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Nowadays, the glucose electro-oxidation reaction (GOR) is considered one of the most important solutions
for environmental pollution. The GOR is the anodic reaction in direct glucose fuel cells and hybrid water
electrolysis. In this study, the GOR is boosted using a carbon support modified with Ni(OH), as a non-
precious catalyst. The carbon support, with in situ generated graphene nanosheets having a large surface
area, grooves, and surface functional groups, is prepared via a simple electrochemical treatment of the
carbon rods of an exhausted zinc-carbon battery. Ni(OH), is electrodeposited on the surface of the
functionalized exfoliated graphite rod (FEGR) via the dynamic hydrogen bubbling technique (DHBT) and
tested for GOR. The thus-prepared Ni(OH),/FEGR electrode is characterized by SEM, mapping EDX, HR-
TEM, XRD, and XPS characterization tools. Ni(OH),/FEGR displays an onset potential of 1.23 V vs. the
reversible hydrogen electrode (RHE) and attains high current densities at lower potentials. Additionally,
Ni(OH),/FEGR showed prolonged stability toward GOR by supporting a constant current over a long
electrolysis time. The enhanced catalytic performance is attributed to the superb ionic and electronic

conductivity of the catalyst. Importantly, ionic conductivity increased, due to (i) a large surface area of in
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Accepted 2nd January 2023 situ generated graphene layers, (ii) enhanced distribution of active material during deposition using

DHBT, and (i) increased hydrophilicity of the underlying substrate. Therefore, the Ni(OH),/FEGR
electrode can be used efficiently for GOR as a low-cost catalyst, achieving low onset potential and high
current densities at low potentials.
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Recently, the usage of non-precious transition metal-based

1. Introduction _ .
catalysts such as Cu, Ni, and Co toward GOR is a goal of

Recently, renewable energy technologies have attracted great
attention due to the rapid depletion of fossil fuels and their
limited resources, together with the related environmental
drawbacks. Thus, an urgent need has emerged to increase the
contribution of renewable energy sources (e.g., wind, solar and
geothermal energy, fuel cells, etc.) to replace traditional fossil
fuels.”™ Nowadays, glucose solves many environmental prob-
lems via its use in fuel cells and hydrogen production. In this
regard, direct glucose fuel cells (DGFCs) stand among the most
efficient electrical energy conversion systems due to their
unique advantages, i.e. glucose (as a fuel) is naturally abundant,
cheap, non-toxic, easy to store and transport, eco-friendly, and
high energy (glucose release 2.87 MJ mol™' upon complete
oxidation).®® Also, glucose electro-oxidation reaction (GOR) is
used in hybrid water electrolysis instead of the oxygen evolution
reaction (OER) to produce hydrogen at low cell voltage.'***
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research to replace the high-cost-based metals such as Pt and
Au.**'* Among the various catalysts based on transition metals,
Ni(OH), materials had been proven to be promising catalyst for
GOR due to their unique layered structure with large interlayer
spacing that allows the electrolyte diffusion within the catalyst
layers resulting in a boosted catalytic activity."”** Glucose can
be oxidized into gluconolactone in the presence of Ni(OH),
according to the following eqn (1) and (2):**

Ni(OH), + OH™ — NiOOH + H,O + ¢~ 1)
2NiOOH + Glucose — gluconolactone + 2Ni(OH), (2)

Interestingly, Ni(OH), has two polymorphic crystal struc-
tures, o-Ni(OH), phase with hydrotalcite-like structure and -
Ni(OH), with brucite-like structure (see Scheme 1).>** o-
Ni(OH), has a higher d-spacing value with the turbostratically
crystallized structure due to the presence of the water molecules
and/or anions (e.g. SO,>~, CI~, NO;~, and CH3;COO") between
the hydroxide layers.** B-Ni(OH), has a lower theoretical
oxidation potential than «-Ni(OH), and thus has higher
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catalytic activity toward GOR into gluconolactone, as demon-
strated by El-Nagar.* However, it is sometimes found that the a-
Ni(OH), showed higher catalytic activity than B-NiOOH because
of its morphology and the large d-spacing that facilitates the
access of electrolyte ions to its active sites thus being converted
to the y-NiOOH which oxidizes the glucose. Guo-Xiu Tong>*
prepared o-Ni(OH), with flower-like morphology with high
surface area and higher catalytic activity toward GOR than (-
Ni(OH), microsphere. Also, Pan lu* proved that rose-like
nanostructured o-Ni(OH), prepared by a hydrothermal
method has enhanced the catalytic activity toward GOR.

Although Ni(OH), has a higher catalytic behavior toward
GOR, it has some drawbacks such as low electrical conductivity
(~107" S em™"), low ionic conductivity, and low durability.
Therefore, research efforts are directed to investigate substrate
materials, which act as catalyst support, characterized by a high
electrical conductivity, and high surface area with a porous
structure to overcome these problems.**>¢

Carbon-based materials are promising catalyst support due
to their unique characteristics such as (i) high surface area and
porous structure, (ii) high electronic conductivity, and (iii) wide
operating potential window which is a very important param-
eter for the electrode performance, and (iv) excellent physical,
mechanical and electrochemical properties.”’** Graphene is
one of the most important used carbon-based materials in
energy devices due to its unrivaled advantages, unique 2D
structure with a huge gravimetric surface area (~2600 m* g %),
ultra-high electrical conductivity, very high charge carrier
mobility (~200000 cm® V' s7'), excellent mechanical and
physical properties, outstanding thermal conductivity, and
being non-toxic material.**?*3>-3¢

B-NiOOH (+2.9)

Overoxidation
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B-Ni(OH), (+2.25)
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Therefore, the researchers were motivated to prepare high-
quality graphene using different methods; micromechanical
exfoliation, thermal decomposition of SiC, chemical vapor
deposition (CVD), and chemical and electrochemical exfolia-
tion. However, micromechanical exfoliation displays high-
quality graphene production unless this method is not suit-
able for large-scale productions. CVD is a well-known method to
produce graphene on a large scale, but this method requires
a highly expensive substrate during the preparation process
which limits its use in commercial applications.*>*>?”*® On the
other hand, Hummer developed a cost-effective method based
on chemical exfoliation replacing the high-cost CVD and
thermal decomposition methods. Hummers' method is based
on two sequential steps. Firstly, the production of graphene
oxide (GO) via exfoliation of graphite in the strong oxidants and
acids followed by the reduction of the produced GO using
chemical or thermal way.?**® Interestingly, the complete exfo-
liation Hummers' method has many disadvantages such as
being sophisticated and time-consuming, using harsh mate-
rials, and requiring a binder which hinders the -catalyst
performance by increasing resistance rather than the binder's
hlgh cost.27,33,34,37

To solve this issue, many researchers have proposed the
partial exfoliation of graphite using an electrochemical oxida-
tion setup. Advantageously, electrochemical partial exfoliation
has many advantages such as being a simple, safe, controllable,
binder-free, low-cost, and eco-friendly method. This method
produces functionalized graphene sheets as top layers electri-
cally connected to the graphite (bottom layer). The resulting
highly conductive three-dimensional functionalized exfoliated
graphene can be used as excellent support to accommodate the

v-NiOOH (+3.67)

Oxidation
Reduction

a-Ni(OH), (+2.25)

Scheme 1 Schematic illustration of Ni(OH),/NiOOH phase transformations (Bode diagram). Note that the A represents the possible anions (e.g.,
SO427, CI™, NO3~, and CH3COO™) that can be incorporated between the layers of hydroxide during synthesis 2442
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redox-active = materials to enhance their electrical
conductivity.?®?3>

Over and above, preparation techniques play an essential
role in determining the catalytic activity of the electrode mate-
rial. Several techniques have been reported to synthesize metal-
based materials. The electrochemical deposition technique has
attracted much attention due to being simple, controllable,
cost-effective, and free binder method. Specifically, the dynamic
hydrogen bubbling technique (DHBT) is considered a prom-
ising method for electrodeposition due to being simple and
fast, producing high surface area by developing a porous
structure, and being controllable.**-**

Therefore, the current research focuses on the preparation of
non-precious catalysts on the surface of supporting materials
with characteristic properties. Interestingly, seeking supporting
materials with characteristic properties from waste materials is
still challenging.

Herein, graphene layers with a large surface area are
prepared from waste material via a facile method. Electro-
chemical partial exfoliation of the recycled graphite rod (RGR) is
done to produce the functionalized exfoliated graphite rod
(FEGR) to act as excellent support for Ni(OH),. The FEGR
boosted the catalytic activity of Ni(OH), towards GOR. The
preparation of catalyst, Ni(OH),/FEGR, has many advantages
such as being a simple, safe, controllable, low-cost, binder-free,
and eco-friendly method. Additionally, the FEGR support
enhances the hydrogen evolution reaction during electrodepo-
sition by DHBT providing homogeneous distribution of active
sites. As a result, Ni(OH),/FEGR boosted the GOR by displaying
a lower onset potential (1.23 V vs. RHE) and by attaining high
current densities at a lower potentials. Also, Ni(OH),/FEGR
electrode displays excellent stability toward GOR. Additionally,
at any current density, the potential of the GOR is much lower
than that of OER. Therefore, the boosted GOR on the surface of
the Ni(OH),/FEGR can be used in many applications such as
DGFCs, and hybrid water electrolysis. The superior perfor-
mance of Ni(OH),/FEGR catalyst is attributed to (a) the
increased exposed active sites, (b) the enhanced diffusion of the
electrolytes by increasing the surface hydrophilicity, (c) the
enhanced electronic conductivity of the catalyst, and (d) the
superb stability.

2. Experimental

2.1. Chemicals and electrodes preparation

2.1.1 Chemicals. All the used chemicals were of analytical
grade (purchased from Sigma Aldrich and Merck, Germany) and
were used as received without any further purification. All
solutions were prepared using second distilled water.

2.1.2 Electrodes preparation. Firstly, RGR with a 4 mm
diameter is obtained from the exhausted zinc-carbon batteries
with a nominal voltage of 1.5 V. RGR is cleaned by performing
the following steps: mechanically polishing the surface of the
RGR to remove any big residual particles, followed by three
minutes of immersion in boiling distilled water while being
continuously stirred to remove any fine residual particles. In
a three-electrode configuration cell (RGR) served as the working

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrode (immersed length 1 cm), graphite rod, and saturated
calomel electrode (SCE) used as the counter and reference
electrodes, respectively, the FEGR is made using a straightfor-
ward electrochemical anodic oxidation step that involves
applying an oxidation potential of +2 V in a solution containing
1 M H,S0, for 10 minutes. Secondly, Ni(OH),/RGR and Ni(OH),/
FEGR electrodes were prepared by the following procedure:

(1) Electrodeposition of Ni metal using DHBT. During the
deposition of Ni, the RGR and FEGR are used as working elec-
trodes, and the graphite rod and SCE are serving as the counter
and reference electrodes, respectively. The deposition was done
by allowing the passage of 20 Coulombs (C) at —2 V in the
aqueous solution containing 0.1 M NiCl, and 1 M NH,CI at
room temperature (25 °C £ 1).

(2) Electrochemical passivation of the obtained Ni metal is
carried out in an aqueous solution of 0.5 M NaOH potentiody-
namically by cycling the potential from —0.1 to 0.7 V vs. SCE for
30 cycles using a potential scan rate of 50 mV s .

2.2. Materials characterization

Surface morphology, chemical composition, and structure of
the various modified electrodes were examined by field emis-
sion scanning electron microscope (FE-SEM, QUANTA FEG 250)
coupled with an energy dispersive X-ray spectrometer (EDX)
unit and high-resolution transmission electron microscopy
(HR-TEM) (JEOL, JEM-2100, Tokyo, Japan). X-ray photoelectron
spectroscopy (XPS), using monochromatic X-ray Al Ka radiation,
Thermo Fisher Scientific. Additionally, the crystalline structures
were characterized using X-ray diffraction (XRD) with Cu Ko
radiation, STOE STADI. Inductively coupled plasma-optical
emission spectrometer (ICP-OES) measurements were carried
out (ICP-OES Optima 2000 DV PerkinElmer Microwave CRM
Mars 5) to obtain the amount of active material on each
electrode.

2.3. Electrochemical measurements

The electrochemical measurements were investigated using
a three-electrode cell configuration at room temperature (25 °C
+ 1) and a Biologic potentiostat (model VSP-300). Electro-
catalytic performance was measured via, cyclic voltammetry
(CV), linear sweep voltammetry (LSV), chronoamperometry
(CA), and electrochemical impedance spectroscopy (EIS) (from
100 kHz to 20 mHz) in a 0.5 M NaOH aqueous solution con-
taining a known amount of glucose.

3. Results and discussion

The surface morphology was inspected using SEM analysis.
From Fig. 1, while the surface of RGR displays smooth surface
with small percentage of defects (composed mainly of carbon
and small percentage of oxygen) (see Fig. 1A), the FEGR is
characterized by the presence of exfoliated graphene layers and
uniformly distributed grooves atop the graphite rod's surface
(see Fig. 1B). Also, as a result of the oxidation, the FEGR displays
highly distributed oxygenated functional groups (see Fig. 1B,
elemental mapping EDX analysis). Because of the characteristic

RSC Adv, 2023, 13, 18111822 | 1813
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Fig. 1
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Fig.2 (A) CVs obtained at RGR and FEGR supports measured in 0.5 M
NaOH solution at a potential scan rate of 100 mV s~*. (B) Controlled
potential coulometry recorded at —2 V vs. SCE during electrodeposi-
tion of Ni(OH), films on the surface of FEGR (red line) and RGR (black
line) supports.

1814 | RSC Adv, 2023, 13, 1811-1822

SEM images with different magnifications and elemental mapping EDX analysis of (A) RGR support, and (B) FEGR support.

morphology of FEGR, it can be used as promising support to
accommodate a large number of active materials that can be
used efficiently toward GOR.

Firstly, the enhancement of the FEGR support can be
obvious by providing a large surface area that can be available to
ingest the large quantity of catalyst layer. As shown in Fig. 24,
the calculated specific capacitance (Cs) of FEGR using eqn (3) is
5.5 mF cm~ > which is greater than the C; of RGR (0.21 mF cm ™ ?)
by 26 times.

[1de

= Sav (3)

where Cjs is the specific capacitance in F cm ™, S is the area of
the electrode in cm? [I d¢ is the integrated oxidation or
reduction current-potential area divided by the potential scan
rate, and AV is the operating potential window in V.>»*

The high specific capacitance of the FEGR support is re-
flected in, the large adsorption capacity of this large activated
electrode's surface to ingest a large number of electrolyte
species by supplying a rough surface, a large number of the
homogeneous-distributed grooves on the surface of the elec-
trode, in addition to the large produced number of expanded
graphene sheets.

Secondly, the FEGR electrode minimizes the coagulation of
the catalyst species during its electrodeposition using the
DHBT. During metal electrodeposition (see eqn (4)) using
DHBT, H, bubbles are formed from the electrolysis of water and
ammonium chloride due to higher overpotential applied
according to eqn (5) and (6), respectively, which bubbles off the
growing deposited metal (eqn (4)), disrupting the growth
mechanism.***

2

M (aq) + ne” — M(s) (4)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 SEMimages with different magnifications elemental mapping EDX analysis of (A) Ni(OH),/RGR electrode, and (B) Ni(OH),/FEGR electrode.

2H"(aq) + 2~ — H, (5) amount of charge (20 C) is allowed to pass. The presence of
more functional groups over graphene layers, and grooves
2NH4" + 2¢~ — H, + 2NH; (6) enhance the rate of electrolysis, and this is obvious from Fig. 2B.

The number of Columbus passed during electrolysis with the
time is displayed in Fig. 2B. As shown, the time needed to
layer can be minimized by increasing the rate of hydrogen ,repare the Ni(OH), film on the surface of FEGR is shorter than
evolution at the expense of the metal deposition. During the  (hat needed for deposition on the surface of RGR. This confirms
deposition of Ni(OH),/RGR and Ni(OH),/FEGR, a controlled  the enhancement of the electrolysis rate. That is, the number of

So, the coagulation nature of the prepared film of the catalyst

5 1/nm

Fig.4 HR-TEM images of Ni(OH),/FEGR electrode with different magnifications (A—D). The corresponding SAED pattern of: (E) Ni(OH),, and (F)
graphene layers.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 1811-1822 | 1815
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Columbus consumed for the evolution of hydrogen on the FEGR
support increased more than that on the RGR support which led
to the better distribution of deposited Ni(OH), on the surface of
FEGR support (c.f. Fig. 3).

Firstly, in this regard, ICP measurements are carried out to
confirm that the consumed amount of Columbus for hydrogen
evolution increased on FEGR. The amounts of electrodeposited
Ni(OH), on the FEGR and RGR are 0.7 and 1.3 mg, respectively.
Secondly, from mapping EDX (Fig. 3), the mass percentage of Ni
obtained on the surface of FEGR support (12.64%) is less than
that on the RGR support (31.59%) which is consistent with ICP
analysis. Additionally, the mass percentage of elemental oxygen
of FEGR, Ni(OH),/RGR, and Ni(OH),/FEGR is 26.92%, 6.04%,
and 12.64%, respectively. The high O% on the surface of the
FEGR is a result of the exfoliation step during its preparation.*
On the other hand, a noticeable decrease of 0% on Ni(OH),/
RGR, and Ni(OH),/FEGR electrodes is due to the coverage of
Ni(OH), on the surface of the support.

Furthermore, from Fig. 3A and B, Ni(OH), on both RGR and
FEGR electrodes, respectively, displays spherical nanoparticle
morphology. But the distribution of these spherical nano-
particles on the FEGR is in a homogeneous uniform matter
which is better than that on the RGR as depicted from SEM and
mapping EDX analysis (see Fig. 3A and B). Moreover, the HR-
TEM analysis of the Ni(OH),/FEGR electrode as the best one
towards GOR (c.f. Fig. 8 and 9) is displayed in Fig. 4. HR-TEM is
performed to highlight the morphology and investigate the
crystalline structure of the proposed catalyst. As shown in
Fig. 4A, the TEM image of Ni(OH),/FEGR agrees with the
morphology obtained from the SEM analysis. Also, from images
with high magnifications (Fig. 4B and C), we can safely conclude

View Article Online
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that the spherical nanoparticles of Ni(OH), are deposited on the
exfoliated graphene layers. Importantly, Fig. 4D displays the
lattice fringes that confirms the crystalline nature of the
Ni(OH), active particles. Additionally, Fig. 4E displays the
selected area electron diffraction (SAED) of Ni(OH), active
particles. The bright spots around the ring indicate the poly-
crystalline nature of the Ni(OH),. The measured d-spacing
values from the obtained rings in Fig. 4E are 7.6, 4.6, 3.9, and
2.3 A. While the d-spacing values of 7.6 and 3.9 A are nearly
equal to the values corresponding to o-Ni(OH), (JCPDS No. 41-
1424),"%" the values of 4.6 and 2.3 A indicate the presence of
some facets of B-Ni(OH), (JCPDS No. 14-0117).***® So, one can
conclude that Ni(OH), is electrodeposited with mixed «-, and B-
phases that is further confirmed by the XRD analysis (c.f Fig. 6).
Moreover, Fig. 4F displays the SAED pattern of selected regions
of metal-free graphene layers. From Fig. 4F, the obtained ring
that contains bright spots displays a d-spacing value of 2.5 A
confirming the presence of graphene layers.**°

XPS analyses are carried out to investigate the oxidation
states of Ni in RGR and FEGR electrodes. From the enlarged
view of Ni 2p of both electrodes, as shown in Fig. 5A and D, the
observed peaks at binding energies around 856 and 873 eV
confirm that Ni is present as Ni(OH),. Also, the presence of the
two satellite peaks at binding energies of 861 and 880 eV
confirms the formation of Ni(OH),.”*** Additionally, from the
deconvoluted O 1s spectra of both Ni(OH),/RGR and Ni(OH),/
FEGR electrodes, Fig. 5B and E, the main peak around 531 eV
confirms the formation of nickel hydroxide.** By comparing the
other peaks of the O 1s of both electrodes, Ni(OH),/RGR
displays two other peaks for C-OH and adsorbed H,0. The
Ni(OH),/FEGR electrode displays four other peaks for C-OH,
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Fig.5 XPS spectra of (A) Ni 2p, (B) O 1s, and (C) C 1s for Ni(OH),/RGR electrode. XPS spectra of (D) Ni 2p, (E) O 1s, and (F) C 1s for Ni(OH),/FEGR

electrode.
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Fig. 6 XRD patterns of Ni(OH),/RGR (black line), and Ni(OH),/FEGR
(red line) electrodes.

C(0), C(0)0, and adsorbed H,O. The presence of the C(0), C(O)
O peaks in the Ni(OH),/FEGR electrodes that do not exist in the
Ni(OH),/RGR electrode is due to the oxidation which occurred
during the preparation of the FEGR support, the electro exfoli-
ation step.”* Moreover, the oxygenated functional groups that
exist in the C 1s spectra of both electrodes, as shown in Fig. 5C
and F, which is consistent with the O 1s spectra (Fig. 5B and
E).*** The occurrence of more oxygenated functional groups on
the surface of the Ni(OH),/FEGR consistency with the elemental
mapping EDX analysis of Ni(OH),/FEGR displays higher oxygen
percentage compared to the Ni(OH),/RGR.

Also, the XRD analyses are carried out to investigate the
phase of Ni(OH),. XRD patterns of the as-prepared electrodes,
i.e., Ni(OH),/RGR and Ni(OH),/FEGR are depicted in Fig. 6. Both
electrodes are composed of mixed phases (alpha and beta).
While the corresponding peaks of B-Ni(OH), were observed at
36°, 37°, 52° and 63° (JCPDS No. 14-0117),**** the corre-
sponding peaks of «-Ni(OH), appeared at 12°, 21°, 23°, and 40°

A B
20 T T T T 60
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(JCPDS No. 41-1424).***” Additionally, peaks due to the hexag-
onal graphitic structure of RGR and FEGR support are detected
around 26 of 25°, 42°, 43°, 77°, and 83°.5%%7

As predicted from the physical analysis of both Ni(OH),/RGR
and Ni(OH),/FEGR electrodes, Ni(OH),/FEGR has unique
properties that promote the catalytic activity toward GOR.
Fig. 7A displays the CVs of the prepared electrodes that show
characteristic redox peaks within the selected potential window
resulting from the transformation of the - and $-Ni-OH to (-
and y-Ni-OOH, respectively. The position of the peaks on the
CV indicates that the transformation of Ni(OH), to NiOOH is
a diffusion-controlled process.>”* To confirm that this trans-
formation is a diffusion-controlled process, the study of the
effect of potential scan rate (v) on the current peak (I,) was done.
By plotting I, against the v** (see Fig. 7B), a linear relation is
obtained with R* equals 0.9999 which confirms that the trans-
formation of the Ni(OH), to NiOOH is a diffusion-controlled
process.*®* The large difference in CVs currents between the
Ni(OH),/RGR, and Ni(OH),/FEGR indicates that the Ni(OH),/
FEGR possesses a higher electrochemical active site on its
surface than Ni(OH),/RGR electrode that in turn contributes
larger in the electrocatalysis of glucose oxidation with greater
extent. As mentioned above the higher capacity of the Ni(OH),/
FEGR is due to (i) the FEGR support providing a large surface
area to accommodate a large number of active sites on its
surface, (ii) the presence of the grooves and oxygenated func-
tional groups enhances the rate and the consumed amount of
the hydrogen evolution that prevent the coagulation of catalyst’
active sites on the surface of the substrate, and (iii) the presence
of exfoliated graphene layers that enhance the electronic
conductivity. To confirm that the active sites are well distributed
on the surface of the FEGR support electrochemically, the
following relation (eqn (7)) was used:

4=qu+av® @)

where ¢ is the charge in Coulombs estimated at various
potential scan rates in CV, g is the maximum amount of the
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Fig. 7 (A) CVs of Ni(OH),/RGR, and (B) Ni(OH),/FEGR electrodes measured in 0.5 M NaOH solution at a potential scan rate of 10 mV s (B) The
variation of anodic and cathodic peaks current with the square root of potential scan rate (¥°°) for Ni(OH),/RGR, and Ni(OH),/FEGR electrodes
measured in 0.5 M NaOH solution. (C) The variation of g with the reciprocal of the square root of the potential scan rate (v~°°) measured in 0.5 M

NaOH solution.
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Table 1 Comparison between the electrocatalytic activity of Ni(OH),/RGR and Ni(OH),/FEGR electrodes towards GOR

Ni(OH),/RGR Ni(OH),/FEGR
Glucose conc. I,/mA em™> I/Ag™? Q/mC I,/mA cm™> I/Ag™ Q/mC
5 2.73 3 112.5 4.4 9.3 220.6
10 5 5.6 223 7.9 16.7 459.9
20 8.8 9.9 459.5 16.5 35.1 884.7
30 10.9 12.2 636.3 22.9 48.6 1453.9
40 11.6 13 767.8 24.7 52.3 1894.6
50 14.2 15.9 845.3 25.7 54.6 2089.7
60 12.1 13.6 985 27.3 58 2209.9
70 12.9 14.4 103.9 27.2 57.7 2196.1
A B C
1200 T T T T T T 200 T 30
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Fig.9 (A) Nyquist plots of Ni(OH),/RGR (black line) and Ni(OH),/FEGR (red line) electrodes at OCP and their insets admittance plots of Ni(OH),/

RGR (black line) and Ni(OH),/FEGR (red line) electrodes measured in 0.5 M NaOH solution. (B) Nyquist plots of Ni(OH),/RGR (black line) and
Ni(OH),/FEGR (red line) electrodes measured in 0.5 M NaOH solution containing 30 mM glucose at 0.3 V vs. SCE. (C) Chronoamperograms for
GOR were obtained at Ni(OH),/RGR (black line) and Ni(OH),/FEGR (red line) electrodes measured in 0.5 M NaOH solution containing 30 mM

glucose at 0.55 V for 3 h.

charge related to the “outer” surface of active material, a is
a constant, and v is the potential scan rate (mV s ') (see
Fig. 7C).>* The value of the intercept of Ni(OH),/FEGR is much
greater than that of Ni(OH),/RGR. So, Ni(OH),/FEGR has active
sites 77.4 times more than Ni(OH),/RGR indicating that GOR
will be catalyzed by a great extent on the surface of Ni(OH),/
FEGR due to the large available number of active sites of
a catalyst with good and uniform distribution.

As indicated in Fig. 8A and B, the GOR is markedly enhanced
on the surface of the Ni(OH),/FEGR electrode compared with
Ni(OH),/RGR electrode. Ni(OH),/FEGR has a larger current than
Ni(OH),/RGR and this is attributed to the accessibility of the
large active sites to oxidize a large number of glucose molecules.
Although the Ni(OH),/FEGR electrode has a lower loading
amount of Ni than that of the Ni(OH),/RGR electrode as indi-
cated above from ICP measurements and mapping EDX anal-
ysis, the Ni(OH),/FEGR has a higher degree of efficiency toward
the GOR due to possessing a high number of available active
sites that distributed homogeneously with a low degree of
coagulation compared to Ni distribution in case of Ni(OH),/
RGR electrode. Importantly from the reduction peaks of both
electrodes after the oxidation of glucose, the reduction peak of
Ni(OH),/RGR disappears in comparison with its blank due to all
active sites (small active sites due to the coagulation nature of

© 2023 The Author(s). Published by the Royal Society of Chemistry

the prepared catalyst) are consumed during the GOR. On the
other hand, the reduction peak of Ni(OH),/FEGR is minimized
at a small concentration of glucose and disappears at high
glucose concentration in comparison with its blank which
confirms that there is an excess of active sites that contribute to
the glucose oxidation more at high glucose concentration.
Fig. 8C and D displayed the resulting current due to glucose
oxidation only by subtracting the total current (current due to
the transformation of the o- and B-Ni—-OH to - and y-Ni-OOH
and glucose oxidation) from the blank current (current due to
the transformation of a- and B-Ni-OH to B- and y-Ni-OOH only).
Table 1 summarizes the results of Fig. 8C and D. Peak current
due to glucose oxidation at the surface of Ni(OH),/FEGR is
higher than Ni(OH),/RGR and the difference between current
peaks increased by increasing glucose oxidation which confirms
there is a more oxidation degree for glucose at higher concen-
tration due to the more contribution of active sites of Ni(OH),/
FEGR catalyst (see Fig. 8E). From Fig. 8F, by comparing the
degree of oxidation of glucose over the selected potential
window, the amount of Columbus relating due to the oxidation
of glucose at the surface of the Ni(OH),/FEGR is higher than
that of Ni(OH),/RGR and displays the same trend of the Fig. 8E
confirms more oxidation of glucose molecules at the surface of
the Ni(OH),/FEGR. The number of glucose molecules oxidized

RSC Adv, 2023, 13, 1811-1822 | 1819
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Fig.10 SEMimages of Ni(OH),/FEGR after GOR long-term operation for 3 h of continuous operation at 0.55 V measured in 0.5 M NaOH solution
containing 30 mM glucose at different magnifications (A and B). (C) The corresponding elemental mapping-EDX analysis of Ni(OH),/FEGR

electrode.

Table 2 Comparison between Ni(OH),/FEGR catalyst and other Ni-based catalysts toward GOR

Current density

Scan rate (mV Onset potential

Material Supporting electrolyte Glucose (mA cm?) s (mV) vs. SCE Ref.
Ni,CO,/AC 3 M KOH 1M 77 10 229 17
Ni-Co-rGO 3 M KOH 1M 13.5 50 211 66
NiO,/MnO,/GNs/GC 0.5 M NaOH 20 mM 170 100 320 67
Nano Ni/Ti 0.5 M NaOH 10 mM 29 10 410 68
Nano NiO,/GC 0.3 M KOH 10 mM 12 100 330 69
NiCuO/ITO 1M KOH 30 mM 0.425 100 105 70
NiO,/MnO,/GC 0.5 M NaOH 20 mM 14 100 266 71
Nis/AB 0.1 M KOH 5 mM 2.5 10 241 72
NiFe,0,/GC 0.5 M NaOH 60 mM 0.29 200 292 73
Ni(OH),/FEGR 0.5 M NaOH 30 mM 22.9 10 180 This work

per catalytic active sites is defined as the turnover number
(TON). TON is directly proportional to the current (at specific
potential) produced due to fuel oxidation per number of active
sites of the prepared catalyst.®** It is found that the TON of
Ni(OH),/FEGR at 0.55 V is two times the TON of Ni(OH),/RGR
which is consistent with the above results.

Moreover, Ni(OH),/FEGR has a lower onset potential (0.18 V
vs. SCE) than that of Ni(OH),/RGR (0.3 V) and this is mainly due
to an increase in the electronic conductivity of the prepared
electrode. The electronic conductivity of the Ni(OH),/FEGR is
higher than that of the Ni(OH),/RGR due to the presence of
exfoliated graphene layers. Exfoliation delivers the electron very
fast to the surface of the active material and facilitates the
transformation of Ni(OH), to NiOOH that in turn oxidizes
glucose to gluconolactone according to eqn (1) and (2). To
confirm that the Ni(OH),/FEGR has a higher electronic
conductivity, the EIS measurements firstly at open circuit
potential were performed. The Nyquist plots are displayed in
Fig. 9A and it is clear that the electrochemical equivalent series
resistance (ESR) for the Ni(OH),/FEGR is smaller than that of
Ni(OH),/RGR indicating that the Ni(OH),/FEGR has a higher
electronic conductivity.?***** Also, Ni(OH),/FEGR has a more
vertical line compared to Ni(OH),/RGR which confirms that the
Ni(OH),/FEGR has a higher capacity value than Ni(OH),/RGR

1820 | RSC Adv, 2023, 13, 1811-1822

due to the uniform distribution of a large number of active sites
on the surface of the FEGR support as mentioned above and
concluded from CVs of both electrodes.®® Additionally, the
admittance plot, see inset of Fig. 9A, displayed an increment
consistent with the ESR because the admittance, as known, is
the inverse of the impedance. So, the GOR is expected to have
a lower charge transfer resistance on the surface of Ni(OH),/
FEGR than Ni(OH),/RGR. Clearly, from the Nyquist plots oper-
ated in the presence of 30 mM glucose for both electrodes at
0.3 V vs. SCE (Fig. 9B) and the data resulting from the fitted
equivalent circuit (see inset of Fig. 9B), the charge transfer
resistance on the surface of Ni(OH),/FEGR (15 Ohm) is much
lower than that of the Ni(OH),/RGR (157 Ohm) which reflected
the lower onset potential of the Ni(OH),/FEGR compared to
Ni(OH),/RGR. Not only the onset potential and I, are factors
that are enhanced on the surface of the Ni(OH),/FEGR but also
the durability of the prepared electrode is outstanding
compared to that of the Ni(OH),/RGR. From Fig. 9C, both
electrodes start displaying a large decaying in the response to
the gain current and this is due to the oxidation of a large
number of glucose molecules near the surface of both elec-
trodes. But Ni(OH),/RGR continues to decay compared with the
Ni(OH),/FEGR that displays superb durability by showing
a constant current response with time for about 3 h. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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excellent stability of the Ni(OH),/FEGR may be attributed to the
strong interaction between the Ni(OH), and FEGR support
throughout oxygen functional groups. Additionally, the persis-
tence of morphology of the Ni(OH), active particles after
continuous operation for 3 h towards GOR reveals the robust-
ness and insignificant distortion of the catalyst reflecting the
remarkable stability of the catalyst (see Fig. 10A and B). From
Fig. 10A and B, the Ni(OH), active particles have the same
morphology (nanosphere) as before the long-term stability
operation. Moreover, the active particles are still uniformly
distributed over the exfoliated graphene layers (see Fig. 10C). As
a general conclusion, the Ni(OH),/FEGR has a premium cata-
lytic performance than the Ni(OH),/RGR due to: (i) the ionic
conductivity is increased by making the most active sites
available for ease of interaction with hydroxide ions and hence
oxidation of glucose, and (ii) the electronic conductivity is also
increased that in turn delivers the electron very fast to active
sites and hence glucose molecules are oxidized efficiently.
Additionally, the prepared catalyst is a promising catalyst due to
its facile preparation via partial electrochemical exfoliation that
led to the formation of graphene layers easily without any
binder or using any harsh chemicals used in the preparation of
catalyst-based graphene support applied toward glucose oxida-
tion. Moreover, the prepared catalyst is an excellent catalyst for
GOR compared to other reported catalysts (see Table 2).

4. Conclusion

Ni(OH), active material is deposited on in situ generated FEGR.
FEGR support enhanced GOR by increasing the ionic conduc-
tivity of Ni(OH), via providing a large activated surface area (26
times than RGR) that is characterized by defective surface, high
oxygenated surface functional groups, and exfoliated graphene
layers. In addition, FEGR increases the hydrogen evolution
reaction during the cathodic electrodeposition of Ni resulting in
a better distribution of active material. Ionic conductivity is
reflected in the high peak current due to the oxidation of a large
number of glucose molecules even if Ni(OH),/FEGR has a low
mass loading compared to Ni(OH),/RGR. Also, the electronic
conductivity contributes to the increment of peak current by
delivering the electrons very fast to the active material which
transfers a large number of Ni(OH), to NiOOH in a short time
and hence oxidizes a large number of glucose molecules.
Additionally, the electronic conductivity plays an important role
in the oxidation of glucose at a lower onset potential (120 mV
lower than Ni(OH),/RGR). The exfoliated graphene layers
increase the electronic conductivity of the prepared Ni(OH),/
FEGR electrode (as revealed by EIS measurements) which in
turn assists the oxidation at lower overpotential. Moreover, the
FEGR support boosted the stability of Ni(OH), toward the GOR
reaction by supplying a constant current for a long time of
electrolysis.
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