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Comparison of electrocatalytic activity for glucose
electrooxidation of gold nanoparticles fabricated by

different methods
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In this study, the gold nanoparticles (AuNPs) without carbon support
were prepared using the well-known citrate reduction method. The car-
bon supported AuNPs nanocomposites were fabricated by two different
approaches: chemical adsorption of AuNPs from the prepared citrate
stabilized AuNP colloidal solution on the carbon powder surface and
one-pot microwave-assisted synthesis. The nanocomposites were char-
acterized using scanning electron microscopy (SEM) and inductively
coupled plasma optical emission spectroscopy (ICP-OES). The electro-
catalytic activity of the prepared catalysts was evaluated for the elec-
trooxidation of glucose in an alkaline media using cyclic voltammetry.

The highest electrocatalytic activity was observed for the catalyst
of carbon supported Au nanoparticles prepared by microwave-assisted
synthesis, followed by the catalyst of carbon supported Au nanoparti-
cles prepared by means of the adsorption method, whereas the pure Au
nanoparticles without carbon support exhibited the lowest electrocata-
lytic properties for glucose electrooxidation.

Keywords: gold, nanoparticles, microwave synthesis, glucose,
electrooxidation

INTRODUCTION

tion, high stability, their shape and size-dependent
catalytic activity. Furthermore, AuNPs have been

Since the ancient times, colloidal gold or the gold
nanoparticles (AuNPs) have been used especially
by the Romans in the field of glass staining [EI].
Moreover, the gold nanoparticles have attracted
a considerable attention for many years in chem-
istry, biology and medicine due to their oxide-free
surface, bioconjugation properties, good biocom-
patibility, and unique optical properties [E]. They
are the one of the well-studied building blocks in
nanotechnology because of their ease of prepara-
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extensively used in various applications such as
catalysis [@], electromcs H], nanoblotechnolo—
gy [], biomedicine [P , E,E and sensors [ l l
The catalytic properties of Au nanopartlcles
for the oxidation of glucose should be understood
due to the interest not only in the development of
glucose sensors for monitoring diabetes and food
industry use, but also for the development of bio-
logical direct glucose fuel cells (DGFCs) [].
Glucose is an easily available, cheap and non-toxic
biofuel. It is produced in abundance from both
naturally occurring plants and industrial processes.
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Theoretically, glucose can be completely oxidized
to carbon dioxide and water, releasing 24 electrons
per molecule of glucose []. The corresponding
reaction is given in Eq. (1):

CH, O, +240H > 6CO, + 18H,0 + 24e~. (1)

However, the completion of reaction is rare
and unlikely. The transfer of two electrons per
molecule of glucose has not yet been realized.
Up to date, only partial oxidation of glucose has
been achieved, furthermore, the initial step in-
volves breaking a C-H bond producing glucon-
ic acid. Electrooxidation of glucose to gluconic
acid yields only two electrons per molecule of
glucose. The corresponding reaction is given in

Eq. (2) [1.3:

CH O +20H >CH O

6712 76 6712 77

+HO+2e. (2

The electrocatalytic oxidation of glucose has
been studied extensively []. It has been de-
termined that gold shows an excellent analytical
performance for the direct oxidation of glucose.
Gold is an attractive metal for the oxidation of
glucose, because its oxidation potential in both
alkaline and neutral solutions is more nega-
tive compared to that of the other metals [@
@]. The formation of catalytically active sites
Au-OH_, is the most important step for the glu-
cose oxidation reaction (GOR). On the other hand,
the generation of an oxide precursor in the po-
tential region prior to gold oxide formation is an
important characteristic of Au electrodes, which
plays a key role in enhancing the catalytic activity
of Au in alkaline solutions [@, ]. It has been
found that nanoporous gold exhibited a much bet-
ter electrocatalytic activity for GOR in neutral and
alkaline solutions as compared to bulk gold due to
both its rough surface morphology and the avail-
ability for OH™ adsorption []. The good electro-
catalytic activity of AuNPs supported on carbon or
graphene for GOR was ascribed to the synergistic
effect of carbon, graphene or reduced graphene
oxide and AuNPs [lﬁ, @, @]. The high density
and well-distributed AuNPs on the surface of car-
bon or graphene would induce more active sites
for the catalytic redox reaction.

Various methods of AuNPs synthesis using
the chemical, irradiation, sonochemical or photo-

>

chemical methods as well as their application in
different research areas have been reported and
reviewed [30-39]. The most common chemical
route for the preparation of AuNPs is chemical re-
duction of a suitable gold precursor, for example,
HAuCl,, with the reducing agents, such as organic
acids, sugars, aldehydes, alcohols, block-copol-
ymers and other strong reducing agents - sodi-
um borohydride and hydrazine [.@]. Among
the conventional methods of chemical synthe-
sis of colloidal gold, the Turkevich procedure is
highly utilized due to the simplicity and ease of
synthesis, controllable size and stability of colloi-
dal nanoparticles [, ]. In this study,
the AuNPs were prepared using the citrate re-
duction method. For fabrication of the carbon
supported AuNPs nanocomposites two differ-
ent approaches were used: chemical adsorption
of AuNPs from the prepared citrate stabilized
AuNP colloidal solution on the carbon powder
surface and one-pot microwave-assisted synthe-
sis. The nanocomposites were characterized using
scanning electron microscopy (SEM) and induc-
tively coupled plasma optical emission spectros-
copy (ICP-OES). The electrocatalytic properties of
the prepared catalysts were evaluated for the oxi-
dation of glucose in an alkaline media using cyclic
voltammetry.

EXPERIMENTAL

Chemicals

HAuCl, - 3H,0 (gold(III) chloride trihydrate,
99.9%), Na,C H,O, - 2H,O (trisodium citrate di-
hydrate, 99.9%), CH O, - HO (D-(+)-glucose,
99.5%), graphite powder (99.9995%) were pur-
chased from Alfa-Aesar and Sigma-Aldrich sup-
pliers and used as received without further purifi-
cation. H SO, (96%), NaOH (98.8%) and ethanol
(96%) were purchased from Chempur Company.
Nafion (5 wt.%, D521, 1100 EW) was purchased
from Ion Power Inc. Ultra-pure water with the re-
sistivity of 18.2 MQ cm™ was used to prepare all
the solutions. All the reagents used were of ana-
lytical grade.

Fabrication of catalysts

AuNPs were prepared by the citrate reduction
method. HAuCl, and trisodium citrate were
used as a gold precursor and a reducing agent,
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respectively. Briefly, 2 ml of 0.01 M HAuClI, was
added into 17 ml of deionized water and boiled.
Then, 1 ml of 0.1 M trisodium citrate was added
into the gold precursor solution at 90°C temper-
ature. The solution was stirred at the same tem-
perature until its colour changed from light blue
via pink to cherry red. Additionally, the solution
was boiled for 15 min. After that, the solution was
cooled down to room temperature. The obtained
citrate stabilized AuNP colloidal solution was used
for the deposition of AuNPs on the glassy carbon
electrode. The prepared catalyst was termed as
AuNPs.

AuNPs supported carbon powder catalysts were
prepared by two different approaches: chemical
adsorption of AuNPs from the prepared citrate
stabilized AuNP colloidal solution on the carbon
powder surface and one-pot microwave-assisted
synthesis. In the first case, 100 mg of carbon pow-
der was added into the prepared citrate stabilized
AuNP colloidal solution (20 ml) at room tempera-
ture and stirred for 1 h. The obtained precipitates
were filtered, washed with ultra-pure water and
dried in a vacuum oven at 80°C temperature for 2 h.
The prepared catalyst was termed as AuNPs/C_,.
In another case, the reaction mixture (20 ml) con-
taining 100 mg of carbon powder, 2 ml of 0.01 M
HAuCl, and 1 ml of 0.1 M trisodium citrate was
thoroughly mixed and put into a microwave reac-
tor Monowave 300 (Anton Paar). The synthesis of
the AuNPs supported carbon powder was carried
out at 90°C temperature for 7 min. After the prepa-
ration, the synthesized catalyst was washed with
ultra-pure water, then filtered and dried in a vacu-
um oven at 80°C temperature for 2 h. The prepared
catalyst was termed as AuNPs/C .

Characterization of catalysts
The surface morphology and composition of
the prepared catalysts were examined using a SEM/
FIB workstation HeliosNanolab 650 with an energy
dispersive X-ray (EDX) spectrometer INCA Ener-
gy 350 X-Max 20.

The Au metal loading in the prepared catalysts
was estimated using an ICP optical emission spec-
trometer Optima 7000 DV (Perkin Elmer).

Electrochemical measurements
The measurements of glucose electrooxidation
were performed with a Zennium electrochemi-

cal workstation using a conventional three-elec-
trode cell. The working electrode was a thin layer
of the prepared AuNPs, AuNPs/C_, and AuNPs/
C,, catalysts cast on a glassy carbon (GC) elec-
trode with a geometric area of 0.07 cm?. A Pt wire
was used as a counter electrode and an Ag/AgCl/
KCI (3 M KCl) electrode was used as a reference.
The layers of the AuNPs/C_, and AuNPs/C
catalysts were obtained according to the follow-
ing steps: at first, 10 mg of the prepared catalysts
were dispersed ultrasonically for 1 h in a solution
containing 25 pl Nafion and 75 pl H,O to produce
a homogeneous slurry. Then, 5 pl of the prepared
suspension mixture was pipetted onto the pol-
ished surface of the glassy carbon electrode and
dried in a vacuum oven at 80°C for 2 h. In the case
of the AuNPs catalyst, 5 pl of the citrate stabi-
lized AuNP colloidal solution was pipetted onto
the glassy carbon electrode and dried in the vacu-
um oven at 80°C temperature for 2 h.

Before each measurement, the AuNPs/GC,
AuNPs/C_, /GC and AuNPs/C,, /GC electrodes
were activated and stabilized in a deaerated 0.5 M
H,SO, solution at a scan rate of 100 mV s™' between
0.1 and 1.6 V until stable cyclic voltammograms
(CVs) were observed. The electrode potential was
quoted versus the standard hydrogen electrode
(SHE). The electrochemically active surface areas
(ESAs) of AuNPs in the catalysts were determined
by recording CVs in the deaerated 0.5 M H_SO,
solution at a scan rate of 100 mV s™ and calculat-
ing the charge under the Au surface oxide reduc-
tion peak (Q) in the CVs according to Eq. (3):

ESA (cm?) = Q (uC)/400 (uC cm™). (3)

Here 400 pC cm™ is the charge required for the re-
duction of the Au oxide monolayer [@]. ESA val-
ues expressed in terms of m* g-' were calculated ac-
cording to Eq. (4):

ESA (m?g™) = Q/m x 400. (4)

Here m represents the loading amount of Au in
the electrode (mg).

Then, CVs were recorded on the AuNPs/
GC, AuNPs/C_/GC and AuNPs/C  /GC in
a background 0.1 M NaOH solution and that con-
taining 0.1 M glucose at a scan rate of 50 mV s
between —0.7 and 0.7 V at 25°C temperature. All
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solutions were deaerated by argon (Ar) for 15 min
prior to measurements. The presented current
density values were normalized with respect to
the geometric area of catalysts.

RESULTS AND DISCUSSION

The electrocatalytic oxidation of glucose was in-
vestigated on the pure AuNPs and AuNPs sup-
ported carbon catalysts. The AuNPs were ob-
tained from the citrate-stabilized AuNPs colloidal

solution. AuNPs supported carbon catalysts were
prepared by two different approaches: chemical
adsorption of AuNPs from the prepared citrate-
stabilized AuNP colloidal solution on the carbon
powder surface and one-pot microwave-assisted
synthesis. The morphology and size of Au NPs
were characterized using scanning electron mi-
croscopy. Figure EI shows the SEM images for
the AuNPs (a, @), AuNPs/C , (b, b’) and AuNPs/
C,w (¢, ©) catalysts under different magnification.
The SEM image of Au nanoparticles obtained from
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Fig. 1. SEM images of AuNPs (a, a'), AuNPs/C__ (b, b’) and AuNPs/C,, , (¢, ') under different magnification
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the citrate-stabilized AuNP colloidal solution
(Fig. a, a’) shows that the deposited Au nanopar-
ticles were spherical in shape and homogeneously
distributed. The size of the AuNPs was found to be
ca. 14-15 nm (Fig. a, a). When the carbon sup-
ported AuNPs catalyst was prepared by chemi-
cal adsorption from the citrate-stabilized AuNPs
colloidal solution (AuNPs/C_) (Fig. [lb, b),
the Au nanoparticles sized of approximately 15-
17 nm were deposited on the carbon surface. In
the case of the carbon supported AuNPs catalyst
obtained by microwave synthesis (AuNPs/C,, )
(Fig. Ic C’), the smaller AuNPs in size of ap-
proximately 7-12 nm were deposited on the car-
bon surface. The use of microwave synthesis for
the preparation of the carbon supported AuNPs
catalysts results in the obtaining smaller Au NPs
as compared with those obtained from the citrate-
stabilized AuNPs colloidal solution by adsorption.
It should be noted that the use of rapid irradiation
heating, which is eco-friendly and energy preserv-
ing, allows not only to shorten the reaction dura-
tion in minutes instead of hours, but also to obtain
smaller Au nanoparticles due to the faster kinet-
ics of crystallization and nucleation. Although
the smaller Au NPs were obtained using micro-
wave synthesis, negligible agglomeration of Au
NPs is seen (Fig. c, c).

The results of ICP-OES analysis of the pre-
pared catalysts show that the AuNPs, AuNPs/
C,, and AuNPs/C = catalysts were prepared
with the Au loadings corresponding to 23, 67 and
65 pg, cm™ The electrochemically active sur-
face areas of the AuNPs, AuNPs/C_, and AuNPs/
C,, catalysts were determined from the CVs re-
corded in a deaerated 0.5 M H ,SO, solution at
a scan rate of 100 mV s (Fig. ) The CV profiles
of the AuNPs/GC, AuNPs/C_, /GC and AuNPs/
C,w/GC catalysts show the usual characteristics
of Au oxide formation and reduction. The ESAs
were calculated by the charge associated with
the Au oxide reduction (400 uC cm™ for a mon-
olayer) [@]. The summarized data are given in
the [Tabld. ESAs are 0.03, 0.34 and 0.42 cm? for
the AuNPs/GC, AuNPs/C_, /GC and AuNPs/C /
GC catalysts, respectively. The specific activity
for the AuNPs/GC, AuNPs/C_, /GC and AuNPs/
C,;w/GC catalysts corresponded to 1.9, 7.2 and
9.2 m* g''. The results show that the ESAs values
of the carbon supported AuNPs catalysts prepared

—— AuNPs/C,,/GC
—— AuNPs/Cy,/GC
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<
S
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Fig. 2. (Vs of the AuNPs/GC (1), AuNPs/C, /GC (2) and AuNPs/C,, /GC
(3) catalysts recorded in 0.5 M H,50, at 100 mV s~

by chemical adsorption from the citrate-stabilized
AuNPs colloidal solution and microwave synthe-
sis are approximately 11 and 14 times higher than
those of the pure AuNPs catalyst.

Table. Electrochemically active areas of the Au surface of the pre-
pared catalysts determined from CVs recorded in 0.5 M H,SO, at
100 mV s™. The Au loadings were estimated from ICP-OES measure-
ments

(atalyst ESA, am* | ESA, m’g™ Auu:):;i_l:g,
AuNPs/GC 0.03 1.9 23
AuNPs/C,,/GC 0.34 7.2 67
AuNPs/C,,,/GC 0.42 9.2 65

Figure H shows the stabilized CVs (10th cy-
cles) for the AuNPs/GC (a), AuNPs/C_, /GC (b)
and AuNPs/C  /GC (c) catalysts recorded in
a 0.1 M NaOH solution (a dashed line) and that
containing 0.1 M glucose at 25°C temperature at
a scan rate of 50 mV s™'. During the forward scan,
the well-defined anodic and cathodic peaks are
seen in the CVs. In the case of the carbon support-
ed AuNPs catalysts, two well-distinguished anod-
ic peaks - one at lower potential values labelled as
peak A1 and another one at more positive poten-
tial values labelled as peak A2 (Fig. Hb, c) — are re-
corded. Notably, only one anodic peak A2 at more
positive potential values is observed on the pure
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Fig. 3. CVs (10th cycles) of the AuNPs/GC (a), AuNPs/C , /GC (b) and
AuNPs/C, /GC () catalysts recorded in 0.1 M NaOH + 0.1 M glucose
at 50 mV 5. The dashed lines represent CVs of the same catalysts re-
corded in the background 0.1 M NaOH solution

AuNPs catalyst (Fig. Ha). It is clearly seen that
the oxidation of glucose on the carbon sup-
ported AuNPs catalysts is a potential-dependent
process. According to the data already reported
by other authors [g@ @], anodic peaks Al
and A2 may be related to the oxidation of glu-
cose and the further oxidation of gluconolactone
generated during the first oxidation peak Al

> >

(Fig. Hb, c), respectively. As seen from the data
presented in Fig. @, in all cases the glucose oxida-
tion current densities under the potential values
of anodic peak A2 corresponding to the oxida-
tion of gluconolactone are higher as compared to
those recorded under peak Al corresponding to
the oxidation of glucose. However, it was report-
ed that the formation of catalytically active sites
Au-OH , is the most important step for
GOR [ﬁ]. The generation of an oxide precursor
in the potential region prior to gold oxide forma-
tion plays a key role in enhancing the catalytic
activity of Au in an alkaline media. At negative
potentials before the potential region of anod-
ic peak Al, the availability of Au-OH_,_ sites is
limited for the oxidation of glucose, so the first
anodic peak A1l in positive potentials may be as-
sociated with the first step of glucose oxidation,
because of the greater availability of Au-OH ,
sites on the surface as described in Ref. [R9].
Therefore, the first anodic peak Al located at 0 V
for the AuNPs/GC (a), AuNPs/C_,/GC (b) and
AuNPs/C,, /GC (c) catalysts is related to the ad-
sorption of glucose on the Au surface. Moreover,
the current generated for this peak is highest for
the AuNPs/C,, /GC catalyst with the value of
5.33 mA cm™ and it is three times higher than
AuNPs/C_, /GC (1.62 mA cm™) and 57 times
higher than AuNPs/GC (0.094 mA cm™) (Fig. H).
During the second anodic peak A2 located be-
tween 0.40 and 0.56 V, the adsorbed glucose
is oxidized to gluconolactone [@] generating
9.65 mA cm current for AuNPs/C_, /GC, where-
as for AuNPs/C,, /GC it is 10.44 mA cm™, and
for AuNPs/GC the current is 1.65 mA cm™. Fur-
thermore, in the backward scan, sharp cathodic
peaks B observed at potentials of 0.375, 0.513
and 0.582 V belonging to AuNPs/GC, AuNPs/
C,,/GC and AuNPs/C, /GC, respectively, may
be attributed to the second oxidation of glucose,
generating two electrons [@] (Fig. H).

Figure { presents the positive-potential going
scans recorded on the investigated catalysts. As
evident, the current generated for anodic peak
Al at a potential value of 0 V is approximately 17
and 57 times higher for the AuNPs/C_, /GC and
AuNPs/C, /GC catalysts, respectively, as com-
pared to that of the pure AuNPs catalyst. The cur-
rent densities at the electrode potential value
of 0.4 V (peak A2) for the AuNPs/C , /GC and
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Fig. 4. Stabilized positive-potential going scans (10th cycles) of
the AuNPs/GC (1), AuNPs/C , /GC (2) and AuNPs/C, /GC (3) catalysts
recorded in 0.1 M NaOH + 0.1 M glucose at 50 mV s~

AuNPs/C,  /GC catalysts are approximately 4.3
and 6.2, respectively, times higher than those for
the pure AuNPs/GC catalyst. Moreover, the car-
bon supported AuNPs catalyst prepared by micro-
wave synthesis (AuNPs/C  /GC) shows the high-
est electrocatalytic activity for glucose oxidation
as compared with the pure AuNPs/GC catalyst
and the carbon supported AuNPs catalyst pre-
pared from the citrate-stabilized AuNPs colloidal
solution by adsorption (AuNPs/C_, /GC).

It should be noted that the oxidation of glu-
cose on the carbon supported AuNPs catalysts
occurs at more negative potential values as com-
pared to that for pure AuNPs. These results indi-
cate that the carbon supported AuNPs catalysts
have a higher electrocatalytic activity for glucose
oxidation than the pure AuNPs catalyst. Further-
more, the higher activity of the AuNPs/C catalysts
for GOR is related with the synergistic effect be-
tween carbon and AuNPs and the availability for
OH" adsorption.

From the practical point of view, it is of consid-
erable attention to compare the values of mass ac-
tivity (MA) of the oxidation of glucose for the cat-
alysts studied. To represent the MA of the AuNPs
and the carbon supported AuNPs catalysts, glucose
oxidation current densities at the potential values
of both anodic peaks A1 and A2 were normal-
ized by the Au loadings for each catalyst (Fig. E).
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Fig. 5. Bar columns of the mass activity towards glucose oxidation
for the AuNPs/GC, AuNPs/C , /GC and AuNPs/C, /GC catalysts at
the potentials of anodic peak A1 (a) and A2 (b) recorded in 0.1 M
NaOH + 0.1 M glucose at 50 mV s

It is clearly seen that the highest mass activity for
glucose oxidation under both anodic peaks Al
and A2 is shown by the AuNPs/C /GC cata-
lyst followed by AuNPs/C_,/GC and AuNPs/GC
(Fig. E). Notably, both carbon supported AuNPs
catalysts significantly outperformed the pure
AuNPs catalyst. Moreover, the mass activity under
anodic peak A1 (Fig. Ea) is approximately 5.9 and
20.1 times higher at AuNPs/C_, /GC and AuNPs/
C,w/GC, respectively, than that of AuNPs/GC,
whereas the mass activity under anodic peak A2
(Fig. Eb) is approximately 1.5 and 2.2 times higher
at AuNPs/C_,/GC and AuNPs/C, /GC, respec-
tively, as compared to that of the pure AuNPs/GC
catalyst. These results demonstrate the improved
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electrocatalytic activity of the carbon supported
AuNPs catalysts.

CONCLUSIONS

In summary, the oxidation of glucose was exam-
ined in an alkaline media using the carbon sup-
ported AuNPs nanocomposites prepared by two
different approaches: chemical adsorption of
AuNPs from the prepared citrate stabilized AuNP
colloidal solution on the carbon powder sur-
face and one-pot microwave-assisted synthesis.
The electrocatalytic activity of those catalysts for
the oxidation of glucose was compared with that
of AuNPs prepared by the citrate reduction meth-
od. The electrocatalytic measurements demon-
strate the enhanced electrocatalytic performance
of the carbon supported Au nanoparticles for glu-
cose oxidation, compared with that of the pure
Au nanoparticles. The catalyst of the carbon sup-
ported Au nanoparticles prepared by microwave-
assisted synthesis shows the highest activity for
glucose electrooxidation.
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