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A nickel oxide (NiOx) nanoparticles modified glassy carbon (GC) electrode, designated as
GCox/NiO(Glu), were fabricated from a nickel bath (0.02 M NiSO4 + 0.03 M NiCl, + 0.03M H3BOs)
containing a suitable additive, typically glucose. The GC was electrochemically pretreated prior to the
deposition of nickel. The thus modified electrode was applied for the electrooxidation of glucose in
alkaline medium. For the sake of comparison, a similar modification was conducted but in the absence
of glucose as an additive, and the modified electrode is designated as GC,,/NiO,. The effect of loading
of NiOx was optimized. Cyclic voltammetry (CV), and chronoamperometry were used for the
voltammetric characterization. Several surface techniques were used for probing the morphology and
composition of the deposited modifier, including field emission scanning electron microscopy (FE-
SEM), EDX and X-ray diffraction. The highest electrocatalytic activity towards glucose oxidation was
obtained at GC,,/NiO4(Glu) using five potential cycles in the range from 0.0 to -1.0 V vs.
Ag/AgCI(Kcl sat.). Possible reason(s) behind the enhancement of glucose electrocatalytic oxidation
was (were) explored.
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1. INTRODUCTION

Environmentally friendly materials have become very important at the moment, so research has
turned to fuel with these specifications, leading researchers to use glucose to fuel cell work. Based on
the type of the catalyst if glucose fuel cells, it can be classified into three categories; first one,
enzymatic glucose fuel cell, which utilizes enzymes as catalysts. As such they are of limited long-term
stability. Second, microbial glucose fuel cell in which immobilized bacteria capable of oxidizing
glucose are used as the catalysts. Bacterial and enzymatic fuel cells contain defects and complications
so they can be replaced by non-enzymatic fuel cells counter or part for oxidation of glucose on the
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noble electrode. However, enzymes are unstable at high temperatures and aggressive environments.
Many researches have been done to obtain non-enzymatic glucose sensors. Third, direct glucose fuel
cell (DGFC): they are fuel cell that use inorganic catalysts [1-4]. The latter one is characterized by the
advantage that they are the most robust, and biocompatible. Commercializing glucose fuel cells face
several problems; of these problems the cost of the electrocatalyst and its susceptibility to poisoning
are the dilemma. Glucose oxidation to CO; involves the exchange of and 24 electrons and yields very
high energy (—2.87 x 106 J/mol) [5-8]. Theoretically, an open-circuit of 1.24 V voltage can be
obtained from DGFC [ 7,8].

Over the past decade, many studies have been conducted on the electrochemical oxidation of
sugars resulting in the conclusion that single sugars such as glucose is oxidized at catalysts based on
platinum and gold electrodes [9-11]. However, these electrodes showed their long term inefficiency
due to several reasons: of these lack of selectivity and low sensitivity. A lot of research has been done
on transition metal oxides to solve these problems either by replacing the costly platinum
electrocatalyst or the co-deposition of a secondary catalyst [2,3]. Of these modifiers, nickel is the first
choice as it is naturally active for glucose oxidation. Nickel and nickel oxide (NiOy) electrodes have
many technological applications which led to research in the past years. Of these applications: use in
densities [12,13] alkaline batteries [14] biological sensors [15, 16] and energy conversion devices
[17,18] .The electrooxidation rate of glucose in alkaline environments is facile than in neutral or acidic
media [9,10, 19-22]. On the other hand, the use of nanoscale materials has led to the development of
huge sensors, particularly glucose sensors [2]. The following electrodes Au, Pt ,Fe ,Ni ,Cu have been
extensively studied for the oxidation of glucose in the alkaline medium [ 23-27].

In this research, the electrochemical fabrication of the electrode is based on the electrochemical
activation of GC electrode, and then the decoration of the oxidized GC by nickel nanoparticles (nano-
NiO,) from solution containing nickel ions and glucose onto the thus oxidized glassy carbon electrode.
Then, the deposited nickel is oxidized electrochemically in alkaline medium for the formation of NiO,.
The experimental parameters are optimized to sustain the highest electrocatalytic activity towards
glucose oxidation.

2. EXPERIMENTAL

2.1. Chemicals

Chemicals, of analytical grade, used in this work were purchased from Sigma Aldrich and they
were used as received. Solutions were prepared using deionized water.

2.2. Electrochemical measurements

An EG&G potentiostat (model 273A) operated with E-chem 270 software were used for the
Electrochemical measurements. A conventional cell with a three-electrode configuration was used in
this work. An Ag/AgCI/KCI (sat.) as a counter electrode and a platinum spiral wire as reference
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electrodes were utilized. The electrochemical measurements were performed at room temperature (25
°C). Stated potentials in this work were presented with respect to the reference electrode. The working
electrode was glassy carbon (GC, d = 3.0 mm). It was cleaned by mechanical polishing with aqueous
slurries of successively finer alumina powder then washed thoroughly with deionized water.

2.3. Fabrication of nickel oxide (NiOx) nanoparticles

Nickel oxide nanoparticles modified GC were prepared as follows; first, the underlying GC
electrode was activated in 0.5 M of H,SO4 by suitable number of potential cycles in the range (- 0.2

to 2.0 V), designated as GCox. Second, GCox is subjected to several potential cycles, in the range of 0.0
to -1.0 V vs. Ag/AgCI/KCI (sat.), in a solution containing 0.02 M NiSOg4, 0.03 M NiCl, and 0.03 M
H3BO3, either in the presence or absence of 5 mM glucose as additive. Then, the addressing of the

electrocatalytic activity of the modified electrode toward glucose oxidation was conducted at different
scan rates, different concentrations, different loading of nano-NiO,. To prove reproducibility of the

results the CVs were repeated several times.

2.4. surface characterization

A field emission scanning electron microscope, FE-SEM, (QUANTA FEG 250) was used to
image the nano-NiOx. X-ray diffraction, XRD (PANalytical, X'Pert PRO) operated with Cu target (A =
1.54 A) were used to probe the crystallographic structure of deposited nano-NiO, at bare GC, GCox,
GCox/NiOy nanoparticles, and GCox/NiOy(Glu) nanoparticles.

3. RESULTS AND DISCUSSION

3.1. Morphological characterizations

SEM images of nano-NiO,, prepared by a cyclic voltammetric technique described in the
experimental section, is presented in Fig. 1.
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Figure 1. SEM (A,C,E,G) and EDX (B,D,F,H) of (A,B) GC, (C,D) GCox, (E,F) GCox/NiOX, and (G,H)
GCox/NiOx(Glu).

Also, the atomic ratios of C/O/Ni from EDX test were examined. In image (a) a a smooth
surface is shown and in EDX (plot B), as expected, the weight of carbon element (97.07%) is large
compared with oxygen. In case of GCox (image C), the electrode surface becomes rougher, and as
revealed from EDX (plot D) the percent of oxygen increased to 10 %. The increase in the percent of
oxygen is attributed to the electrooxidation of GC which results in the formation of several containing
oxygen functional groups. In image E, obtained at GCox/NiOx electrode; i.e., at nickel oxide deposited
onto oxidized GCE, a deposition of NiOx is observed, as revealed from the EDX (plot E) in which
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new peaks for nickel at 0.9 KeV, 7.4 KeV are observed [28]. At GCox/NiOx(Glu) electrode which is
fabricated similarly to GCox/NiOx but in the presence of glucose in the deposition bath, EDX (plot H)
presents a larger ratio of Ni at GC,,/NiOx-as revealed from the increase of intensities of peaks
corresponds to nickel at 0.9, 7.6 ,and 8.2 KeV [29].

Fig. 2 depicts XRD patterns obtained at the modified electrodes electrodes. The sharp peak at
19 ° corresponds to the (002) diffraction of the glassy carbon underlying substrate. At GCox/NiOx
(curve b) and GCox/NiOx(Glu) (curve c) electrodes, the XRD pattern of NiO showed several diffraction
peaks at 20 =37.20°, 43.20°, 44.4°, 75.20° which are indexed as (101), (012), (111), (113) and (220)
crystal planes of the NiOx, respectively. Those peaks are assigned to the face-centered cubic (FCC)
crystalline structure of NiOyx based on the standard spectrum (JCPDS, No. 04-0835) [30].
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Figure 2. XRD of (a) GC, (b) GCox/NiOx, and (C) GCox/NiOx(Glu).

3.2. Electrochemical characterizations

The electrochemical oxidation of glucose has been an interesting topic for the last decade,
especially at nickel modified electrodes, which presents a unique electrocatalytic properties. Nickel
deposition is critically affected by the ingredient of the deposition bath [31]. Here, the effect of adding
glucose, as an additive, in the deposition bath of nickel is examined. Fig. 3 shows CVs responses
obtained at the modified electrodes in 0.5 M NaOH. Similar potential cycles were used for decoration
Ni onto the different studied electrodes. As clearly shown, in Fig. 3 (curve a), obtained at GC
electrode, the CV is featureless. Curve b, obtained at GC/NiOx(Glu) electrode in which nickel oxide
was deposited, in the presence of glucose in the deposition bath, on GC electrode, a well-defined
couple of redox peaks corresponds to the nickel oxidation to oxide and the subsequent reduction in the
reverse scan is obtained.  Curves C and d shows CV responses obtained at GCox/NiOx and
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GCox/NiOx(Glu) electrodes, respectively. The peak current for nickel/nickel oxide redox couple
increases at both electrodes compared with that on the GC/NiOy(Glu) (b). Probably, the functional
groups of the underlying substrate participate in this enhancement. Comparing curves ¢ and d
indicates that including glucose in the deposition bath (curve d) promotes the nickel-nickel oxide redox
couple.
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Figure 3. CV obtained at (a) GC, (b) GC/NiOx(Glu), (C) GCox/NiOx (d) GCox/NiOx(Glu) electrodes in
0.5 M NaOH at SR = 100 mV/S.

Fig. 4 is similar to 3 but in the presence of glucose. Inspection of this figure reveals several
interesting points;

I. GC is inactive towards glucose oxidation.

ii. At GC/NiOx(Glu) (curve b), a well-defined oxidation response with a fast increase in
the current of the glucose oxidation is obtained.

iii. At GCox/NiOx (curve c) and GCox/NiOx(Glu) (curve d), the oxidation of glucose is
significantly enhanced, with the one at the latter is larger indicating the significant effect of the
underlying substrate (GCox) as well as the including of glucose in the deposition bath. The prominent
role of the underlying substrate (GCox) surface is proved by comparing curves b and d in which nickel
was deposited from a bath containing glucose and the only difference is the case of the underlying
substrate, whether it is electrochemically oxidized or not. It has been reported that electrochemical
oxidation of GC in H2SOs at large anodic potentials increases of the percentage surface composition of
functional groups bearing —OH group. Those generated—OH groups on the GC surface (i.e., OHads)
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enhances the electrocatalytic oxidation of glucose [32,33] and other small organic molecules such as
methanol via enhancing their adsorption [34].

Iv. The role of glucose in the deposition bath is confirmed by comparing curves ¢ and d in
which the modification of the underlying substrates is the same. Curve d was obtained for
GC,«/NiOx(Glu) electrode, this electrode was fabricated in a similar way to GC,/NiOy (curve ¢) with
only one difference. In the former one, i.e., GCox/NiOx(Glu) glucose was added to the deposition bath.
Interestingly, in this case the response for glucose oxidation is the largest among studied electrodes. It
seems that a synergistic effect from the different conditions results in such increase along with the
morphology presented in SEM images shown above. In previous study they assumed [35] a
combination of direct electrooxidation of glucose on the surface of oxide layer and mediated
oxidation by NiOOH.
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Figure 4. CV obtained at (a) GC, (b) GC/NiOx(Glu), (C) GCox/NiOx (d) GCox/NiOx(Glu) electrodes in
0.5 M NaOH containing 2.5 mM glucose at SR = 100 mV/S.

First Ni (1) is converted to Ni(lll), then in a following chemical step glucose is according to
the following reactions:
Ni(IIT) + glucose — intermediate + Ni(II) (1)
Ni(III) + intermediate — products + Ni(II) (2)
where Ni3* sites are regenerated by direct electrooxidation to NiZ* [36,37]:
Ni(Ill)—glucose — Ni(IIT)-intermediate (3)
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Ni(lll)—intermediate — Ni(IIT)—products 4)
Mechanism based on Egs. (1) and (2) is called Fleischmann mechanism [37, 38].
Gluconolactone [39, 40] as well as methanoates and oxalates [41] have been reported as the oxidation
products of glucose electrooxidation.

3.3. Effect of loading of nickel nanoparticles

Fig. 5 shows that the redox couple which correspond to nickel/nickel oxide oxidation-reduction
is enhanced as the loading level increases up to loading level of 5 cycles for deposition of Ni, in the
potential range of 0.0 to -1.0 V vs. Ag/AgCI(Kcl sat.). After this loading the peak current decreases
significantly. It may be concluded that a loading NiOx nanoparticles of five cycles is the optimum
loading under the present experimental conditions and will be used hereafter for further investigation.
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Figure 5. CV obtained at GCox/NiOx(Glu) in 0.5 M NaOH containing 2.5 mM glucose, NiOx was
prepared by different potential cycles in the range of 0.0 to -1.0 V vs Ag/AgCl (KCI sat.)
Potential cycles are 1, 2, 5, 20 and 50 cycles at SR = 100 mV/S.

It was evident that CVs for glucose oxidation GC,,/NiOx(Glu) electrode in solution of 0.5M
NaOH gave a higher current than CVs for glucose oxidation on GC,,/NiOx electrode that approved
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adding glucose in the deposition bath made the electrode more active toward the oxidation of the
glucose.

In order to get further insight about the mecahnsism of glucose oxidation, Tafel plots for the
two modified electrodes were recorded in 0.5 M NaOH containing 2.5 mM glucose at a scan rate 5
mV/s and shown in Fig. 6. Tafel slopes of ca. 38 mV/dec was obtained at GCox/NiOx(Glu), while at
GCox/NiOx the Tafel slope equals 60 mV/decade. The former one points to a possibly an electron-
transfer step is controlling the oxidation process. At GCox/NiOx electrode, it is likely that a chemical
step is the controlling for the glucose oxidation. This means that at GCox/NiOx electrode, the removal
of an adsorbed species (represented by Eq. 5) is the rate determining step. At GCox/NiOx(Glu)
electrode at which the Tafel slope is 40 mV/decade, the electron transfer represented by Eq. 6 is the
rate determining step [42]. The plots confirmed the enhancment of the glucose oxidation on
GCox/NiOx(Glu) comparatively.

NiOOH + [Glucose]ass —Ni(OH) + radical intermediate (5)
Radical intermediate + 2NiOOH — 2Ni(OH)2 + gluconolactone + 2e— (6)
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Figure 6. Tafel plots obtained at (a) GCox/NiOx and, (b) GCox/NiOx(Glu) in 0.5 M NaOH containing
2.5 mM glucose at SR =5 mV/S.

3.4. Long-term stability of the prepared electrocatalysts

The stability of the NiO, (the active oxide) modified GC electrode prepared in the absence and
presence of glucose was examined using current—time curves for glucose oxidation and shown in Fig.
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7. The data is obtained at constant potential of 0.4 V for (a) GCox/NiOx, (b) GCox/NiOx (Glu)
electrodes in 0.5 M NaOH containing 2.5 mM glucose. The initial large current obtained at the the two
electrodes is attributed to the charging of the double layer. This spiked current is followed by a slight
decrease which is indicative of a loss in the catalytic activity. GCox/NiOx (Glu) electrode exhibits the
highest initial currents and steady state currents compared with that obtained at GCox/NiOx electrode in
which Ni was deposited in the absence of glucose as additive. The order obtained using
chronoamperometric measurements sustain that observed above using cyclic voltammetry shown
above. This confirmed the higher activity of the GCox/NiOx (Glu) electrode, compared with GCox/NiOx
electrode towards glucose oxidation, and the prominent role of glucose in the deposition bath.
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Figure 7. chronoampergram obtained at constant potential of 0.4 V for (a) GCox/NiOyx, (b) GCox/NiOx
(Glu) electrodes in 0.5 M NaOH containing 2.5 mM glucose.

Fig. 8 shows the dependence of the function (Ip/v’?) with v obtained at the GCox/NiOx (Glu)
electrode. At scan rate higher than 40 mV s, Ip/v”? almost keeps constant with the scan rate. This
behavior characterizes catalytic reactions [42], i.e., EC mechanism (Egs 1 and 2). The glucose
oxidation is mediated by Ni/nickel oxide redox couple. It is clear that the inclusion of glucose in the
deposition bath significantly modify deposited nickel oxide in such a manner that glucose oxidation is
enhanced.
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Figure 8. Variation of Ip/v*2 with v for glucose electrooxidation obtained at GCox/NiOx(Glu) electrode
in 0.5 M NaOH containing 2.5 mM glucose.

4. CONCLUSIONS

GCox/NiOx (Glu) electrode was fabricated by electrodeposition of nickel from Watts bath both
in the absence and presence of glucose, as an additive, and then examined for glucose electrooxidation.
The modified electrode significantly enhanced the glucose electrooxidation as compared with
GCox/NiOxy electrode which was prepared similarly to GCox/NiOx (Glu) electrode but in the absence of
glucose. The relation between Ip/v2 and v denoted an EC mechanism for glucose oxidation and the
nominal equalities of Tafel slopes obtained at the two modified electrodes pointed to a similar
mechanism at both electrodes.
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