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Abstract Here is a first study of the electrocatalytic oxidation
of glucose by nickel phosphate nano/micro particles (NiPh)
modified glassy carbon electrode (NiPh/GC). The NiPh is fab-
ricated by a simple reflux method. The morphology and struc-
ture of the NiPh particles have been studied using field emis-
sion scanning electron microscopy (FE-SEM), X-ray dif-
fraction (XRD), BET surface area measurement and Fourier
transfer Infrared spectroscopy (FTIR). According to the
above measurements, a needle-like morphology with av-
erage particle dimensions of 200 x 800 nm is obtained.
The phase structure of the NiPh particles is found to be
Ni3(PO4),.8H,0 and having BET surface area of 20.0 m*/g.
Electrochemical measurements like cyclic voltammetry (CV)
are used to characterize the NiPh/GC electrode. Potential cy-
cling in the range of —0.1 t0 0.7 V (Ag/AgCl/KCl(sat)) is used
to activate the phosphate matrix. After ~75 cycles, two redox
peaks are emerged which were assigned for the redox trans-
form NiPh (IT)/NiPh (IIT) due to invasion of the OH ions into
the NiPh matrix. The NiPh/GC demonstrates electrocatalytic
activity towards glucose oxidation in alkaline solution. The
glucose reaction is analyzed and characterized in the light of
the collected experimental data.
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Introduction

Electrocatalytic oxidation of glucose is extremely important in
the application of biosensors and biochemical fuel cells.
Fabrication and development of new and efficient catalysts
for electrochemical reactions (e.g., glucose oxidation) is a
continuous process where it has an interest in the manufactur-
ing of fuel cells and biosensors. The electrooxidation of glu-
cose is of prime importance for the diagnosis of diabetes
mellitus, for food preparation processes and for the develop-
ment of biofuel cells [1-3]. Based on the literature, various
reagents have been employed to develop non-enzymatic glu-
cose oxidation. Noble metals such as Pt, Pd and Au are one of
these materials that have been extensively used as catalysts for
non-enzymatic glucose oxidation owing to their unique electro-
catalytic properties, biocompatibility, good electrical and me-
chanical properties, good electrocatalytic activity and high per-
formance [4, 5]. However, there are some reasons making these
materials undesirable. For instance, they are costly and may be
susceptible to the poisoning products that emerged during the
oxidation process [6, 7]. The above reasons motivated the sci-
entists worldwide to search for replacement for these noble
metals. In literatures, there are other materials (metal and metal
oxides) that have been also used as catalysts such as NiO,,
FeOOH, MnO,, RuO,, CuOy, ZnO and Cos0,. Recently their
nanoparticle-based electrodes have been used for glucose oxi-
dation in alkaline solutions [8—10].

Of the above metal oxides, nickel oxides have particular
interest because it has been used as a catalyst for several reac-
tions [11, 12]. Most of the Ni-based glucose sensors were fab-
ricated by modifying traditional electrodes with Ni-based
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nanomaterials using different techniques. These include (but
not limited to) dispersing Ni particles in disordered graphite-
like carbon [13], doping of the carbon paste electrode with
nano-NiO [14] and casting of NiO particles prepared using a
sol-gel technique [15]. Also, nickel-DNA nanocomposites dis-
play unique three dimensional structures and represent a poten-
tial for new functionalities in the development of biosensors for
important biochemical species such as glucose [16—18].

The source of the active Ni (IT)/Ni (III) couple (nickel
hydroxide/nickel oxyhydroxide) in the above examples, after
potential cycling in alkali, are Ni, NiO or Ni (OH), and yet
introducing that active couple from Ni salt (e.g., nickel phos-
phate, NiPh) is considered to be scarce [19, 20].

Alloying Pt [21], Pd [22] and more available metal like Ni
[23-25] with an inexpensive metalloid element such as phos-
phorous have been always aimed to increase the electroactivity
of electrooxidation of small organic molecules and CO toler-
ance. Phosphorous has abundant valence electrons and can
affect the electronic states of the studied elements via affecting
the electronic states of the main metal (e.g., Pt or Ni) [26].
Meanwhile, the presence of the phosphorus atoms may help
to adsorb oxygen groups due to the oxophilic nature of the
phosphorus [27]. This can result in oxidation of the CO,q4s to
carbon dioxide and hence enhance organic molecules oxida-
tion [28].

Here is the first trial for nickel inorganic compounds bear-
ing redox properties such as NiPh to be evaluated for electro-
catalytic oxidation for glucose molecules. Consequently this
calls for research to fabricate a targeted catalyst (such as nickel
phosphate) to be used for electrocatalytic (non-enzymatic)
glucose oxidation.

Metal phosphates represent the core for many technologi-
cal and industrial considerations since they have considerable
chemical stability and catalytic properties [29, 30]. Different
applications emerge from using metal phosphates. These in-
clude (but not limited to) catalysis in chemical conversion [31,
32], tissue engineering [33, 34], drug delivery [35] and anti-
bacterial activity [36, 37]. Additionally nickel phosphate has
been employed in a wide range of uses such as in lithium
batteries [38, 39], supercapacitors [40, 41], catalytic reactions
[42] and in electrocatalytic reactions [43]. Numerous methods
have been found for the synthesis of nickel phosphates includ-
ing solvothermal [44, 45], hydrothermal [46], wet chemical
process [47, 48] and sol-gel technique [49]. The chemical
composition, structural and morphological properties are
highly dependent on the used fabrication approach. The vari-
ation in the properties when using different synthesis tech-
niques directed nickel phosphate to be relevant in different
fields of applications [50].

Preparation of nickel phosphate particles in nano- and mi-
cro scales using surfactants, ligands or solid membrane tem-
plates has been found in literatures [51]. Although the hydro-
thermal process is a eco-friendly technique and calcination

step is not required, it has two major drawbacks. It is costly
and time consuming process [52]. Developing a unique syn-
thesis route to obtain similar morphological structures that
produced by high temperature hydrothermal process is still a
challenging work. To the best of our knowledge, the synthesis
of nickel phosphate from its precursor salts via reflux-based
method has not been reported. Reflux-based method can han-
dle those drawbacks of the hydrothermal method since it is an
efficient technique due to its simplicity and costly effective.

In the present work, nickel phosphate will be fabricated as a
new catalyst for glucose oxidation. Several goals will be stud-
ied in this work. The main goal is to synthesize nickel phos-
phate (NiPh) with nano to micro scale particles by using reflux
approach. The second one is to modify the GC electrode with
NiPh to be used in electrocatalytic oxidation of glucose in
alkaline solution. The final goal is to study the morphological
and structural properties of the NiPh using X-Ray spectrosco-
py, scanning electron microscope (SEM), BET surface arca
measurement and FT-IR absorption spectroscopy. The electro-
chemical and electrocatalytic properties of the NiPh/GC will
be studied by cyclic voltammetry (CV).

Experimental

The chemicals were of analytical grade and purchased from
Fisher and Sigma-Aldrich and were used as received without
further purification. All solutions were prepared using double
distilled water.

Material Synthesis

A reflux-based route was used for synthesis of nickel phos-
phate. A precipitate of nickel phosphate was mainly prepared
from nickel nitrate (Ni (NOs),.6H,0O) and ammonium dibasic
phosphate (NH,4),HPO,). The procedure is given as follows.
A 5 ml of 1 M solution of each of nickel nitrate and dibasic
ammonium hydrogen phosphate were mixed together at room
temperature in a round bottom flask with continuous gentle
stirring. Directly after mixing a greenish precipitate is formed.
Few drops of conc. Nitric acid were added to dissolve the
precipitate to get a uniform clear solution. A 50 ml of 0.3 M
urea solution was added to the homogenous mixture. The
round flask was connected to a condenser and maintained at
a definite refluxing temperature of 80 °C with a uniform stir-
ring for 15 h. After refluxing process, a greenish suspension
was obtained and left to cool to room temperature, then fil-
tered and washed several times with bi-distilled water. Finally,
the precipitate was left in an oven at 80 °C to dry for overnight
to be ready for different characterizations.

The catalyst ink of nickel phosphate nanoparticles (NiPh),
for being anchored on the surface of glassy carbon electrode
(GC), was prepared by adding the proper mass (to obtain
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specific loading level, see section 2.2) of the NiPh powder in a
test tube containing 2.5 ml isopropanol + 50 uL of Nafion
solution (5% in water). The above mixture was sonicated for
30 min in an ice bath.

Electrode Modification

Glassy carbon electrode, GC (d = 2 mm) is used here as the
underlying substrate for nickel phosphate particles. It was
cleaned by mechanical polishing with aqueous slurries of suc-
cessively finer alumina powder (down to 0.06 pum), then
washed thoroughly with second distilled water and then etha-
nol. Next, 25 pL of freshly prepared NiPh suspension (pre-
pared as given above) is casted onto the thus cleaned GC
electrode and left overnight for drying in air. The prepared
loading levels were 1.59, 3.18, 4.77, 6.37, 7.96 mg cm 2 (of
the electrode surface area).

Measurements

The phase structure of the synthesized product was studied
using X-ray diffraction (XRD). The XRD pattern was obtain-
ed using a diffractometer ((PANalytical, X’Pert PRO)
equipped with a Cu Ka radiation (A =1.5406 A°). XRD radi-
ation generated at 40KV and a current of 44 mA with a scan
rate of 2°/min over range of 4-80°. The infrared spectra (FT-
IR) was performed by using JASCO 3600 spectrophotometer
using ca. 0.5 mm KBr pellets containing 2.5 wt.% sample.
The morphology of the NiPh samples was investigated using
scanning electronic microscopy (SEM, Model JEOL JSM
5410, Japan). The BET specific surface areas of the samples
were examined using low-temperature (77.38 K) nitrogen ad-
sorption isotherms measured over a wide range of relative
pressures from 0.02 to 0.9 atm. Adsorption measurements
were performed on a Micromeritics ASAP2010 volumetric
adsorption apparatus. High-purity nitrogen (99.9999%) was
used. Prior to measurement, the samples were degassed at
40 °C for 18 h in the degas pot of the adsorption analyzer.

Electrochemical measurements were performed using
Gamry potentiostat/galvanostat supported with Gamry
electrochemical analysis technique. Electrochemical mea-
surements were carried out in a conventional three-
electrode cell. The counter electrode was made of a plati-
num coil. The reference electrode was Ag/AgCI/KCl (sat.)
with a Luggin probe positioned near the electrode surface.
The potential throughout the text is referred to the above ref-
erence electrode. The reproducibility of the results of glucose
oxidation was evaluated by taking three measurements for the
same electrode prepared three different times (n = 3 (or three
CVs)) and estimating the relative standard deviation (RSD)
(c.f Figs. 7c and 8b).
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Results and Discussion
Morphology and Structure of the NiPh

The thus prepared nickel phosphate particles were character-
ized using different techniques in order to investigate the mor-
phology and structure of the substance. Fig. 1 shows the SEM
micro images of the NiPh. The image demonstrates that there
is a coagulation of particles that formed with needle-like mor-
phology and had an average particle size of 200 x 800 nm. It
may be concluded that the material is one-dimensional
nanomaterial. The particle size is uniform with some coagu-
lation due to aggregation of the powder due to hygroscopic
nature of the substance.

The chemical structure of the prepared NiPh was identified
by FT-IR absorption spectroscopy and XRD pattern. Fig. 2
shows the FT-IR spectrum for NiPh in the range of wave
number between 3500 and 400 cm . Different sets of bands
are seen in Fig. 2. These bands are corresponding to different
functional groups as follows. The figure reveals that there are
three vibrational broad bands in the range of 3000 to
3450 cm™' (from 1 to 2 peaks) assigned to the O-H stretching
vibration of the H,O that was validated by XRD (c.f Fig. 3).
The bending vibrational mode of water molecules appear at
1592 cm™! (peak 3) [53, 54]. The band assigned at 740 cm !
(peak 3) is attributed to the vibrational modes of water mole-
cules. Based on literatures, those bands were disappeared
when nickel phosphate were calcined at higher temperatures
[55]. The vibrational bands of PO?( anion are observed at
1072, 1022, 991 and 883 cm ' (peaks 4, 5, 6 and 7) [53,
54]. Those bands are corresponding to the tetrahedral POf[
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Fig. 1 SEM image of the NiPh
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Fig. 2 FTIR spectrum of the NiPh

stretching vibrations, and the strong band around 580 cm '
(peak 9) is assigned to the P-O vibrations.

To confirm the above findings of the FT-IR spectrum, the
XRD pattern of the NiPh was measured for the prepared pow-
der. The pattern is shown in Fig. 3. Compared to the standard
spectrum (PDF No. 33—0951) the obtained spectrum for these
synthesized materials demonstrates that the chemical identity
of the nickel phosphate in the form of Ni3(PO,4),.8H,O and
having a monoclinic crystallographic form [56]. The crystal-
linity and purity of the prepared nickel phosphate sample were
examined by X-ray diffraction (XRD) pattern. The XRD pat-
tern consists of sets of peaks which are corresponding only to
NiPh. Also, the XRD pattern shows that the samples are gen-
erally produced in a single phase structure. The average grain
size D is estimated by means of the Scherrer formula; [57]

Dy = kA/BcosO (1)

where, Dy is the average crystallite size, & is a constant shape
factor =~ 0.9, 3 is the full width at half maximum, X is the
wavelength of the X-ray radiation, 6 is the angle of diffraction.
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Fig. 3 The XRD pattern of the prepared NiPh

The average grain size Dy is estimated to be 51.0 nm for the
NiPh prepared by the present experimental conditions. The
surface area of the NiPh powder formed by reflux method
was given by BET method. It was found that the formed parti-
cles had a specific surface area of 19.5 m?*/g. Additionally, the
total pore volume and the average pore size for the produced
nickel phosphate powdered were 7.0 x 10> cm®/g and 12.0 nm
respectively.

Electrochemical Characteristics of NiPh/GC

As obtained from the XRD data, the oxidation state of the
nickel phosphate (Ni3(PO,4),.8H,0) is in a divalent state. To
investigate the electrochemical activity, the electrochemical
pretreatment studies should be handled. These studies can be
achieved by running a potential cycling of the NiPh/GC in
alkaline solution (0.25 M KOH) in the range from —0.1 V to
0.7 V (Ag/AgCIKCI) at scan rate of 100 mV s . In the be-
ginning (first cycle) of the cyclic voltammogram, the CV
(CVs are not shown here) data did not show any peaks but
when more cycling has been done for the electrode at the same
potential range, a pair of peaks begun to appear in the range of
0.46 to 0.57 V (c.f. Fig. 4). Those peaks reveal that the peak
current for both anodic and cathodic sweeps increases with the
potential cycling. This procedure and the consequent appear-
ance of that redox peaks are obtained for all NiPh loadings.
Therefore, there is similarity in the CV responses obtained for
all loadings as shown in Fig.4. The different used loadings of
the NiPh are; (a) 1.59, (b) 3.18, (¢) 4.77, (d) 6.37, (¢) 7.96 mg
cm 2 (of the electrode surface area). It is shown in Fig. 4 that a
couple of peaks was obtained after cycle number ~ 75 at the
different loading values. The position of the peak potentials
fairly depends on the loading extent. For instance, at loading
of4.77 mg cm 2 (curve c), this couple of these peaks appear at
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Fig.4 CVresponses of NiPh/GC in blank 0.25 M KOH at different NiPh
loadings at scan rate of 100 mV s '. The different loadings are: a 1.59,
b3.18,¢4.77,d 6.37 and e 7.96 mg cm? (of the electrode surface area).
The inset shows the relation between 7, and the loading level
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0.57 V for the anodic sweep and at 0.46 V for the cathodic
sweep. These peaks can be assigned for the Ni (II)/Ni (III)
transform according to following equation

Ni3(PO4), + 30H — Ni3(OH);(PO;), + 3¢  (2)

This includes the invasion of the hydroxide ions to the
NiPh matrix during the potential cycling and formation of
Ni (IT) Ph (i.e., Ni3(POy4),) and Ni (III) Ph (i.e.,
Niz(OH)3(PO,),). During the potential cycling, the matrix is
gradually getting enriched with the Ni (II) Ph and Ni (III) Ph
species until it reaches constant surface concentration at cycle
number ~ 75. After reaching the saturation level, the diffusion
of'the OH ions into the phosphate matrix becomes a control-
ling factor and hence no further increase in the peak currents
was observed at higher loadings.

As the loading level increases, both the anodic and cathodic
peak currents increase up to loading level of 4.77 mg cm 2.
After that loading level, the data did not show any variations
in the CV responses. The inset of Fig. 4, for instance, shows a
relation between the anodic peak current, I, with the loadings.
It can be noticed that the peak current is increased to a certain
limit and then almost levels off with a constant value when the
loading of the catalyst goes above a value of 4.77 mg cm 2. It
may be concluded that a loading level of 4.77 mg cm 2 is
considered to be an optimum loading for this electrode at the
present experimental conditions and it will be used in the rest
of all studies of this work.

Figure 5a shows CV responses of the NiPh/GC in
0.25 M KOH at different potential scan rates using load-
ing of 4.77 mg cm 2. As the scan rate increases, the peak
current both in the anodic and cathodic sweeps increases. The
anodic peak potential shifts to more positive values and the
cathodic peak potential shifts to more negative values. This
result points to the quasi-reversible nature of the Ni (II)Ph/Ni
(IIDPh transformation. A plot of the peak current, Z, for both
anodic and cathodic peaks with the scan rate, v is shown in
Fig. 5b. A straight line is obtained in both cases. However,
lower obtainable current values were seen in the cathodic
peak. These results indicate that the redox transformation,
Ni(IDPh/Ni(IIT)Ph is a surface-confined process. The surface
concentration of the active NiPh species, I, was estimated
from the equation:

r=2 ()

where Q is the charge passed during the Ni (IT)/Ni (III) trans-
formation, n is the number of electrons and F is Faraday’s
constant. The quantity of charge, O was estimated by integra-
tion of the area under the anodic sweep at scan rate of 5 mV
s ! in Fig. 5a. This was estimated for the Ni (I)Ph/Ni (III) Ph
(n = 3, see Eq. 2). The value of I' was found to be
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1.73 x 10™* mmol cm 2 for the Ni (I)Ph/Ni (II) Ph at the
present loading level (4.77 mg cm™2). Thus the loading level
in mg cm ? can be obtained from the above value of I"using
the following formula:

Estimated loading (mg cm™) = I x M(NiPhayg) (4)

where M (NiPhy,,) is the average molar mass in g/mol for the

nickel species which was calculated as the average between
the Ni3(POy), and Niz(OH)3(PO,),. The loading level estimat-
ed from Eq. 4 is 0.045 mg cm 2. This value is less than the real
loading level (4.77 mg cm ?) and yet the percentage utiliza-
tion ([Estimated loading/real loading] % 100) is ~1.0%. This
value is a characteristic for the surface nature of the activation
process and indicative for low penetration extent. Also, it may
be concluded that the conversion of the NiPh to redox couple
is limited to some surface layers.

Electrocatalytic Oxidation of Glucose:

Figure 6 depicts CV responses for NiPh/GC in 0.25 M KOH
in the presence and absence of a 20 mM glucose solution at
scan rate of 20mV s . In the absence of glucose (curve a), the
CV data shows two peaks, the anodic peak appears at 0.52 V
but the cathodic peak occurs at 0.45 V. These peaks can be
assigned to the redox transforming of Ni (I)Ph/Ni (IIT) Ph as
discussed previously (see Eq. (2)). Where Ni (II) = Ni (III)
transform takes place in the anodic sweep, the Ni (IIT) => Ni
(ID) transform takes place in the cathodic sweep. On the other
hand in presence of glucose (curve b), the anodic current rises
dramatically and the anodic peak potential is observed at
~0.6 V. This peak is assigned for electrooxidation of glucose
at the present conditions. It is noticed that the cathodic peak of
the Ni (IIT) => Ni (1) transform (curve “b”, the reverse weep)
is extremely diminishes which may point to the electrocatalyt-
ic nature of the glucose oxidation. In the reverse sweep (see
arrows), another anodic peak in the reverse direction appears
at almost the same peak potential but with lower peak current.
This is due to further glucose oxidation on the regenerated
NiPh sites. Since the current of anodic glucose oxidation in
the reverse weep is lower than that in the forward sweep, it
may be concluded that the active sites were not fully recov-
ered. The disappearance of the cathodic peak suggests an ir-
reversible electrocatalytic oxidation of glucose [58, 59].
Analysis of the glucose oxidation on NiPh/GC electrode
can be achieved by collecting CV responses at various poten-
tial scan rates. Figure 7a depicts the CV responses of the NiPh/
GC in 0.25 M KOH containing 10 mM glucose at different
scan rates in the range from 5 to 400 mV s~ . It is noticed that
the peak potential of glucose oxidation shifts to more positive
values with the san rate. This may suggest kinetic limitation of
the glucose electrocatalytic oxidation on the NiPh/GC elec-
trode. In the presence of relatively high concentration of the



Electrocatalysis (2017) 8:340-350

345

ay
(9) 400 mV's™
20}
“.‘E 10+
o
<
g
< Of . E
Y
NN/
\
10} </
20 L L L L
0.2 0.0 0.2 0.4 0.6 0.8

E (V vs Ag/AgCl/KCl (sat))

Fig.5 aCVresponses of the NiPh/GC in blank 0.25 M KOH at different
potential scan rates in the range of 5 to 400 mV s™'. a 5, b 10, ¢ 20,
d 50, e 100, f 200 and g 400 mV s ' and b Plots of Iy and I

electrolyte (0.25 M KOH) with respect to the glucose oxida-
tion (10 mM), the positive shift in potential due to ohmic drop
can be excluded in this case. The anodic peak current, /, of
glucose oxidation increases with the scan rate and the cathodic
peak diminishes compared to the CV response in the blank
(see Fig. 6). However, the degree of disappearance of the
cathodic peak depends on the scan rate. As the scan rate in-
creases the cathodic peak becomes more obvious and yet
some of the Ni (III) Ph sites are not consumed at the high scan
rates. A plot of the peak potential, £, with the logarithm of the
scan rate, v is shown in Fig. 7b. The plot demonstrates a
straight line and can be fitted with the following equation;

[60, 61]
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KOH containing 20 mM Glucose b at scan rate of 20 mV s~
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against the scan rate, v (the data are extracted from Fig. 5a). (®) is
the anodic and (o) is the cathodic branch

where K is a constant given by:

an,FD
0.78 +1.15 lo —_—r = 6
* g ( K*RT )] (6)

K =E°
+ 2an, F

The parameters in the above equations are defined as fol-
lows: o is the charge transfer coefficient, n, is the number of
electrons evolved in the rate determining step, £° is the stan-
dard electrode potential, k is the heterogeneous rate constant
and D is the diffusion coefficient. The straight line shown in
Fig. 7b gives a slope of 0.055 V and from which the value of
an, is found to be 0.566. This value is closer to the values
found in literatures for which system at similar conditions [62].

Figure 7c illustrates the relation between 1, for glucose
oxidation with the square root of the scan rate, v. The values
of I, were extracted from the CVs in Fig. 7a. The RSD values
of range from 2 to 3% are obtained which points to good
reproducibility (see the Experimental section). A straight line
is obtained in Fig. 7¢ (R? = 0.997). This can lead to a conclu-
sion that glucose oxidation on the NiPh/GC is diffusion-
controlled and consequently Randles-Sevcik equation can be
applied for diffusion-controlled totally irreversible process
(Eq. (7)) [63, 64]:

1

FD 0.5
, :0.4961an<0‘”” ) ACLS (7)

RT

where 7 is the total number of electrons (n = 2) [15], A is the
surface area of the working electrode, D is the diffusion coef-
ficient of glucose C is the bulk concentration of glucose and v
is the potential scan rate. Also, F'is the Faraday’s constant, R is
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the gas constant and 7 is the absolute temperature. From the
slope of the obtained straight line in Fig. 7c, the diffusion
coefficient was found to be 8.5 x 10® cm? s . The literature
value is 6.7 x 10 cm” s~ and hence the value of D obtained
from this work is comparable to those obtained in literatures
[65, 66]. Further analysis of the data in Fig. 7a may give us an
insight into glucose oxidation process. This was done by plot-
ting Ip.v’o's with the scan rate as shown in Fig. 7d. The curve
demonstrates the characteristics profile of typical electrocatalyst
regeneration mechanism. Then it is possible to say that the
catalyst regeneration mechanism of the electrocatalytic oxida-
tion of glucose performed in this work is in accordance with
those in literature for Ni (I)/Ni (II)-based catalyst [67].
Figure 8a represents CVs of NiPh/GC at different glucose
concentrations with a scan rate of 20 mV s™'. The figure
shows that there is a limiting correlation between the peak
current of glucose oxidation and its concentration. As the
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potential, £, and logarithm of the scan rate, log v, ¢ Anodic peak current,
I, with %3 The uncertainty bars show the standard deviation and d the
relation between 1, v*3 with the scan rate, v

glucose concentration increases to a certain limit, the peak
current of the glucose oxidation increases in a manner depends
on the range of the glucose concentration. The data also shows
that the increase in the peak current at [glucose] > 40 mM is
not significant although the [glucose] is increased to its dou-
bled value (i.e., from 40 mM to 80 mM). A plot of the I, of
glucose oxidation with the [glucose] is given in Fig. 8b. The
peak current increases linearly with the [glucose] up to
concentration < 20 mM before it deviates from this linearity
at [glucose] > 20 mM. Also, a lower sensitivity of the peak
current with the glucose concentration is observed at
[glucose] > 20 mM. It may be concluded that the glucose
oxidation at [glucose] < 20 mM proceed under a diffusion-
controlled regime. However, at higher glucose concentrations,
the peak current tends to have different mode indicating a
limitation in the kinetics of the glucose oxidation process
[68]. That deviation can be explained as follows. Glucose in
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Fig. 8 CV responses of NiPh/GC in 0.25 M KOH containing different

glucose concentrations at scan rate of 20 mV s'.a2,b5,¢10,d20,e40
and f 80 mM glucose. The inset shows the relation between 1, of glucose

alkaline solution spontaneously isomerizes mainly to fructose.
The latter is known to have lower performance than glucose
[69]. Also, the role of the poisoning intermediates cannot be
excluded [70]. Moreover, as the hydroxide ions, OH has an
essential role in electrooxidation of small organic molecules
[71]; it is of obvious reason to attain some free fraction of the
electrode surface for OH adsorption. At this high glucose
concentration ([glucose] > 20 mM), the glucose is considered
to be a competitive adsorbate with the OH  ions and hence this
competitive adsorption of glucose plays an essential negative
role [72].

Stability of an electrocatalyst towards electrochemical ox-
idation of organic molecules is an essential issue to be ad-
dressed for possible use in fuel cells and biochemical sensors.
Fig. 9a shows current-time relation (/-f) of NiPh/GC in 0.25 M
KOH containing 20 mM glucose at £ = 0.6 V. As the curve
demonstrates an initial increase of the current due to initial
activation of the electrode is followed by a decrease to stable
currents. This result denotes continuous enhancement of the
glucose oxidation at a considerably long duration of
~1.0 h. This result demonstrates considerable stability of the
NiPh/GC towards glucose electrooxidation at the present ex-
perimental conditions.

The data presented here is a first trial for using nickel phos-
phate (NiPh) (and maybe for nickel inorganic salt) as an
electrocatalyst for glucose from alkaline electrolyte. Also, it
is evident from the results of this work and others that the
electrooxidation of small organic molecules follows catalyst-
regeneration mechanism. Generally, NiPh is bearing redox
properties only after potential cycling in the alkaline KOH
solution. Where the production of the Ni (II) Ph and Ni (III)
Ph is a vital evident from the characteristics CVs (Fig. 5). The

Ip (mA)

0.6

05

0.1 L L L L

0 20 40 60 80 100
[Glucose] (mM)

oxidation with the glucose concentration, [glucose]. The uncertainty bars
show the standard deviation

enrichment of the nickel phosphate matrix offering consider-
able concentration of the redox species Ni (II) and Ni (III)
which was enough for electrocatalytic oxidation of glucose
under the prevailing conditions. Catalyst-regeneration mech-
anism for glucose oxidation may be written as: [72, 73]

2Ni(II) + 60H —2Ni(IIT) (OH), + 6¢” (8)
2Ni(III)(OH), + 3 Glucose—2Ni(II) + 3 gluconolactone + 60H~
©)

The above conversion of glucose to gluconolactone may be
proved by plotting Cottrell equation which is given by;

I=nFA D"Cr %03 (10)

Where 7 is the number of electrons needed for the conver-
sion of one molecule of glucose and the ¢ is the time in seconds
(s) and the rest of parameters has the same meanings as in
Eq. (7). Figure 9b shows the chronoamperometric curve of
glucose oxidation on the NiPh/GC electrode from 0.25 M
KOH containing 20 mM of glucose at £ = 0.6 V. The onset
shows a plot of the current, / with %5, The plot reveals a
straight line (R%=0.995). From the slope of'that line, the value
of n was found to be 2.23 (~ 2.0). This means that one mole-
cule of glucose needs two electron to be converted to
gluconolactone which may be an evidence of that conversion.
The above results are in agreement with several literatures [see
for instance [73, 74]].

It may be concluded that glucose molecule combine with
oxidation state (Ni (IIT)) (higher oxidation states) converting
them to Ni (IT) (lower oxidation states). The latter (Ni (II)) is
re-oxidized to give again the higher oxidation state (Ni (IIT)

@ Springer
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Fig. 9 a -t curve for glucose electrooxidation on NiPh/GC in 0.25 M KOH containing 20 mM glucose and b Chronoamperometric curve and the inset
shows the I-r* plot for glucose oxidation from 0.25 M KOH containing 20 mM glucose at E = 0.6 V

due to the existing high anodic potential. Consequently, in the
reverse sweep (see Fig. 6), the catalytically active Ni (III)
further oxidizes glucose and be reduced to Ni (II).
Meanwhile, glucose is chemically oxidized to products. The
inactive Ni (II) will be electrochemically oxidized to Ni (III)
due to the prevailing high oxidation potential and thus
regenerating the catalyst for further oxidation of glucose mol-
ecules. The results shown so far demonstrate electrocatalytic
activity of the NiPh/GC for glucose oxidation. However, a
comparison with the current used catalysts for the same pur-
pose is presented here. The peak current and peak potential in
the present work was compared with some literatures values at
similar conditions. It was found that our values are better than
those for; Ni (OH),/Zeolite/GC [74], CuO/NiO/FTO [75], Ni
(OH),/ITO [76], Ni (OH),/Chitosan/GC [77], Ni-Co/GO/
GC [78], porous-NiO/Ni [79], GO/NiO/GC [80], NiO,/GC
[81], CuO/Cu [82], NIO/MWCNT/GC [53], Cu/ZnO [83] and
Cu (nanowires)/GC [84]. Meanwhile, our values are equal
or less than those for; Ni/GC [72], Ni(Il)-quercetin/
MWCNT [68], NiOx (sol-gel)/GC [15], Au/GC [8S5,
86] and Pt/GC [87, 88]. The present study shows that the
(NiPh/GC) was found to be superior to many electrodes and it
is normal to have less performance compared to master
electrocatalysts such as Pt and Au. The above electrocatalytic
activity of NiPh/GC may be correlated to the high
adsorbability of the phosphate ions, POi_ to the small organic
compounds [89] and better stability of the Ni (II)/Ni(IlI) active
sites due to the backbone of the phosphate structure [33]
which are advantages for using NiPh as an electrocatalyst.
The present work introduces a new catalyst (NiPh) for oxida-
tion of glucose (important catalytic reaction in fuel cells and
biosensors) and it may present a valuable contribution to the
electrocatalysis field.

@ Springer

Conclusions

Nickel phosphate was produced by a reflux-based route and
characterized by different techniques including: field emission
scanning electron microscopy (FE-SEM), X-ray diffraction
(XRD) and FTIR spectroscopy. According to the above mea-
surements, the obtained phase structure for NiPh particles is
Niz(PO,4),.8H,0 with a needle-like morphology with average
particle dimensions of 200 x 800 nm. The modified electrode
NiPh/GC was characterized by cyclic voltammetry.
Electrochemical Activation of the NiPh/GC was achieved in
0.25 M KOH by using potential cycling. The salt, NiPh is
bearing redox couple (Ni (I[)/Ni (IIT)) only after the above
activation method. Electrocatalytic oxidation of glucose was
reported for the first time on NiPh/GC and the modified elec-
trode showed high activity under the present experimental
conditions. The glucose oxidation process was analyzed and
important transport and kinetic parameters were extracted.
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