along with high energy and power densities 
[7]. However, compared to direct methanol fuels (DMFCs), 
direct ethanol fuel cells (DEFCs) have been considered a 
more appealing candidate due to higher energy density, 
lower toxicity, volatility, and crossover rate [8]. Moreover, 
ethanol could be produced from a wide variety of renew-
able sources [9]. Despite these potential advantages, low 
electrocatalytic activity and the high cost of anode catalyst 
for ethanol oxidation are of great significance [10]. Accord-
ingly, considerable attention has been devoted to anode cat-
alyst development and structure engineering perspectives 
to develop the catalyst that possesses high electrocatalytic 
activity and stability with the merits of low cost. There is 
no doubt that platinum (Pt) has been considered as an effi-
cient electrocatalyst for ethanol oxidation reaction but the 
use of platinum is quite limited due to its high cost, the 
paucity of noble metals, and loss of activity through poison-
ing by reactive intermediates [11–15]. Hence, to solve these 
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problems, various Pt-based bimetallic alloys (PtRu, PtPd, 
and PtSn) have been used to enhance the catalytic activity 
and reduce the cost; on the other hand, these Pt-based bime-
tallic electrocatalysts seriously suffer from heavy aggrega-
tion [16–18]. To address this problem, as an alternative to 
precious metals, to minimize the cost of the metal catalyst, 
and to reduce the catalyst poisoning, various carbon sup-
ports such as graphene [19, 20], multiwall carbon nanotube 
[21], activated carbon [22], and carbon nanofibers [23] have 
often been used as supporting materials for both precious 
and non-precious functional materials. However, as an alter-
native to the existing commercial activated carbon, a large 
number of natural sources such as nutshell, coconut shell, 
peanut, sugarcane bagasse, sawdust, rice husks have been 
used to synthesize activated carbon [24–29]. In particular, 
spent coffee ground (SCG) is a suitable raw source for the 
synthesis of valuable carbonous materials, and it is one of 
the widely consumed beverages and most popular commodi-
ties all around the world. Further, it is grown in more than 
80 territories and more than 6 million tons of SCG are pro-
duced annually [30]. It is well known that the high surface 
area and porosity of the carbonous materials are the basic 
requirements in electrocatalysis. Typically, chemical activa-
tion or high-temperature steam activation processes are used 
to increase the surface area and porosity of the carbonous 
materials. Chemical activation generally involves two steps: 
carbonization and activation. Normally, the carbon precur-
sor is soaked with a suitable activating agent such as zinc 
chloride  (ZnCl2), phosphoric acid  (H3PO4), sulphuric acid 
 (H2SO4), potassium hydroxide (KOH), sodium hydroxide 
(NaOH), and potassium carbonate  K2CO3 before the car-
bonization step [31–34]. Zinc chloride has been widely 
used for chemical activation due to its earth-abundance and 
unique properties. However, the main objective of this work 
was to synthesize relatively cheap and effective electrocata-
lyst from SCG for ethanol electrooxidation. Therefore, the 
activation of carbon derived from SCG was performed with 
 ZnCl2. Interestingly,  ZnCl2 acts as a pore-forming agent as 
well as a precursor for ZnO. In particular, ZnO-based nano-
composites as a low-cost alternative for noble metals are 
used in fuel cell applications [35, 36]. Besides the semi-
conducting and piezoelectric properties, its d-orbital holes 
are easily valence, which may enhance its catalytic activity 
[2]. In this work, carbon microbead-encapsulated ZnO parti-
cles (CM-ZnO) have been synthesized from SCG by simple 
approach, involving a chemical activation and subsequent 
calcination at 700 °C and used as an electrocatalyst for etha-
nol electrooxidation in the alkaline medium. The introduced 
CM-ZnO demonstrated distinct textural characteristics that 
resulted in an enhanced catalytic activity toward ethanol 
electrooxidation.

2  Experimental

2.1  Materials and preparation of carbon 
microbead‑encapsulated ZnO particles

The following materials were used as received: Spent coffee 
grounds (SCG) were obtained from a local coffee shop and 
98% Zinc Chloride  (ZnCl2, Samchun Pure Chemicals, South 
Korea). All the remaining reagents were used without further 
purification as they are of the required analytical grade. First, 
the obtained SCG was dried at 50 ℃ for 6 h. Then a solution 
of  ZnCl2 was prepared by stirring 5.0 g of  ZnCl2 in 500 ml 
deionized water overnight at room temperature. Then 5.0 g 
of SCG was added and mixed with the  ZnCl2 solution and 
left overnight. The mixture was then filtered and washed six 
times with deionized water and finally, the produced solid 
was dried in a vacuum oven at 60 ℃ for 12 h. After drying 
the mixture, it was calcined in a tubular furnace under the 
flow of  N2 gas at a temperature of 700 ℃ for 2 h. Figure 1 
shows a schematic of the CM-ZnO preparation process.

2.2  Characterization

The crystal structure of the final product was charac-
terized by X-ray diffraction (XRD, Rigaku, Japan with 
Cu-Kα(λ = 1.54056 A) operating at 45 kV and 100 mA over 
a range of 2θ angle from 10° to 90°, scanning at a 2θ rate of 
4°/min. The morphological characterizations were examined 
by field-emission scanning electron microscopy (FE-SEM, 
Hitachi S-7400, Japan) and transmission electron micros-
copy (TEM, JEOL JEM-2200FS Japan, coupled with rapid 
energy-dispersive spectroscopy EDAX) operating at 200 kV, 
while the BET surface areas and pore size distributions were 
analyzed by physisorption techniques (Micromeritics ASAP 
2020 analyzer, USA).

2.3  Preparation of working electrode

Before the fabrication of the working electrode, the apparent 
electrode area was polished with diamond suspension. Then 
2 mg of the as-prepared CM-ZnO was dispersed in 20 μL of 
Nafion (5 wt %) and 400 μL of isopropanol by ultrasonica-
tion for 30 min at room temperature. 15 μL of the formed 
suspension was then spread by a micro-pipette on to the 
active area of the glassy carbon electrode, which was then 
dried at 80 °C for 20 min.

2.4  Electrochemical measurement

The electrochemical measurements were carried out in 
three-electrode electrochemical cell (VersaSTAT 4, USA) 
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at room temperature. A glassy carbon electrode was used as 
a working electrode; however, Pt wire and an Ag/AgCl was 
used as the auxiliary and reference electrodes, respectively.

3  Results and discussion

3.1  Characterization of CM‑ZnO

The crystallographic structure of the non-activated car-
bon and the as-prepared carbon microbead-encapsulated 
ZnO particles (CM-ZnO) was characterized by XRD, and 
is shown in Fig. 2. As shown in the inset of Fig. 2, there 
appear two broad diffraction peaks at 2θ values of ~ 25° 
and ~ 42° corresponding to (002) and (100) structural phases, 

respectively, which confirms the existence of graphite crys-
tallite in the non-activated SCG. The as-prepared CM-ZnO 
particles show similar XRD patterns, shown in the main 
panel of Fig. 2, with additional sharp diffraction peaks at 
2θ values of 31.69°, 34.38°, 36.18°, 47.45°, 56.46°, 62.76°, 
67.80°, and 68.92° representing (100), (002), (101), (102), 
(110), (103), (112), and (201) of hexagonal structure of 
ZnO, respectively, in accordance with JCPDS card num-
ber 01–079–0207. No diffraction peaks for the  ZnCl2 pre-
cursor are detected, which means that CM-ZnO has high 

Fig. 1  Schematic diagram 
for the CM-ZnO preparation 
process

Fig. 2  XRD pattern of the synthesized CM-ZnO particles and inset 
shows the XRD pattern of non-activated SCG

Fig. 3  a Low- and b high-magnification SEM images of the synthe-
sized CM-ZnO particles
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phase purity, with complete calcination of  ZnCl2. Figure 3 
shows the typical morphology of CM-ZnO, and low-mag-
nification image  in  Fig. 3a shows that the product consists 
of a large number of microspheres with a diameter range 
of about 0.4–0.5 μm, while a high-magnification image, in 
Fig. 3b, reveals that the surface of the CM-ZnO is rough and 
entirely spherical in nature. The microspheres’ morphology 
of the as-prepared CM-ZnO was further characterized by 
TEM and can be clearly noted that numerous ZnO particles 
are encapsulated inside the carbon microbeads perfectly 
interconnected together to form the core–shell structure, as 
shown in Fig. 4. Furthermore, elemental mapping analysis in 
Fig. 4 reveals the existence and well distribution of carbon, 
oxygen, and zinc elements; it can be clearly noted that zinc 
and oxygen counterparts are concentrated in a specific area 
and revealed that the carbon as a shell is evenly distributed 
on the surface of ZnO core in the form of carbon microbe-
ads. The elemental composition of CM-ZnO as obtained by 
EDS analysis is summarized in Table 1, showing 5.5 wt% 
Zn, 7.66 wt% O, and 86.84 wt% C.

Catalysts’ specific surface area is a key factor which 
directly affects the electrooxidation properties of the 

catalysts; the higher surface area offers more active sites for 
catalytic reaction, leading to an improvement in electrooxi-
dation processes. Therefore, the surface area and pore size 
distribution of the CM-ZnO and non-activated SCG were 
examined by Brunauer–Emmett–Teller (BET) and Bar-
rett–Joyner–Halenda (BJH) techniques; the results are shown 
in Fig. 5a–d and the values for the BET specific surface 
area SBET, pore diameter RBJH, and pore volume Vt are given 
in Table 2. The characteristic  N2 adsorption–desorption iso-
therm of non-activated SCG exhibited type IV isotherm and 
shows a distinct hysteresis loop of  N2, indicating the exist-
ence of mesoporous structure (Fig. 5c). Interestingly, the 
Barrett–Joyner–Halenda (BJH) pore size distribution plot 
in Fig. 5d declares the existence of a mesoporous structure 
with wide and irregular distribution of pore diameter. The 
corresponding BET surface area, pore radius, and pore vol-
ume were found to be 6.1  m2/g, 93.5 Å, and 0.019  cm3/g, 
respectively. However, compared with the non-activated 
SCG, CM-ZnO also displays typical type IV isotherms, as 
shown in Fig. 5a, with a type H2 hysteresis loop, indicating 
the existence of mesopores.

On the other hand, the corresponding BJH pore size dis-
tribution plot in Fig. 5b confirms the presence of mesopores 
in the CM-ZnO, with significant increase in the specific sur-
face area and pore volume of the activated sample, which 
have increased significantly to 210  m2/g and 1.12  cm3/g, as 
can be seen from Table 1, after chemical activation. This 
could be attributed to the  ZnCl2 as an activating agent has 
introduced defects in the carbon skeleton which led to the 
increase in porosity. Therefore, the pore volume of the CM-
ZnO is higher compared to the non-activated SCG. This, in 
turn, results in higher surface area. Therefore, it is believed 
that the mesoporous nature and high surface area of the 
treated sample provide more active and adsorption sites for 
electrooxidation.

3.2  Electrochemical measurement

Electrooxidation behavior for evaluating the catalytic activ-
ity of the electrodes modified with non-activated SCG and 
CM-ZnO was performed by cyclic voltammetry (CV) in an 
electrolyte solution containing ethanol. The corresponding 
results for 1.0 M KOH and 2.0 M  C2H5OH + 1.0 M KOH 
at a scanning rate of 50 mV/s in the potential range from 
− 0.2 to 1.0 V at room temperature are shown in Fig. 6a 
and b. Normally, cyclic voltammetry (CV) analysis shows 
a couple of peaks in anodic and cathode directions, respec-
tively, during the ethanol electrooxidation reaction. These 
peaks represent the formation of various intermediate prod-
ucts such as  CH3CHO,  CH3COOH, and  CO2 [37]. It can be 
seen that the electrode modified with non-activated SCG, 
shown in Fig. 6a, has a very low oxidation performance and 
delivered low current density of 19 mA/cm2 at a relatively 

Fig. 4  TEM image and corresponding elemental maps for Zn, O, and 
C of the synthesized CM-ZnO particles; inset: composition of CM-
ZnO particles

Table 1  Composition of 
CM-ZnO particles obtained by 
SEM–EDX analysis

Elements Wt(%) Atomic (%)

C 86.84 90.58
O 7.66 5.13
Zn 5.5 4.29
Total 100 100
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high potential of 0.5 V vs. Ag/AgCl with 2.0 M ethanol; 
moreover, no characteristic oxidation/reduction peaks 
were observed. This may be due to the low surface area 
and absence of ZnO active sites which help in releasing the 
adsorbed CO-ads, and the oxidation current remains low. On 
the other hand, a strong influence of the ZnO in CM-ZnO 

Fig. 5  a, c  N2 adsorption–desorption isotherm and b, d corresponding BJH pore size distribution of CM-ZnO particles and non-activated SCG, 
respectively

Table 2  N2 adsorption/desorption measurement results of CM-ZnO 
particles and non-activated SCG

Sample SBET(m2/g) R (Å) Vt  (cm3/g)

Non-activated SCG 6.1 93.5 0.019
CM-ZnO 212 31.7 1.12

Fig. 6  a, b CV curve of non-
activated SCG and CM-ZnO 
particles, respectively, in the 
absence and presence of 2.0 M 
ethanol in 1.0 M KOH aqueous 
solution at the scan rate of 
50 mV/s
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can be observed Fig. 6b. It can be seen, the broad oxida-
tion peaks during the positive scan shows anodic current 
response and reached to a high current density of 35 mA/
cm2, due to the dehydrogenation of ethanol. After the dis-
sociative adsorption of water, the oxidation of adsorbed 
species produced acetic acid, which then produces  CO2 on 
further oxidation steps as follows:

Apart from current density, onset potential is one of the 
important factors used for evaluating the efficiency of an 
electrocatalyst. It is a point at which a rise in current density 
is observed. The lower the onset potential is, the higher is 
the electrocatalytic activity [38, 39]. However, besides the 
increase in the current density, a significant decrease in the 
onset potential (0.4 V vs. Ag/AgCl) was observed (marked 
by the red arrow). The high catalytic activity may be attrib-
uted to the high surface area and low pore diameter of the 
CM-ZnO, which may allow the surface of the electrode 
to have more active sites to promote a higher adsorption 
capacity of ethanol [2, 23]. However, the border reduction 
peak during the negative scan is ascribed to the renewed 
oxidation of the ethanol. Normally, a metal-based catalyst 
requires surface activation by the formation of the MOOH 
compound by consecutive cyclic voltammetry cycles [40]. 
Therefore, redox peaks are observed which shows the forma-
tion of MOOH. Accordingly, the absence of reduction peaks 
in 1.0 M KOH (Fig. 6b) shows that the proposed electrocata-
lyst does not need surface activation. To confirm this finding, 
a consecutive cyclic voltammetry experiment has been car-
ried out in 1.0 M KOH solution at a scan rate of 50 mV/s. It 
can be observed from Fig. 7 that no  OOH− formation peaks 
appear in both positive and negative scans which indicates 
that the proposed electrocatalyst is independent of the sur-
face activation process.

Generally, higher concentrations of fuel result in 
improved electrocatalytic activity, but above a certain criti-
cal concentration, the performance is deteriorated [41]. 
Therefore, the concentration of ethanol was varied (0.5 M, 
1.0 M, 2.0 M, and 3.0 M) to study the influence of fuel 
concentration on the obtained current density. As shown in 
Fig. 8a, the current density is increasing with the increas-
ing ethanol concentration and reaches its maximum value of 
35 mA/cm2 at 2.0 M, and then decreases to about 30 mA/cm2 
for 3.0 M ethanol, which is consistent with many reported 
electrocatalysts. Chronoamperometry study was carried out 

CH3 − CH2OH + CM − ZnO →

[

CH3 − CHO
]

ads,CM−Zn
+ 2H

+
+ 2e−

H2O + CM − ZnO → [OH]ads,CM−Zn + H
+
+ e−

[

CH3 − CHO
]

ads,CM−Zn
+ [OH]ads,CM−Zn + CH3COOH + H

+
+ e−

to examine the stability of CM-ZnO particles at a constant 
potential of 0.4 V vs. Ag/AgCl for 500 s in an alkaline con-
dition of 2.0 M methanol. As shown in Fig. 8b that the cur-
rent density for ethanol electrooxidation on the proposed 
electrocatalyst dropped sharply at the beginning due to the 
formation of intermediate or poisonous species. It is inter-
esting to note that the proposed electrocatalyst get stable 
just in a few seconds over the entire experiment. Beside the 
good electrocatalytic activity, the proposed electrocatalyst 
demonstrates a reasonable stability for the electrooxidation 
of ethanol.

4  Conclusions

In this work, carbon microbead-encapsulated ZnO particles 
(CM-ZnO) were successfully synthesized via a very simple 
and green route from readily available source, spent coffee 
ground (SCG). Various characterization techniques were 
utilized to prove that the ZnO particles could be encapsu-
lated within the carbon microbeads. The prepared CM-ZnO 
particles were found to possess better catalytic properties of 
higher specific surface area, pore volume, and pore radius 
within the mesopore range. The electrooxidation behavior of 
ethanol toward CM-ZnO revealed a reasonable current den-
sity of 35 mA/cm2 at 0.4 V vs. Ag/AgCl. The consecutive 
CV behavior shows that the introduced CM-ZnO does not 
require surface activation. Moreover, a significant decrease 
in the onset potential (0.4 V vs. Ag/AgCl) was observed, 
which indicates that CM-ZnO particles could be a potential 
candidate for ethanol oxidation. In future work, it would 
be motivating to investigate the effects of other activating 
agents, impregnation time, and calcination temperature on 
the physicochemical properties of these materials, as well as 

Fig. 7  Consecutive CV curve of CM-ZnO in 1.0 M KOH solution at 
the scan rate of 50 mV/s
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their potential application for the other energy storage and 
conversion devices as electrode material.
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