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In this work, reduced graphe oxide (rGO) supported biocatalyst of NiO/CuO nanocomposites were
prepared on glassy carbon electrode (G@&pugh a facile and direct electrdhemical method.
Scanning electron microscopgnergy dispersive Xay spectroscopy (EDXand electrochemical
techniqueswere used tocharacterizethe obtained modified electrodén alkaline solution the
NiO/CuO/rGO nanocomposites exhibited superior electrocatghgitormanceto glucose oxidation
compared to monometallic oxide counterparts of NiO/rGO and G/ he influences of NaOH
concentration duration time for electrodeposition, andpplied potential on the amperometric
responses of glucose were optimized. Under optimal conditions, the amperometric sensor
demonstrated the wide linear range n§1-4.85 mM), high sensitivity (1046mM™ cm?), low
detection limit (0.5 M) and good selectivity to glucose determination.
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1. INTRODUCTION

Glucose biosensor has gained sakeéocus for decades {4], not only due to the rising
demands for blood glucose detection but asportantfor control of bioprocess and pharmaceutical
analysis. Thenzyme based electrochemibasensorswhich werepioneered by Clark and Lyons [5]
are often used for glucose sensg. However, these enzyme based sensors involve several
disadvantagesincluding the high price of enzymes,complex immobilization proceses and poor
stability [6-8]. To overcome such limitationgreat efforts have been famd ondevelopng enzyme
freeglucose biosensors.

Recenly, various materials, such asble metals (Pd, Pt, Au) {81], metal alloys [12,13] and
oxides (NiO, CuO, Cg,;, CwO) [14-18] have been widely useds electrodemodifications for
enzymefree glucoe sensing Unfortunately, noble metals including Pt and Au often suffer from
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sluggish kinetics for glucose oxidation, and theirfaces are easily poisoned bysorbed Cland
intermediatesTherefore, retal oxides arattracting growing interesh practcal enzymefree glucose
biosensorghanksto their low costandresourceful features. Especially, when two different metals or
their oxides were integrated together to form a novel binary electrocatalyst, such a@dNi@{19],
CwO/NiOx [20] and NiCo manostructures [21], it is reported that their electrocatalytic activities and
antrinterference abilities for glucose electrooxidation were significantly enhanced compared to their
monometallic counterparts. In this work, biocatalyst of Cu and Ni oxidesdeaerved a special
attention.Due to their facile synthesis, high electrocatalytic activity aptbminent redox properties

they have potential fapplication inenzymefree glucose sensing.

For improving the catalyticactivity of these metal oxidesariouscarbon materials were often
used as support matrix to promote the charge transfer [14;28]2@raphene, atypical two
dimensionalcarbon materialis commonly used focatalyst support due to its uniggguctureand
outstandingelectricalcondudivity [23,24]. In recent yearsgrowing interesof researches have been
committed to the design of novel functional materials incorporated with graphene to eémprov
electrochemical performancesSeveral graphene supported catalyst nanocomposites, ngludi
graphene/metal or metal oxide [25], graphene/prussian blue [26], graphene/quantum dots [27], and
graphene/conducting polymers [28] have been reported.

We prepared reduced graphene oxide (rGO) supported binary catalyst of NiO/CuO
nanocomposites by scang the potential of the GO modified electrode in deposition solutions
involved with NiSQ and CuSQ at a constant cathodic potential. In this process, nickel and copper
ions were first reduced to metallic state, forming Ni/Cu along the surface of GOteéBienusly, GO
was reduced to rGO at this cathodic potential. Then, the resultant electrode was scanned in NaOF
solution by cyclic voltammetry (CV) to oxide metallic Ni/Cu and thus NiO/CuO/rGO modified
electrode was obtained. The electrocataly#efgrmartes of thepresentNiO/CuO/rGO modified
electrodefor oxidation of glucose werdnvestigated It was found that the developethzymefree
glucose sensdrave wide linear range, low detection limit, high sensitivity and acceptable selectivity

2. EXPERIMENTAL SECTIONE

2.1. Reagents and apparatus

GO was purchased from Nanjing XFNANaterials Tech Co., Ltd (Chipal0 mg of the
obtainedGO was dispersed ib0 mL waterto give a Img mL* brown dispersiorfor use Glucose
fructose, lactosedlopamine (DA), acorbic acid (AA), and uric acidJA) were purchased from Sigma
Aldrich. CuSQ.5H,0, NiSQ,, NaOH and HO, were purchased from Sinopharm Chemical Reag
Co., Ltd (Shanghai, ChipaThe supporting electrolyte used for electrodeposition was 0.1 M pH 4.0
acette buffer solutions (ABS), prepared using HAc and N&Xberreagents were of analytical grade
and used as receivedltrapue wat er (18. 2 fiegimga MillmQ systamondausded
preparing agueous solutions

Scanning electron microscopy (SERQuipped withan energydispersive Xray spectroscopy
(EDX) analyzemwasconducted by Hitachi SU8010 (Japan) ¢baracterizabn of surface morphology
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of modified electrodeElectrochemicaineasuremestwerecarried ouon a CHI 660D electrochemical
station (Shanghai Chenhua, China) with a emiwnal threeelectrode systeminvolving the
NiO/CuO/rGO modified glassy carbon efiexle (NiO/CuO/rGO/GCE) as the working electrod®t
wire as counter electrodend a saturated calomel electrode (SCHEHeBsence electrode

2.2.Preparation of NiO/CuO/rGO nanocomposites electrode

The glassy carbon electrode (GCE) wastreaéd byp ol i shi ng with 0.3 ar
slurries, andsuccessively ultrasonicatéd ethanol and double distilled watdr.0 ¢ L obtdined h e
GO dispersion wamodified on the polished GCE andallowed to dry in air to obtaiGO/GCE Then,
the GO/GCE wasmmersed into a deposition solutiorvolving 0.1 M ABS + 5 mM NiS@+ 5 mM
CuSQ and then-1.0 V of the applied potentialvas exered on the electrode€for 240 sto
electralepositon of Ni-Cu nanoparticledJnderthis applied potential GO wasalsoelectrotiemically
reduced to rGO, forming the Ni/Cu/rGO nanocomposkédast, for oxidizing Ni/Cu nanopatrticles to
be NiO/CuQ the Ni/Cu/rGO modified electrodevas scanneth 0.1 M NaOHfor 20 cyclesby CV
techniquein the potential range 60.50~0.30 V at50 mV s'. The resultant electrode wasfided to
be NiO/CuO/rGO/GCE. Theelectrodepositionprocessfor preparation ofNiO/CuO/rGO/GCEIis
illustrated in Scheme 1. For comparison, NiO/rGO/GCE and CuO/rGO/GCE were prejitrede
above described procedurexept thedeposition solutions of 0.1 M ABS + 10 mM Nigé&nd 0.1 M
ABS + 10 mM CuS@ respectively. The rGO/GCE was prepared by electroreduction of the GO/GCE
in 0.1 M ABS at a potential 6L..0 V for 240 s.

et o’
s
Ni/Cu e
C CV(-1.2° 0V) égg, CV (-05° 0.3V) NiO/CuO
= Il‘ C ;gé%?ll‘ C g?%:
5mM NiSO, + 5 mM So o 0.1 M NaOH L

CuSO, + 0.1 M ABS E ~ss E =

Pgr‘&gn DQQQ

S

GO rGO @ CuorCuO @© Nior NiO

Scheme 1Schematic illustration for the fabation of NiO/CuO/rGO/GCE.

3. RESULTS AND DISCUSSION

3.1. Formation mechanism and characterization of the NiO/CuO/rGO nanocomposites electrode

It has been reportetiat GO can be electrochemically redutedGO by applying &onstant
cathodic potentia[29,30]. The cation of Ni* and Cd* can also electrochemically converted to
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metallic nickel and copper [17,31]. Based on these results, a direct electrodeposition method was
utilized to prepare NiO/CuO/rGO nanocomposites electrode by using GO preclyparally, a
GO/GCE was employed in pH 4.0 ABS containing Nj®@d CuSQusing a constant potential €if.0
V. Under this potentialNi** and Cd* could be reducedt GO surface simultaneouslyGO has been
reduced taGO. Then, the obtainedi/Cu/rGO electrode was subjected to electrochemical scanning in
alkalinesolutionusingCV, allowing theformation ofNiO/CuOQrGO/GCE

Electrochemicapropertiesof the resultant NiO/CuO/rGO/GCE has been investiget€dl M
NaOH using CV. As shown inFig.1, the andic and cathodic scans display three obvious oxidation
and reduction peaks. Thxidationpeaks apotentials 0f0.355(a) and-0.158 V(b) are attributed to
the oxidationof Cu to Cu and ofCu' to Cuf*, respectively. Theeductionpeaks apotentials 6-0.602
(bd pnd-0.869 V (ab Jepresenthe transition ofCU** to Cu" and of Cu* to Cu, respectively. These
results are consistent with those previously reported for Cu based materials [32]. Besides the typical
redox peaks of CuO, the redox peak locaaed.545(c) and 0.342 V(c§ can be assigned to the
NiO+OHTe YNi OOH reaction [ 33]. Therefore, t he CV
NiO/CuO on rGO surface and also validated that the deposited NiO/CuO exhibited their characteristic
electrockemical behaviors.
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Figure 1. CV of NiO/CuO/rGO/GCE in 0.1 M NaOH at 50 m\*.s

The morphology of theynthesizednaterials on electrode surfas@as characterized by SEM.
Fig. 2 shows SEM images of rGO/GCE (a), CuO/rGO/GCE (W)iO/fGO/GCE (c) and
NiO/CuO/rGO/GCE (d)As observedthe rGO/GCE shows a typical wrinkled structure with plenty of
corrugations and scrolling [34]. For CuO/rGO/GCE, huge amounts of thick and compact CuO
nanoparticles with diameters of several hundrecbmeaters agglomerate tightly on electrode surface,
which is unbeneficial for mass and electron transport.



Int. J. Electrochem. SciMol. 11, 2016 6751

(I R T T
SU8010 1.0kV 10.3mm x50.0k SE(UL) 1.00um

) 3

| | I I

(S
1.00um

SU8010 1.0kV 9.0mm x50.0k SE(UL)

Coro
1.00um

cpsle
0K NKAU-KA — Map

Figure 2. SEM images of rGO/GCE (a), CuO/rfGO/GCE (b), NiO/fGO/GCE (c) and
NiO/CuO/rGO/GCE (d). Fig.2e is the EDX spectra of NiO/Q@W/GCE.

The NiO/rGO/GCE shows small NiO nanoparticles with diameters eé201@m uniformly
distributed on wrinkled rGO surface. The image of NiO/CuO/rGO/GCE indicates that a large amount
of NiO/CuO nanoparticles with diamesaf 500 200 nm are homogeneously distributedsanfaceof
rGO. The NiO/CuO/rGO/GCE with high loading amount of efficient biocatalyst combines the
electrocatalytic activities of two promising components. The EDX spectra of NiO/CuO/rGO/GCE, as
demonstratedni Fig. 1e, shows thalemens of C, O, Cu and Nbbtained suggesting theuccessful
formation ofNiO/CuO nanocomposites on rGO surface.
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3.2.Enhanced kectrochemicabxidation of glucose on NiO/CuO/rGGCE

6752

We investigatedhe electracatalytic property bNiO/CuO/rGAOGCE toward glucos@xidation.
Fig. 3 presents th€Vs of electrodes modified with rGO, CuO/rGO, NiO/rGO, and NiO/CuO/rGO in
0.1 M NaOHwithout andwith 2 mM glucosenvolved As can be seertheelectrocatalyticoxidation
current of glucose mrGO/GCE (Fig. 3ajs observedirom a potential of 0.5 VThe high required
potentialwill result insluggishelectrode kinetidor glucoseoxidation The CuO/rGO/GCE (Fig. 3b)
shows aeductionpeak at 0.57 V in NaOH solution, assigningwOOH+& CuO+OH reaction. The
oxidation peak correspondingo conversion ofCuO to CuOOH was not clearly observegyobably
coveredwith the anodic peak of watessplitting [35]. Upon addition of2 mM glucose, an obvious
anodic current increase at starting potential &f00V was observed at CuO/fGO/GCE due to
electrocatalytic oxidation of glucosey
For NiO/rGO/GCE (Fig. 3c), a pair of redox ped#isated at 0.47/0.34 \h NaOH electrolytecan be

assigned to the NiOHdie Y Ni OOH

glucose( Ni OOH+gl ucoseVYNi O+gluconol actone),

CuO

nanoparticles

( CuOOH+gl u

r e abtained¥i@QH eleclreeatalyzedhe oxidation of

gi ving

starting potential of 0.30 V. In contrast, the NiO/CuO/rGO/GCE (Fig. 3d) with binsaiysadisplays
both the characteristic pesatif NiO and CuO in NaOH solution.

140

1201 a
1004

80 — NaOH

40

Current/pA

20

60 - ——2mM glucose

-20 T T
0.2

0.4 0.6

Potential/V

0.8

0.4

0.3

——NaOH

0.2

0.1

0.0 4

Current/mA

-0.1 4

~—2 mM glucose

0.0 0.2

0.4 0.6

Potential/V

0.8

Current/pA

-0.1

Current/pA

0.4

0.3

0.2

0.1+

0.0+

——NaOH
-— 2 mM glucose

0.4

0.3

0.24

0.1

0.0

0.1

-0.2

T T T

0.4 0.6 0.8

Potential/V

0.2

——NaOH
-— 2 mM glucose

0.4 0.6 0.8

Potential/V

0.0 0.2

Figure 3. CVs of rGO/GCE (a), CuO/rGO/GCE (b), NiO/rGO/GCE (c) and NiO/CuO/rGO/GCE (d) in
0.1 mol L* NaOHwithout (black curve) anavith (red curve) 2 mM glucosiavolvedat a scan

rate of 50 mV <.
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A distinctenhancement of thenodiccurrentat onset potential d.24 V upon the addition of
glucose is distinctly observed. The oxidation peak currents were found to be proportional to the square
root of scan rate, demonating a diffusiondominaed electron transfer process for electrocatalytic
oxidation of glucose. Compared the CV response of the above four electrodes to glucaisdyat
observed that the NiO/CuO/rGO/GCE showed the largest electrocatalytic oxidatiorentur
Meanwhile, theonsetoxidation potential of 0.24 \Mfor glucose at NiO/CuO/rGO/GCE is more
negative than 0.30 V of NiO/rGO/GCE. All thegphenomenos suggest that the biocatalyst of
NiO/CuO loaded on rGO surface facilitate the glucose oxidatiobalty because othe synergistic
effect ofNiO and CuO

To further validate the superior ectrocatalytic activity of NiO/CuO/rGO nanocomposites
toward glucose oxidation, the amperometric respoéebie above four electrodds successive
injectiors o f  dluBoseeinkirred NaOH solutionwereperformedat 0.5 V.The results areshown
in Fig 4 Obviously, NiO/CuO/rGO/GCEresponds to glucose withe largest amperometric current,
compare to the other three electradéBhe enhanced performance of the NiO/Qu&0
nanocompositebenefits froma coordinationeffect betweerelectrocatalysts oNiO and CuQ which
contairs moreelectractive sites fooxidationof glucose. Furthermore, the homogeneous distribution
of NiO/CuO nanoparticles and high conductivity & contributes tdhe enhancedlectrooxidation
of glucose.
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Figure 4. Amperometric regsonses of rGO/GCE, CuO/rGO/GCENiIO/fGO/GCE and
NiO/CuO/rGO/GCRBo successivinject i ons of 5MpplieddotemtialD.& ¥@.s e

3.3. Qptimization ofexperimentatonditiors

The performance of NiO/CuO/rGO/GCE obtained at different electrodeposition time (60, 120,
180, 240, 300 s) westudied by CV in 0.1 M NaOHith 2 mM glucoseanvolved (Fig. 5),becausehe
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number and morphology of Ni@uO/rfGO nanocomposites on electrode depend on the
electrodeposition time. When the electrodeposition time was 60 s, the oxidation current of glucose was
low, probablybecause ofelatively smallamountof NiO/CuO nanoparticleslectrodepositedn rGO

surfece After 60 s, theanodicpeak currenbecamdarger with electrodeposition time extendgdce

the numberof electrodepositedNiO/CuO nanoparticlegicreased. A largest current was observed at

the electrodeposition time of 240 s. With the further in@eafselectrodeposition time to 300 a5,
relatively reduced anodjgeak currenaindpositively shiftedanodicpeak potentialvereobtained This
phenomenon can be ascribed to the compact and thick NiO/CuO nanoparticles formed, which were
unbeneficial for mas and electron transport during the glucose oxidation process. Therefore, 240 s of

the electrodeposition time was chosen in this work due to the best catalytic performance for glucose
oxidation.
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Figure 5. CVs of 2 mM glucose tathe NiO/CuO/rGO/GCE obtained at different electrodeposition
time.
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Figure 6. The current response of NiO/CuO/rGO/GCE toward BB glucose at0.50 V under
different NaOH concentrations.
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The nfluence of NaOH concentration wastuded on amperometric measurements for
detecting 50mM glucose. As shown in Fig. 6, the amperometric currents increased correspondingly
with the ingeaseof NaOH concentration from 0.005 to 0.1 M. Afterwards, the amperoneeinients
lowered with the further increasef concentration in the range of 0.D.2 M. To ensure the largest
detection sensitivity, here, the concentration NdOH with 0.1 M was chose as the optimal
electrolytesolution

The influence of applied potential was systemically investigated on the amperocoeteiot
of the NiO/CuO/rGO/GCE to glucose. Fig. 7 exhibits amperometnicentof NiO/CuO/rGO/GCE to
successive additions of 50 glucose at the potential range from +0.3 to +0.6 V with a settle interval
of 0.1 V. Obviously, theamperometriccurrent increasewith the increase of applied potentfabm
+0.3 to +0.5 V. When the applied potential further increased to +0.6 \gntiperanetric current of
glucose was nearly equal to that at +0.5 V, but the blank current enfdisivectly compared to +0.5
V. It is well known that high applied potensalill result in poor selectivity for glucose sensing
because thanterferencesubstancean be oxidized simultaneously with glucose. Therefameapplied
potential of +0.5 V wasused for glucose detectioio ensure enough detection sensitivity and
selectivity,
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Figure 7. Amperometriccurrens of NiO/CuO/rGO/GCHo the successivimjectoo,s of 50 & M g
at different applied potentials.

3.4. Amperometrideterminatiorof glucose and interference test

The response of NiO/CuO/rGO/GCE towavdrious concentrations of glucose was first
investigaed usingCV technique Fig. 8a shows th€Vs of NiO/CuO/rGO/GCEnN 0.1 M NaOHwith
various concentrations of glucose (0 to 10 mhhvolved As observedthe anodic peak current
corresponding to oxidation of glucose is found to increase linearly with the glucose concentration
(inset of Fig. 8a),indicating the potentialprospect forglucose sensingnalysis. Underoptimal
conditions, amperometrcurrens to successivénjections of glucose into stimg NaOH solution were
performed. Fig. 8bdisplays the amperometricurrentof the NiO/CuO/rGO/GCHEor injectiorns of
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glucose to increasing concentrations in 0.1 M Naddi.5 V. It can be seen thateadyamperometric
currents increascorrespondinglyvith the concentratiorof glucose. Theequiredtime for achievhg a

90% of thesteadycurrentuponaddition of glucoseis less than 3 s, demonstratifagt and sensitive
glucoseoxidation atNiO/CuO/rGO/GCE As shown inFig 8¢ the currentresponses proportionalto

the concentratiorof glucoseover ther ange from 5 €M to 4.85 mM wi t
0.9942 and a sl opeAofsed8i BRvictAgmmdfobtain€dbthee A n
NiO/CuO/rGO/GCHbhased glucose sensdhisvaluei s hi gher than 79. 3, 285
mM™ cm? for the transitiormetal based neenzymatic glucose sensor using materials of
CoONPSs/ERGO [16], C&D/NiO/GO [20], CuO microspheres [36], Graphene/pe€iNPs [37] and

Ni(OH),hol | ow spheres [ 33]. T h e latithe Bidral/noige vatue of 8 c t i
(S/N=3).
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Figure 8. (a) The CVs of NiO/CuO/rGO/GCE in 0.1 M NaOHMith variousconcentrations of glucose
(0 to 10 mM)involved. (b) Amperometriccurrentof the NiO/CuO/rGO/GCHor injections of
glucose to increasing concentrations in 0.1 M Na@HO0.5 V, (b) The corresponding
calibration curve obtained from Fig. 9b. @mnperometric responsef NiO/CuO/rGO/GCEo
addition of1 mM glucosein 0.1 M NaOHagainst additions of 0.1 mM interferendrictose,
lactose, DA, UA, AA and NaGit applied potential of 0.5.V

The comparisorof nonenzymatic glucose sensing performangsisigdifferent nanomaterials
from literature and our psent work is shown in Table 1.Obviously, the performance of ik



