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Silver decorated nickel oxide nanoflake/carbon
nanotube nanocomposite as an efficient
electrocatalyst for ethanol oxidation
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The higher energy density and lesser toxicity of ethanol compared to methanol make it an ideal combustible
renewable energy source in fuel cells. Finding suitable cost-effective electrocatalysts that can oxidize
ethanol in ethanol-based fuel cells is a major challenge. With their high catalytic activity and stability in
alkaline media, transition metal-based catalysts are ideal candidates for alkaline direct ethanol fuel cells.
Nickel-based nanomaterials and composites exhibit high electrocatalytic activity, which makes them
predominant candidates for the electrochemical oxidation of ethanol. In this study, the electrocatalytic
activity of a nickel oxide flower-like structure was explored. Forming a nanocomposite of NiO in
combination with carbon nanotubes (CNTs), NiO/CNTs, as a substrate led to an increase in the stability
of the electrocatalyst in alkaline media. Furthermore, the electrocatalytic activity of the NiO/CNT
nanocomposite was greatly enhanced by decorating the surface with different ratios of silver (Ag). Ag/
NiO/CNT composites with different Ag ratios, namely, 25% and 50% by weight, were studied. The Ag
25%/NiO/CNT weight ratio showed a maximum ethanol conversion. At an ethanol concentration of
300 mM, the electrochemical oxidation current density was found to be 57.1 + 0.2 mA cm™2 for the 25%
by weight Ag ratio, with a five-fold increase in the current density (compared to NiO/CNTs (10 + 0.34
(Ag 25%/NiO/CNTs)
a significantly higher energy conversion (current per ethanol concentration) rate compared to other
reported NiO-based catalysts. These results open real opportunities for designing high efficiency ethanol

mA cm™2). Furthermore, the nanocomposite synthesized here showed

rsc.li/nanoscale-advances fuel cell catalysts.

1. Introduction

Development of clean energy alternatives represents the
cornerstone of the current world economy; in particular, finding
energy sources that are more eco-friendly and overcome the
challenging global warming caused by the predominant fossil
fuel-based energy resources is becoming vital.*** Direct alcohol
fuel cells (DAFCs) have attracted enormous interest owing to
their high energy conversion rate, facile storage, trans-
portability at ambient conditions, and less pollution.*® Direct
methanol fuel cells (DMFCs) represent the most advanced form
of DAFCs owing to their high energy density of ~6 kW h kg™"
together with their longer cell lifetime, low emission of pollut-
ants, low cost of methanol, facile transportation and storage
and ease of operation.” Although DMFCs offer attractive oper-
ational advantages as a power source, these fuel cells suffer
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from some problems such as slow methanol oxidation kinetics.
Moreover, other limitations such as anode poisoning with
carbon monoxide and alcohol crossover through Nafion
membranes decrease the cathode efficiency of these cells.*® In
addition, the toxicity of methanol represents a serious concern
in handling and transporting DMFCs and might affect their
potential in powering portable devices.'*** To overcome the
toxicity concerns of methanol, direct ethanol fuel cells (DEFCs)
have attracted considerable attention as an eco-friendly and
non-toxic energy source.'>* Using ethanol in fuel cells offers
higher energy-density (8.3 kW h kg™ "),* low toxicity, and safer
transport.’® In addition, ethanol has a lower crossover rate at
the cathode, which causes less deterioration of the cathode
compared to methanol."”” The development of electrocatalysts
for DEFCs was exclusively dependent on using platinum (Pt)-
based catalysts such as PtRu and PtSn.'®" Although Pt
possesses an exceptional catalytic activity, compared to other
metals and materials, it suffers from rapid poisoning caused by
strongly adsorbed species that result from the ethanol disso-
ciative adsorption.”***

Over the past few years, transition metal oxides, in particular
nickel oxide (NiO) nanostructures have been utilized as
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electrode materials in various energy applications.”»* For
example, NiO nanostructures have been used in super-
capacitors, due to their long cycle life, high catalytic activity,
and their facile structural and morphological tuning.**** In
addition, NiO nanoplatelets have been used as electrode
materials for methanol oxidation in DMFC.*® In the same
context, carbon-based nanomaterials have been demonstrated
to be one of the most suitable supporting materials in
electrocatalysis.”’** The fact that carbon-based materials
increase the surface area allows for better adsorption of the
reactants on the surface of the catalyst and therefore increases
the efficiency of the electro-oxidation process. The nature of the
supporting carbon and its properties play an important role in
the electrocatalytic performance, stability, and reaction kinetics
of the catalyst. Carbon nanotubes (CNTs) are considered as
excellent supporting electrocatalytic materials owing to their
large surface area, stability under extreme conditions and their
high conductivity.** Furthermore, noble metals, in particular,
silver (Ag) have been reported to possess high catalytic activity
in many applications.*! In addition, Ag has been widely used as
a supporting co-catalyst to boost the catalytic activity and the
electric conductivity of various nanostructured materials and
hence increase their catalytic performance.*

Here, a NiO flower-like structure was synthesized via
a hydrothermal method and the electrocatalytic performance of
these nanostructures as an electrode material in DEFC appli-
cation was tested. The effect of using multiwall carbon nano-
tubes as a supporting material on the electrocatalytic activity
and the electrochemical performance of the NiO flower-like
structure electrocatalyst was further studied. In addition, the
surface of the NiO/CNTs composite has been doped with Ag and
the catalytic effect of the Ag on the oxidation of ethanol has also
been studied.

2. Materials and methodology

2.1. Materials

Nickel nitrate (Ni(NOj3),-6H,0), ethanol (C,HsOH), ammonia
(NH3-H,0), carbon nanotubes (CNTs), silver nitrate (AgNO3),
sodium borohydride (NaBH,), and potassium hydroxide (KOH),
that were used, are of analytical grade and were bought from
Aladdin (China). The water used in all the synthesis processes is
deionized (DI) water under ambient conditions.

2.2. Synthesis of the nickel oxide (NiO) flower-like structure

The NiO flower-like structure was synthesized using a hydro-
thermal method according to Yin et al., with slight modifica-
tions.* Briefly, 2 mmol of Ni(NO3),-6H,0 (5.8 g) were dissolved
in 50 milliliter (mL) of DI water, and then 10 mL of ethanol
(98%) were added to the nickel nitrate solution, under magnetic
stirring (solution 1). After 10 minutes, another solution (solu-
tion 2) of 8 mmol ammonia (NH;-6H,0) and 42 mL of DI water
was slowly added to the Ni(NO;),-6H,0 solution, under
continuous stirring. The solution mixture was then transferred
into a 200 mL Teflon-lined autoclave and heated for 2 hours at
120 °C. The autoclave was left to cool down naturally to room
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temperature after reaction completion. The sample was centri-
fuged at 6000 rpm for 10 minutes to collect the product. The
collected green solid product was washed with DI water few
times, before drying at 70 °C for 2 hours.

2.3. Synthesis of the nickel oxide/carbon nanotube (NiO/
CNTs) nanocomposite

Different weight ratios of CNTs to NiO, namely, 20, 10, 5 and 1%
were prepared. Multiwall carbon nanotubes were added with
different ratios, 300 mg (20%), 150 mg (10%), 75 mg (5%) and
15 mg (1%), to solution 1 (2 mmol of Ni(NOs),-6H,O dissolved
in 50 mL of DI water mixed with 10 mL of ethanol (98%)) under
magnetic stirring. Then, solution 2 (8 mmol ammonia
(NH3-6H,0) and 42 mL of DI water) was added dropwise to
solution 1, under stirring at room temperature. The solution
mixture was heated up in an autoclave for 2 h at 120 °C. The
sample was then precipitated and washed via centrifugation
a few times with DI water, before oven drying at 70 °C for 2 h.

2.4. Synthesis of the silver decorated NiO/CNTs
nanocomposite (Ag/NiO/CNTs)

Ag was assembled on the surface of the NiO/CNTs with different
weight percentages (wt%) using the procedures from Bin et al.,**
with slight modifications. The Ag/NiO/CNTs composite of 10, 25
and 50 Ag (wt%) was synthesized by introducing the Ag
precursor (AgNO3), followed by the reduction of Ag' to Ag atoms
using a reducing agent sodium borohydride (NaBH,). Briefly,
10, 25 and 50% (wt) of Ag were prepared by adding 25.47, 63.67
and 127.35 mg, respectively, of silver nitrate (AgNO;) dissolved
in 15 mL of DI water to 375 mg of NiO/CNTs, followed by stirring
for 2 h at room temperature. The suspension was then centri-
fuged, followed by DI water washing before drying at 80 °C
overnight, enabling all the Ag" ions to diffuse into the cavities of
NiO/CNTs. Afterwards, 74.9, 187.27 and 374.56 mg, respectively,
of NaBH, were dissolved in 15 mL of DI water, to produce 10, 25
and 50% of Ag, respectively. The NaBH, solution was added to
the suspension, followed by magnetic stirring for 30 minutes.
The suspension was then washed several times with ethanol
and dried at 80 °C for 18 h.

2.5. Characterization of the prepared materials

2.5.1 X-ray diffraction (XRD). Powder XRD was used to
determine the crystallinity of the prepared nanocomposites
using a PANalytical X-ray diffractometer (the Netherlands). The
X-ray diffractometer possesses a CuKo radiation source with
awavelength of 1.54 A, a 40 kV accelerating voltage and a 35 mA
current.

2.5.2 Fourier transform infrared (FTIR). FTIR spectroscopy
was used to study the functional groups in the synthesized Ag/
NiO/CNTs nanocomposite. FTIR spectra were recorded using
a Vertex-70 (Bruker, Germany).

2.5.3 Electron microscopy imaging. The morphological
properties of the composites were studied using a scanning
electron microscope (Zeiss Sigma 500 VP) and high-resolution
transmission electron microscope (JEOL JEM-2100).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.5.4 X-ray photoelectron spectroscopy (XPS). XPS analysis
was carried out to determine the chemical states and the
chemical bonding in the synthesized catalysts. XPS data was
recorded using a K-ALPHA (Thermo Fisher Scientific, USA). The
instrument possesses a monochromatic Al Ko (200 eV to 4 keV)
radiation source that operates at low power =72 W and all
spectra were recorded at low pressure (10 ° mbar). Spectra were
acquired within 10 scans (200 seconds for Ni 2p, 90 seconds for
O 1s and Ag 3d and 75 seconds for C 1s), with a take-off angle of
50 degree, and a pass energy of 0.1 eV. Data were processed
using CasaXPS software by applying a Shirley background
subtraction, and then fitting the spectra by applying Voigt
functions. All spectra were calibrated by applying a rigid shift to
bring the C 1s signal to 284.8 eV, to correct for the shift caused
by adventitious carbon.

2.6. Preparation of the working electrodes

A Glassy Carbon (GC) electrode was used as a working electrode
with a geometrical surface area of 0.0707 cm® to carry out elec-
trochemical measurements. The GC electrode was polished with
aqueous alumina suspensions on emery paper until the electrode
showed a clean shiny appearance, before washing with DI water,
isopropanol, and acetone, sequentially. Then, 5 mg of the
prepared nanocomposite were dispersed in a solution containing
400 pL isopropanol and 10 uL Nafion (5%). The catalyst suspen-
sion was then sonicated for 30 min before dropping 15 pL of it on
the clean GC electrode, three times with a time interval of 5
minutes, until forming a thin layer of the catalyst on the working
electrode. Finally, the electrochemical experiments were carried
out after the electrode was left to dry under ambient air.

2.7. Electrocatalytic activity measurements

Electrochemical measurements were carried out on a Metrohm
Autolab potentiostat (PGSTAT302N) operated using NOVA1.11
software. A conventional three-electrode electrochemical cell
containing Ag/AgCl (in saturated KCl solution) acting as the
reference electrode, a Pt wire as the counter electrode, and the GC
working electrode was used. All electrochemical measurements
were carried out, at 25 °C, in 1 M aqueous KOH solution. The
current densities of the collected signals were normalized based
on the actual electrode geometric surface area (0.0706 cm?).
Cyclic voltammetry (CV) was performed at different scan rates.
Electrochemical impedance spectroscopy (EIS) for the different
catalysts was measured at 0.7 V and an amplitude of 10 mV.
Moreover, stability measurements of the synthesized catalysts
were performed using chronoamperometry (CA) at 0.7 V.

3. Results and discussion

3.1. Structural characterization

The crystallinity of different catalysts synthesized here is shown
in Fig. 1, which represents the XRD of Ni(OH), nano powder, NiO
flower-like structure, NiO/CNTs and Ag/NiO/CNTs nano-
composites, respectively. The XRD pattern of the as-prepared
Ni(OH), precursor is shown in Fig. 1a. All the reflectance peaks
can be perfectly indexed to those of a pure phase of Ni(OH), with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-ray diffraction pattern for synthesized nanocomposites. (a)
Ni(OH),, (b) NiO, (c) NiO/CNTs, and (d) Ag/NiO/CNTs.

a hexagonal structure. The XRD pattern of the synthesized nickel
oxide flower-like structure in Fig. 1b shows diffraction peaks at
20 = 37, 43.5, 62.4, 76, and 79.2 which can be readily indexed as
(111), (200), (220), (311), and (222) crystal planes of the NiO,
respectively. All the reflections can be indexed to the face-
centered cubic (fcc) NiO phase, which agrees well with the
standard data (JCPDS card no. 47-1049). The intensity of the
peaks indicates the good crystalline nature of the prepared
sample. No peaks due to Ni(OH), were found from XRD, indi-
cating that Ni(OH), was completely decomposed to NiO.
Furthermore, the successful incorporation of CNTs in the
NiO flower-like structure has been evidenced by the broad peak
at 2 theta of ca. 25.2 in Fig. 1c and d, which is attributed to the (0
0 2) plane of the CNTs.* The silver doping of the NiO/CNTs
nanocomposite has also been apparent from the peaks at 38.2
and 44.28, which are attributed to the Ag (1 1 1) and Ag (2 0 0)
planes, which are fused with the planes of the NiO,*® as shown
in Fig. 1d. Also the 64.440 and 77.340 positions are attributed to
the planes of (220), and (311) (JCPDS file no. 04-0783). The Bragg
diffraction peaks are shown to be very sharp, thus giving
a strong indication of the high crystallinity of the sample and
the successful synthesis of NiO nanostructures. Moreover, the
XRD peaks of the NiO/CNTs and those of the Ag/NiO/CNTs
nanocomposites are similar to those obtained from the NiO,
suggesting that doping the NiO with Ag did not affect the
sample crystallinity.*”*®* Furthermore, crystallographic parame-
ters are depicted in Table 1 and the crystallite size at different
crystallographic planes was calculated using Scherrer's formula.
Following Ag and CNT doping, it was discovered that the crys-
tallite size in the NiO sample increased from 16 nm to 32 nm.
This crystallite size increase indicates a successful

Table 1 The structural properties of the prepared nanocomposites

Nanocomposite 2-Theta position [°] Crystallite size [nm]
NiO 38.39 16.22
NiO/CNTs 38.19 22.20
Ag (25%)/NiO/CNTs 38.3813 32.51
Ag (50%)/NiO/CNTs 38.3815 22.13
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crystallization process for the NiO/CNTs and the Ag/NiO/CNTs
nanocomposite.* Interestingly, increasing the Ag (wt%) led to
a decrease in the crystallite size, which might be due to inho-
mogeneous doping (Table 1), consistent with in field emission
SEM data analysis of the NiO particles.

3.2. X-ray photoelectron spectroscopy characterization

The survey spectrum for the Ag/NiO/CNTs nanocomposite shows
the presence of all the elemental compositions of the nano-
composite (Fig. 2a). The high-resolution Ni 2p spectrum shows
a multipeak complex emission (Fig. 2b). The peaks at 857.1 eV
and 874.4 eV are attributed to the 2p,, and 2p;, orbitals,
respectively, with an area ratio of 2:1 and an energy displace-
ment of 17 eV, which correspond to the Ni** 2p state in the NiO.*
The peaks at 861.1 and 878.2 eV correspond to the 2p,,, and 2ps/,
orbitals, respectively, with an area ratio of 4:2 and a displace-
ment of ~17 eV, which is ascribed to the Ni*" 2p state in the
Ni,O;.** The emissions at 863.1 eV and 869.6 eV are ascribed to
the Ni** 2p satellites; meanwhile, the small emission at 883.2 eV
corresponds to the Ni** 2p satellite, respectively. These results
confirm the formation of the NiO nanocomposite, in agreement
with previous reports.*>** Furthermore, the emission from the Ag
3d orbitals shows two emissions at 367.4 and 373.9 eV that are
ascribed to Ag 3ds/, and Ag 3d;/, with an energy displacement of
~6 eV and an area constraint of 6 : 4, respectively (Fig. 2c).

The emission at 367.4 eV is ascribed to Ag metal in the Ag/
NiO/CNTs nanocomposite, and the emission at 373.9 eV is
ascribed to the presence of Ag atoms at Ni substitutional atomic
sites in the NiO flower-like structure. The slight difference in the
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peak heights of the core-level of the Ag 3d orbitals suggests that
the Ag composition and distribution is uniform in the nano-
composite. It is noteworthy to mention that the appearance of
the Ag ions in the XPS, despite the absence of silver phases in
the XRD, suggests the formation of an oxidized form of the Ag
ions inside the NiO/CNTs flower-like structure. The high-
resolution O 1s spectrum in Fig. 2d shows two peaks at
531.2 eV and 532.6 eV that are attributed to the oxygen atom
bound to metals (O-Ni) and the oxygen atom coming from other
oxygen species such as OH or adventitious CO,, respectively.
Fig. 2e shows the high-resolution C 1s emission with the
emission at 284.3 and 286.5 eV, and 289.8 attributed to the C=
O, the C-0, and the C-C orbitals, respectively.** The synthesized
Ag/NiO/CNTs nanocomposite is a highly crystalline nickel oxide
composed of NiO(Ni*") with traces of a higher oxidation state
nickel oxide phase Ni,O4(Ni**) as shown in the XPS analysis.

3.3. Morphological analysis

The morphological and microstructural properties of the
synthesized pure NiO and the effect of incorporation of CNTs
and Ag on the nanocomposites were characterized using scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). Fig. 3a and b show the SEM images of
synthesized NiO. The SEM images show the successful forma-
tion of a flower-like micro-ball with a hierarchical morphology.
All particles have a uniform structure and are mostly of the
same size ~5 pm in diameter. Each particle is composed of
~100 nm thick nanoflakes that are arranged in all directions.
Fig. 3c and d show the SEM images of the Ag (25%)/NiO/CNTs

(a) Surm(ie%(p;1 (b)Ni 2p (c) Ag 3d 3d,,
_| Ni**2p satellite i
5 5 N2p =) 3d,,
S 2 X
2] 2 »
[ c .E
=1 3 =1
3 8 3
1000 800 600 400 200 880 870 860 850 376 372 368 364
Binding Energy (ev) Binding Energy (ev) Binding Energy (ev)
(d)o1s (e)C1s
3 3
L o
P Y
c <
3 3
3 3
53 533 531 529 2 290 286 282
Binding Energy (ev) Binding Energy (ev)

Fig. 2 XPS spectra of Ag (25%)/NiO/CNTs nanocomposites showing the survey spectra with all the elemental compositions in the synthesized
nanocomposite (a) and the presence of two different oxidations of Ni, as depicted in the high-resolution Ni 2p emission (b). The high-resolution
emission from the silver dopant, oxygen and the carbon is depicted in (c), (d) and (e), respectively.
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Fig. 3 Electron microscopy imaging for the synthesized catalysts. (a and b) SEM images of NiO nanoflowers with a micro-ball size of ~5 um. (c
and d) SEM images of the Ag (25%)/NiO/CNTs catalyst. (e and f) HRTEM imaging and SAED pattern for the as-synthesized NiO. (g and h) TEM
images and SAED of Ag (25%)/NiO/CNTs showing the successful synthesis of the doped catalyst with good crystallinity.

nanocomposites, where it is notably observed that the doping
changed the micro-porosity levels and distribution of the micro-
balls, with the flakes getting small when CNTs and Ag were
incorporated into NiO. In addition, TEM analysis is shown in
Fig. 3e for the NiO nanostructure with nanoflakes extending in
all directions from the kernel of the 3D hierarchical flower-like
structure.

Furthermore, Fig. 3f shows the selected-area electron
diffraction (SAED) pattern for the NiO with a hierarchical

hexagonal ring structure extending from the kernel of the
crystal, demonstrating the crystallinity of the synthesized NiO
catalyst. Fig. 3g shows the TEM image for the Ag (25%)/NiO/
CNTs where the NiO nanoflakes are transparent, as evidenced
by the difference in the image contrast, and the CNTs bridging
two nanoflakes with the catalyst are present in a highly poly-
crystalline nature, as shown in the SAED pattern in Fig. 3h. It is
noteworthy to mention that no Ag is noticed on the exterior
surface of Ag/NiO/CNTs in the SEM image (Fig. 3c and d). This is

f;g:z O Kal Element Weight % Atomic % (a)
CK 26.46 38.60
168k
147k OK 49.72 54.45
126k AgL 1.18 0.19
Nij Lat
105k NiK 22.63 6.75
84k
C 1|
42k
21k o]
ok A A Ni KB1
0.0 1.3 2.6 3.9 52 6.5 7.8 9.1 104 1.7 13.0
Energy (KeV)
13% C K

Fig. 4

. 54% O K
g 6% Ag L

27% Ni K

(a) EDS spectrum of Ag (25%)/NiO/CNTs, the spectrum of Ag (25%)/NiO/CNTs with the atomic and weight percentages are represented in

the inset table, (b and c) The elemental mapping images of the Ag (25%)/NiO/CNTs nanocomposite with the elemental compositions homo-
genously distributed in the image with the Ag atomic : Ni atomic is ~25% : 75% (6 : 27 atomic%).
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Fig. 5 FTIR spectra of (I) NiO, (Il) NiO/CNTs, and (lll) Ag/NiO/CNTs
showing the functional groups corresponding to CNTs demonstrating
the successful formation of the NiO/CNT composite.
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probably owing to the possibility that the Ag is mainly decorated
into the internal surface of NiO/CNTs between the layered
structures. This is consistent with the observation from the
TEM images with the uniform distribution of the AgNPs with
minimum obvious aggregation. Also, the small size of Ag reveals
that the growth of Ag can be controlled by the porous structure
of NiO/CNTs during the synthesis process.

Energy dispersive X-ray spectroscopy (EDS) analysis was used
to assess the composition and the distribution of the different
elements in the synthesized nanocomposite Ag (25%)/NiO/
CNTs (Fig. 4). Fig. 4a shows a spectrum representing the
weight and atomic ratios of the different elements in the
sample, namely, Ni, O, C and Ag with Ni and O contributing to
75% of the elemental weight, followed by C and then by Ag at
lower molar weights.

Furthermore, EDS mapping of the Ag (25%)/NiO/CNTs
sample shows a uniform distribution of the various elemental
compositions (i.e., Ni, O, C and Ag) in the nanocomposite
(Fig. 4b and c) with the Ag to Ni ratio of ~0.25 to 0.75 (6% to
27%). These results confirm the successful preparation of the
Ag/NiO/CNTs, consistent with the XPS analysis.

Furthermore, FTIR analysis was carried out to determine the
surface functional groups and the interlayer anions/cations in
the different synthesized nanocomposites. FTIR spectra for the

Current density (mA/cm?)
N (o]

'
N

0.1 03 0.5 0.7
Applied potential (V) vs Ag/AgCI

&

CLIJrrent density (mA/cm?)
S S

0.1 0.3 05 0.7
Applied potential (V) vs Ag/AgCI

Fig.6 CVsofthe NiO (a), NiO/CNTs (b), Ag (25%)/NiO/CNTs (c) and Ag (50%)/NiO/CNTs (d) at different scan rates at 25 °C. All cyclic voltammetry

measurements were carried out in 1 M KOH.
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synthesised catalysts NiO, NiO/CNTs and Ag(25%)/NiO/CNTs
are shown in Fig. 51, II and III, respectively.

The vibrational bands observed at 3637 and 3431 cm *
correspond to the O-H stretching of H,0,* which is resulting
from the presence of some Ni(OH), species. In addition, the
weak band near 1635 cm™' is ascribed to C=C aromatic
stretching mode.*>*® The strong absorption peak observed at
1382 cm ™' is assigned to the C-H bending and the epoxy group
C-O stretching at 1105 cm ™ *. The peak at 524 cm ™ * is ascribed
to the stretching and bending modes of metal-oxygen (M-O) in
the bonding, which indicates the frequency of the Ni-O bond
bending vibrations.* Therefore, FTIR analysis, together with
electron microscopy and XRD, confirms the formation of NiO in
a composite form with the carbon nanotubes, which is deco-
rated with Ag.

3.4. Electrocatalytic activity

The electrochemical behaviors of the prepared nanocomposite
catalysts were studied using cyclic voltammetry (CV) in 1 M KOH
between 100 and 700 mV (vs. Ag/AgCl reference electrode). CV
curves in Fig. 6 show two symmetrical redox peaks for all tested
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nanocomposites (NiO, NiO/CNTs, and Ag/NiO/CNTs). These
redox peaks are attributed to the oxidation of NiO to NiOOH
(eqn (1)), which corresponds to the faradaic reaction of nickel
oxide in basic media.

NiO + OH™ < NiOOH + H,0 + ¢~ (1)

Moreover, it was found that, in alkali media, NiO based
catalysts have a different behavior where their hydroxyl groups
enter the interlayer easily with a higher mobility, in contrast to
the other anions in the electrolyte solution. The current density
for hybrid nanocomposites increases to a higher value
compared to the pure NiO, which could be due to the 2D
multifunctional materials (CNTs) formed, which determines
a higher number of active sites for reaction.

This enhancement in current density agrees with the struc-
tural and morphological properties obtained with TEM results
(Fig. 3), which confirm that Ag was uniformly doped in NiO/
CNTs without introducing structural collapse or aggregation,
forming a new 3D multifunctional structure with higher elec-
trochemical activity.
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Fig. 7 The evolution of the square root of the scan rate versus the peak currents (anodic and cathodic) for the synthesized nanocomposites,
namely, NiO (a), NiO/CNTs (b), Ag (25%)/NiO/CNTs (c) and Ag (50%)/NiO/CNTs (d).
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The evolution of the cathodic and the anodic peak currents is
linearly proportional to the square root of the scan rate (Fig. 7),
suggesting that the diffusion of the OH™ ions into the pores of
the NiO-based nanocomposites controls the redox process at
the electrode/electrolyte. This in turn enhances the catalytic
activity of the material.

The hybridization of NiO/CNTs and Ag can give a new
synergistic effect as a new category of ethanol electro-oxidation
catalysts. The electro-catalytic activity of NiO/CNTs and Ag
(25%)/NiO/CNTs nanocomposites for ethanol electro-oxidation
was studied using CV. The CV curves were measured in the
presence of different ethanol concentrations of 0.1, 0.3, 0.5, 1, 2
and 3 mol L™, Fig. 8 illustrates the CV at 50 mV s ' in the
potential window from —100 to 800 mV for NiO, NiO/CNTs and
Ag/NiO/CNTs. The results show an increase in the current
density with increasing ethanol concentrations for all the
nanocomposites, which indicates the increased ethanol electro-
oxidation when more ethanol was made available. The catalytic
activity for the NiO was found to be active for only one
concentration of ethanol (0.1 mol L") (Fig. 8a); meanwhile,
immobilizing the NiO on a supporting material (CNTs) resulted
in an increase in the ethanol concentration uptake by the new
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catalyst (NiO/CNTs) to 0.3 mol L' (Fig. 8b) and the faradaic
current in the range of 12 mA cm™>.

Furthermore, doping the NiO/CNTs nanocomposite with Ag
led to a huge increase in the faradaic current of the new
nanocomposite Ag (25%)/NiO/CNTs, with the current
increasing from 12 mA cm > to 50 mA cm > at 0.1 mol per L
ethanol (Fig. 8c). The catalytic activity of the synthesized Ag
(25%)/NiO/CNTs electrocatalyst is attributed to the active site of
the NiO, which involves the conversion of the Ni** to Ni**.
However, the presence of the noble metal (Ag) introduces an
extra synergetic electronic effect that accelerates the catalytic
rate determining step.”’~** The decrease in the electrocatalytic
activity with increasing the Ag ratio above 25% could be
attributed to the metal-induced toxicity for the Ni-based active
sites, which leads to a drop in the catalytic activity. This
demonstrates a higher fuel conversion efficiency with achieving
a significantly higher current at 0.1 mol per L ethanol, which is
five-fold higher than the current obtained from 1 mol per L
ethanol, under the same alkaline conditions, oxidized on the
Pd-NiO/C catalyst, and three-fold higher than a mixture of NiO
and ZrO, supported with reduced graphene oxide (Table 2). In
addition, Table 2 shows a further comparison of the Ag/NiO/
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Fig.8 CVs of the NiO (a), NiO/CNTs (b), Ag (25%)/NiO/CNTs (c) and Ag (50%)/NiO/CNTs (d) at different ethanol concentrations at 50 mV s~ scan
rate. All cyclic voltammetry measurements were carried out in 1 M KOH.
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Table 2 Comparison of current densities of different NiO-based catalysts toward the ethanol electro-oxidation reaction

Ethanol Scan rate Current density
Anode catalyst concentration (M) Electrolyte (mvs™) (mA em™?) Reference
Ag/NiO/CNTs 0.1 1M KOH 50 56.40 This work
NiO-f/GCE 0.1 1 M NaOH 50 3.50 50
NiO/G-C-15 1.0 0.5 M NaOH 10 21.59 51
Pt-MWCNT-NiO 1.0 0.5 M NaOH 25 12.50 52
Pd-NiO 3.0 0.3 M KOH 20 24.98 53
Pd-NiO/C 1.0 1 M KOH 50 11.50 54
ZrO,/NiO/rGO 0.5 0.5 M KOH 20 17.30 55
MnO,-NiO-MWCNTSs 0.5 1 M KOH 50 0.148 56

CNTs catalyst with a series of NiO-based catalysts used for
ethanol oxidation published in similar studies and this work on
the Ag/NiO/CNTs nanocomposite results in the highest current
per ethanol concentration.

Increasing the concentration of the Ag to 50% did not
enhance the catalytic activity of the Ag/NiO/CNTs composite but
conversely led to a lower faradaic current and a lower ethanol
conversion capacity (0.1 mol L™ ") (Fig. 8d). However, while 25%
doping leads to establishing a conductive network with better
electron transport properties, higher doping ratios of Ag might
be affecting the crystallinity and thus disturbing electron
transfer pathways. This is also consistent with the decrease of
the crystallite size with the 50% doping observed in the XRD
data. In addition, the 3D structures of the Ag (25%)/NiO/CNTs
play an important role in preventing aggregation and
providing electrolyte percolation to achieve high accessibility
for the active area.

It is noteworthy to mention that the onset potential in the CV
was shifted towards more negative values, with increasing the
ethanol concentrations until the surface reached the maximum
conversion of ethanol at 0.3 mol L ™" for all the nanocomposites
(Fig. 9). It was also found that increasing the ethanol concen-
tration above 0.3 mol L' led to a decrease in the faradaic
current and reversed the onset potential towards more positive
values, indicating that the surface has reached a maximum
catalytic activity.
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ethanol at a scan rate of 50 mV s~ %.
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Fig. 9a and b show the change in the onset potential values
for the different nanocomposites with 0.3 mol per L ethanol in
alkaline media (1 M KOH). The onset potential was found to
shift towards more negative values, accompanied by an increase
in the faradaic current, and the highest negative shift was
observed for the Ag (25%)/NiO/CNTs sample.

This suggests that decorating the surface of the NiO flower-
like structure with highly catalytic silver boosted the catalytic
activity by one order of magnitude while keeping an excellent
crystallinity, consistent with the XRD patterns in Fig. 1.

Although the mechanism of ethanol oxidation is more
complicated than that of methanol, and it is unclear yet what
the possible ethanol oxidation routes on the surface of the
electrocatalyst are, ethanol has been suggested to undergo
electrochemical oxidation via the following scheme:*

CH;CH,OH = CH;CH,OH,4 (2)

CH3CH,0H,y — COuq + CH, g + (6 — x)H" + (6 — x)e~ (3)

CH;CH,OH,q — CH3;CHO,q4 + 2H" + 2¢~ (4)
CH;CHO,q = CH;CHO (5)

CH;CHO,q — COuq + CH, oy + (4 — x)H" + (4 — x)e~ ()
H,O0 - OH,g+ H" + e~ (7)
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(a) CVs of the NiO, NiO/CNTs, Ag (25%)/NiO/CNTs and Ag (50%)/NiO/CNTs and (b) its corresponding onset potential with 0.1 mol per L
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(a) Nyquist plots for the ethanol oxidation reaction of the different NiO nanocomposites at 0.1 mol per L ethanol in 1 M KOH. (b)

Chronoamperometric response for the different nanocomposites at 0.35 V vs. Ag/AgCl reference electrode at 0.1 M ethanol in 1 M KOH.

Table 3 Values of the electrochemical impedance fitted to the equivalent electric circuit

CPE CPE, s

Sample ID )3 Ret CPET CPE P Rads CPE T CPE P
NiO 19.4 425 2.6 x 10°° 0.73 477 7.39 x 107° 0.67
NiO/CNTs 27.3 348 4.5 x 107° 0.71 912 2.97 x 107* 0.51
AgNPs (25%)/NiO/CNTs 11.1 135 1.8 x 1072 0.69 58.1 1.57 x 107° 0.35
AgNPs (50%)/NiO/CNTs 8.45 125 2.2 x 107° 0.79 693 7.39 x 107* 0.67

CH;CHO,4 + OH,q — CH;COOH + H" + ¢~ (8) resistance of the NiO slightly decreased upon adding CNTs.

Doping with Ag led to a significant improvement in the material

CO,q + OH,g — CO, + H' + ¢~ (9) conductance and consequently its electrocatalytic activity,

. B demonstrated by the very low impedance of the Ag (25%)/NiO/

CHyaa + 20Hyg = CO + (2 — )H™ + (2 — x)e (10)  oNTs sample. The electrochemical stability of the as-

Ethanol oxidation starts with the OH group splitting to an H"
and an ethoxy group (CH,CH;0). The CH,CH;O is then con-
verted to acetaldehyde species which is then oxidized to many
other possible species including acetate, carbon dioxide, carbon
monoxide and other hydrocarbons.

3.5. Electrochemical impedance spectroscopy (EIS)

Fig. 10a displays the electrochemical impedance spectroscopy
(EIS) recorded in 1 M KOH containing 0.1 mol per L ethanol at
0.35 V vs. Ag/AgCl reference electrode. The Nyquist plot of the
EIS obtained from the different electrocatalysts (NiO, NiO/
CNTs, Ag (25%)/NiO/CNTs and Ag (50%)/NiO/CNTs) and the
equivalent electrochemical circuit are represented in Fig. 10a.
The electrochemical equivalent circuit consists of two parts.
The first part includes the electrolyte's resistance represented by
R, constant phase element (CPE) and the charge transfer
resistance (R.). The second part is composed of an adsorption
related constant phase element (CPE,qs) and the resistance
obtained from the intermediate adsorption rate (R,qs). The
different electrocatalysts have shown various electrochemical
impedances with R values of 425 Ohm for NiO and 348, 135,
and 125 for NiO/CNTs, Ag (25%)/NiO/CNTs and Ag (50%)/NiO/
CNTs, respectively (Table 2). The charge transfer resistance
data (Table 3) agrees with the CV measurements, illustrating
that NiO has shown the highest resistance and that the
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synthesized NiO nanocomposites was tested using chro-
noamperometric measurements at 0.35 V vs. Ag/AgCl reference
for 1 hour. Fig. 10b shows the evolution of the current decay,
with all the materials showing no significant current decay
(<10%) over the testing period (1 h). This adds a stronger merit
to the synthesized electrocatalysts here due to the lack of
stability of most of the commercially available metallic catalysts
that suffer from the fast accumulation of carbonaceous inter-
mediates such as carbon monoxide (CO), which led to fast
catalyst poisoning.

4. Conclusion

Here, different nickel oxide (NiO)-based nanocomposite elec-
trocatalysts were synthesized using a hydrothermal method.
The different nanocomposites showed excellent electrocatalytic
activity for ethanol oxidation. The stability of the NiO was
improved by forming a nanocomposite with carbon nanotubes
(CNTs), and meanwhile the electrocatalytic performance
towards ethanol oxidation was boosted when the NiO/CNTs
nanocomposite was decorated with silver (Ag). Moreover, the
ratio of Ag doping was found to be very critical, with the
maximum ethanol oxidation capacity and the highest faradaic
current obtained using 25% (wt%) of Ag. The Ag (25%)/NiO/
CNTs showed a maximum ethanol conversion. At an ethanol
concentration of 300 mM, the electrochemical oxidation current

© 2024 The Author(s). Published by the Royal Society of Chemistry
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density of Ag (25%)/NiO/CNTs (57.1 £ 0.2 mA cm ™ *) was found
to increase by five times compared to the current density of the
NiO/CNTs (10 + 0.34 mA ecm 2). This work opens a realm of
opportunities for designing new electrochemical catalysts for
ethanol oxidation, which in turn paves the way for direct
ethanol fuel cells as safer and more eco-friendly energy sources.
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