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phene electrode with palladium
nanoparticles on Ni foam and application to self-
powered nonenzymatic glucose sensing

Wenyi Wu,†a Fengjuan Miao,†*a Bairui Tao, *a Yu Zang,b Lei Zhu,a Cuiping Shia

and Paul K. Chuc

A self-powered nonenzymatic glucose sensor electrode boasts the advantages of both a glucose sensor

and fuel cell. Herein, an electrode composed of ZnO–graphene hybrid materials on nickel foam (NF) is

prepared by electrodeposition of Pd NPs. The electrode is characterized systematically and the

dependence of electrocatalytic oxidation of glucose on the concentrations of KOH and glucose,

temperature, and potential limit in the anodic direction is investigated. The Pd/NF-ZnO–G electrode

shows high catalytic activity, sensitivity, stability, and selectivity in glucose detection, as exemplified by an

electrocatalytic glucose oxidation current of 222.2 mA cm�2 under alkaline conditions, high linearity in

the glucose concentration range from 5 mM to 6 mM (R2 ¼ 0.98), and high sensitivity of 129.44 mA

mM�1�1 cm�2. The Pd/NF-ZnO–G electrode which exhibits superior electrocatalytic activity under

alkaline conditions has large potential in nonenzymatic glucose sensing and direct glucose fuel cells and

is suitable for miniaturized self-powered nonenzymatic glucose sensing.
1. Introduction

Glucose monitoring is one of the most important sensing
technologies in medical science, clinical diagnostics, and food
industry. In order to facilitate monitoring of the blood glucose
concentration, the sensor should be miniaturized and portable.
However, most glucose sensors need an external power supply
which inevitably increases the size and complexity. A self-
powered sensor which is able to generate its own energy
either by itself or from the surroundings does not require
batteries and can be reduced in size. Self-powered systems such
as piezoelectric-powered,1 triboelectric-powered,2 thermoelec-
tric-powered,3 and photovoltaic-powered systems4 and fuel cells
have been proposed as potential glucose sensors. So far, enzy-
matic glucose fuel cells are the dominant self-powered sensors
because of the simple conguration and capabilities of
providing sustainable energy from renewable environmental
sources under mild conditions.5 However, the limited lifetime
and stringent requirement for enzyme immobilization impose
restrictions and impact the stability.6 Hence, nonenzymatic
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glucose sensors and fuel cells using metal materials as catalysts
have been designed to overcome the drawbacks of enzymatic
electrodes.

Pt, Pd, Au and their based binary or ternary catalysts such as
Pd–Rh,7 Pt–Bi,8 Au–Ni,9 Pd–Ni,10 and Pt–Pd–Au11 have been
found to have good electro-catalytic activity in the glucose
oxidation reaction (GOR). Although platinum is the most
common catalyst in glucose sensors and direct glucose fuel cells
(DGFC), it is quite expensive. As Pd is 50 times more abundant
on earth and commands only half the price of Pt, it is a more
active, stable, and poison-tolerant electrocatalyst compared to
Pt in glucose oxidation in alkaline media. Consequently, Pd is
a promising alternative electrocatalyst to Pt or enzymatic
sensor. Nickel foam (NF), a commercial material with unique
electronic conductivity, light weight, and 3D cross-linked grid
structure providing high porosity and surface area has been
proposed as an excellent support for electrocatalysts.12 More-
over, Pd–Ni binary catalysts have higher electrocatalytic activity
and poison-tolerance than the individual metal in GOR.10Owing
to the excellent electron mobility and large specic surface area,
graphene (G) can boost the electrode activity as an electron
mediator to promote the charge separation efficiency. In addi-
tion, ZnO nanoparticles (NPs) have been extensively investi-
gated because of their high electron mobility and well-
controlled morphology. The ZnO–graphene hybrid may consti-
tute an advanced nonenzymatic electrode with high electro-
catalytic activity.

Herein, a self-powered nonenzymatic glucose sensor capable
of generating electrical power from the biochemical energy
This journal is © The Royal Society of Chemistry 2019
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stored in glucose is designed and fabricated. The novel elec-
trode composed of the NF substrate and ZnO–G hybrid is
prepared by step electro-deposition of Pd NPs. The structure
and morphology of the electrode are characterized by scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), and Brunauer–Emmett–Teller
(BET) method. The electrocatalytic characteristics are evaluated
by cyclic voltammetry (CV), amperometry analysis, and elec-
trochemical impedance spectroscopy (EIS).

2. Experimental details
2.1 Raw materials

The NF (thickness of 1.5 mm, pore density of 100 PPI, and areal
density of 380 g m�2) was purchased from Changsha Lyrun New
Materials Corporation (Changsha, China) and oily slurry of
graphene (5 wt%) was acquired from Suzhou Graphene Nano-
technology Co. Ltd (Suzhou, China). Nano-zinc oxide was ob-
tained from Shanghai Hansi Chemical Industry Co. Ltd
(Shanghai, China). KOH, palladium chloride (PdCl2), ammonia
chloride (NH4Cl), ammonia (NH3$H2O), ethanol and glucose
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Ascorbic acid (AA), uric acid are (UA) and
dopamine (DA) was purchased from Aladdin industrial Co. Ltd
(Shanghai, China). Fructose, D(+)-sucrose and lactose was ob-
tained from Tianjin Kermel Chemical Reagent Co. Ltd (Tianjin,
China). All the other reagents were analytical grade and used
without further purication. All the solutions were prepared
with deionized (DI) water.

2.2 Preparation of NF-ZnO–G

The NF was cut into squares (1 cm2) and washed in acetone for
10 minutes for degreasing. The NF was taken out and a large
amount of ethanol was applied to remove the organic solvents
from the NF surface followed by thorough rinsing with DI water.
The NF was soaked in 6 M HCl for 15 minutes to remove the
oxide layer on the surface and then rinsed with a large amount
of DI water repeatedly. Silver was applied to the cleaned NF and
stick to copper wires to form the electrode followed by xing
and protection with epoxy resin.

Nano-ZnO powders (0.1 g) were dispersed into 50 mL of
ethanol ultrasonically for 10 min to obtain solution A (2 g L�1).
1 g of the oily slurry of graphene was dispersed into 50 mL of
absolute ethanol by mild bath-sonication to produce solution B.
1 mL of A was gradually added to 5 mL of B under stirring for
1 min and then sonicated for 20 min at room temperature.
Excess product was introduced to the cleaned NF electrode by
dropping, which makes electrode surface is completely satu-
rated. Finally, the NF was dried at 60 �C for 12 h to form the NF-
ZnO–G electrode.

2.3 Electro deposition of palladium nanoparticles on NF-
ZnO–G

50 mL of the electroplating solution containing 2.7 mmol
palladium chloride and 0.35 mol NH4Cl were adjusted to a pH
of 8 with ammonia. The electroplating apparatus is described in
This journal is © The Royal Society of Chemistry 2019
Fig. 1. The power supply was set to the constant current mode.
The current density was 10 mA cm�2 and the selected electro-
plating time was 30 min.
2.4 Characterization and measurements

The structure and morphology of the electrode were character-
ized by SEM at 20 kV (Hitachi S-3400). XRD was conducted on
the Gigaku SmartLab using Cu Ka radiation (l ¼ 1.54056 Å, 45
kV, 200 mA) and XPS was performed on the Thermo Scientic
Escalab 250Xi at 15 kV. The BET specic surface area was
determined by nitrogen adsorption at 77.35 K using the
Nova2000E. The electrochemical measurements were per-
formed on a CHI604E electrochemical workstation (Chenhua,
China) based on the conventional three-electrode system
composed of the platinum auxiliary, a Hg/HgO (saturated KCl)
reference, and a G–ZnO/NF working electrodes. The electrolyte
was KOH and deoxygenated in every experiment.
3. Results and discussion
3.1 Characterization of Pd/NF-ZnO–G

Fig. 2(a) shows the 300� image of the Pd/NF-ZnO–G electrode
revealing a three-dimensional network on the NF substrate. The
loose and spongy 3D macroporous structure is arranged in
a crisscross pattern with more pores and larger specic surface
area. The inset in Fig. 2(a) is the image of pure NF showing
ake-like and bulges on the surface of the Pd/NF-ZnO–G
compared with pure NF. The image of NF-ZnO–G is shown in
Fig. 2(b) and stacking of the ZnO–G nanocomposite on the NF is
clearly observed. The inset in Fig. 2(b) is the image of pure ZnO
NPs. The size of ZnO nanoparticles is 50–500 nm and the ZnO
shows a hexagonal prism structure. The magnied image of
Fig. 2(a) is shown in Fig. 2(c). Stacked of graphene sheets is
observed and the size of the graphene nano-platelets is 1–5 mm.
The spots are dispersed on the sheet surface homogeneously
and may be ZnO NPs and aggregation of Pd PNs. The surface of
NF becomes rougher perhaps due to Pd NPs electrodeposition
on the NF directly. The edge of the electrode shows dendritic
bulges as shown in Fig. 2(d). The Pd nanocolumns are formed
under the partial discharge because of the electrodeposition
current is not completely uniform. The 5,000� and 12,000�
images of the Pd/NF-ZnO–G electrode are depicted in Fig. 2(e)
and (f), respectively. The Pd/NF-ZnO–G surface is decorated
with dense Pd NPs and slight Pd NPs aggregation is observed.
The results conrm successful anchoring of PdNPs on the Pd/
NF-ZnO–G surface. Fig. 2(f) shows the magnied dendritic
bulges which may contribute to GOR.

XPS is carried out to determine the surface chemical states of
Pd/NF-ZnO–G. We were only able to make a rough estimate of
the amount of element of Pd/NF-ZnO–G by XPS experiment,
atomic% data given directly through instruments:
Zn : Pd : Ni : C ¼ 3.73 : 27.85 : 2.07 : 62.3. Silver and chlorine
were introduced in the experiment as impurity elements,
accounting for 4.05%. As shown in the survey spectrum
(Fig. 3(a)), Pd, Zn, O, and C are presented but the Ni signal is
indistinct because NF is covered by the Pd/graphene–ZnO
RSC Adv., 2019, 9, 12134–12145 | 12135
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Fig. 1 Schematic depiction of electrodeposition of PdNPs on NF-ZnO–G electrode.

Fig. 2 (a) SEM image of Pd/NF-ZnO–G with inset showing the SEM image of clean NF; (b) SEM image of NF-ZnO–G with inset showing the SEM
image of pure ZnO NPs; (c–f) SEM images of Pd/NF-ZnO–G.

12136 | RSC Adv., 2019, 9, 12134–12145 This journal is © The Royal Society of Chemistry 2019
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Fig. 3 XPS spectra of (a) Pd/NF-ZnO–G, (b) XPS spectrumof NF, (c) Pd NPs, and (d) ZnONPs, (e) graphene, and (f) XRD spectrum of Pd/NF-ZnO–
G. Inset: magnified XRD spectrum of the Pd/NF-ZnO–G (2q from 30� to 38�).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 12134–12145 | 12137
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Fig. 4 N2 adsorption–desorption isotherm of Pd/NF-ZnO–G. Inset:
magnified isotherm compared with Pd/NF-ZnO–G and pure NF.
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nanocomposite and the sampling depth of XPS is about 5–
10 nm. O should be assigned to the ZnO from air exposure. The
Ni 2p3/2 and Ni 2p1/2 peaks are at 856.08 eV and 872.58 eV
(Fig. 3(b)), respectively. There are some satellite peaks around
the Ni 2p3/2 and Ni 2p1/2 signals in the Ni 2p region. The high-
resolution peak of Pd 3d shows two broad peaks related to the
Pd 3d5/2 and Pd 3d3/2 spin orbital states (Fig. 3(c)). For Pd/NF-
ZnO–G, strong signals at 335.78 eV and 340.98 eV correspond-
ing to Pd0 are observed indicating signicant Pd3d signal cor-
responding to the binding energy of Pd further supporting that
PdNPs are assembled on the NF-ZnO–G electrode. As shown in
Fig. 3(d), the Zn 2p3 peak of ZnO nanoparticles shows two
componential peaks at 1021.58 and 1004.68 eV and the Zn 2p3
data reveal that ZnO is loaded on the NF substrate successfully.
The graphene spectrum (Fig. 3(e)) exhibits three peaks at 284.7,
285.8, and 287.8 eV, corresponding to C–C, C–O, and C]O,
respectively. The C–O and C]O components are absent con-
rming a small concentration of oxygen-containing groups in
graphene and that graphene has not been converted into gra-
phene oxide.

Fig. 3(f) shows the XRD results of the Pd/NF-ZnO–G elec-
trode. The peaks at 40.2�, 46.5�, 68.1�, and 82.2� can be assigned
to the (111), (200), (220) and (311) planes of the face-centered
cubic Pd metal, respectively. The nickel substrate shows the
main characteristic peaks of the face-centered cubic structure at
2q¼ 44.5�, 51.8�, and 76.4�, associated with the (111), (200), and
(220) planes conrming that Pd NPs are electrodeposited on the
NF. ZnO–G is loaded on the NF substrate covered by high-
density Pd NPs, even though the diffraction peaks are not
obvious. In order to identify the diffraction peak of ZnO, the
magnied XRD pattern (2q from 30� to 38�) is shown in the inset
of Fig. 3(f). Partial diffraction peaks of ZnO are indeed observed
at 2q of 31.7�, 34.4�, and 36.2� corresponding to the (100), (002)
and (101) planes of the hexagonal wurtzite structure.

N2 adsorption–desorption was conducted using the Bru-
nauer–Emmett–Teller (BET) method to determine the surface
12138 | RSC Adv., 2019, 9, 12134–12145
area of the electrode. As shown in Fig. 4, the non-limiting
adsorption at high P/P0 for Pd/NF-ZnO–G is characteristic of
a Type IV loop. The inset in Fig. 4 corresponds to those of Pd/
NF-ZnO–G (triangular spots) and pure NF (square spots),
respectively, revealing that Pd/NF-ZnO–G has a surface area of
0.974 m2 g�1 that is 4.6 times larger than 0.212 m2 g�1 of the
pure NF.
3.2 Electrochemical response of Pd/NF-ZnO–G in GOR

Fig. 5(a) shows the electrochemical behavior of the pure NF and
Pd/Ni based electrocatalyst in 1 M KOH at a scanning rate of
50 mV s�1 and the inset is the magnied image of the Pd/NF-
ZnO–G electrode under the same conditions. As shown in
Fig. 5(a), during the positive-going sweep, there are four
oxidation peaks corresponding to different electrochemical
processes on the surface of the electrode. Peak I at the potential
range between �0.8 and �0.7 V can be assigned to oxidation of
the adsorbed and absorbed hydrogen (eqn (1)). Peak II which
appears from �0.25 to �0.1 V is attributed to formation of
PdOH� (eqn (2)) and the third peak from �0.05 to 0.3 V stems
from the Pd(II) oxide on the surface of the catalyst (eqn (3) and
(4)). When the potential is changed to more positive values, the
Pd(II) oxide layer is converted into higher-valence oxides, Pd(III)
and Pd(IV) or Pd(OH)x, from the partial discharge of OH� at the
electrocatalyst surface in the alkaline solution (eqn (5)). It is
probable that the peaks of formation of Pd (OH)x species
partially overlaps Peak IV. The possible mechanism is shown in
the following:13

Pd � Habs/ads + OH� / Pd + H2O + e� (1)

Pd + OH� % Pd � OHads + e� (2)

Pd � OHads + OH� % Pd � O + H2O + e� (3)

Pd � OHads + Pd � OHads % Pd � O + H2O (4)

Pd + xOH� / PdOHx + xe� (5)

Formation of Pd NPs oxides is shown in Fig. 6. Peak IV from
0.4 V to 0.7 V is related to the formation of Ni(II) and Ni(III)
according to eqn (6) and (7):

Ni + 2OH� / Ni(OH)2 + 2e� (6)

Ni(OH)2 + OH� / NiOOH + H2O + e�. (7)

For the negative peak V, a pair of symmetrical peaks with
Peak VI can be assigned to reduction of Ni (III and II) and Pd (III
and IV). Peak VI at �0.4 V arises from reduction of the Pd(II)
species according to eqn (8):14

Pd � O + H2O + 2e� / Pd + 2OH�. (8)

The characteristics of NF, Pd/NF, Pd/NF-G, Pd/NF-ZnO, and
Pd/NF-ZnO–G are shown in Fig. 5(a). For Peak I, the adsorption/
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) CVs of Pd/NF, Pd/NF-G, Pd/NF-ZnO, and Pd/NF-ZnO–G in 1 M KOH at a scanning rate of 50 mV s�1. Inset: magnified CV of Pd/NF-
ZnO–G in 1 M KOH at a scanning rate of 50 mV s�1. (b) CVs of Pd/NF, Pd/NF-G, Pd/NF-ZnO and Pd/NF-ZnO–G in 1 M KOH containing 0.5 M
glucose at a scanning rate of 50 mV s�1. Inset: magnification CV of Pd/NF-ZnO–G in 1 M KOH in the absence (solid line) and presence (dash line)
of 0.5 M glucose at a scanning rate of 50mV s�1. (c) CVs of 5 Pd/NF-ZnO–G for different plating time of 10, 20, 30, 40 and 50minutes in 1 M KOH
containing 0.5 M glucose at a scanning rate of 50 mV s�1. (d) CVs of Pd/NF-ZnO–G in 1 M KOH containing 0.5 M glucose at a scanning rate of
50 mV s�1 at different temperature of T ¼ 25, 36, 48, 60, and 72 �C.
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absorbed hydrogen peak current of the Pd/NF is less than those
of other electrodes. The pair of symmetrical peaks (Peak IV and
Peak V) are mainly attributed to oxidation-reduction of Ni and
therefore, pure NF has only the oxidation peak associated with
Ni. Pd/NF has the minimum peak current because ZnO NPs and
graphene provides a large surface area that improve the ability
of the electrode to adsorption of ions. In the reduction region of
Pd(II) (Peak VI), the Pd/NF-ZnO–G electrode delivers the best
performance due to advantages rendered by ZnO and graphene.

To investigate the electrocatalytic activity of the different
electrodes for glucose, CVs are recorded in 1 M KOH containing
0.5 M glucose as shown in Fig. 5(b) with the inset showing the
CVs of Pd/NF-ZnO–G under the same conditions. By adding
glucose (0.5 M), the CVs of the Pd/NF-ZnO–G electrode change
signicantly. Themaximum peak (anodic peak) at 0.742 V in the
This journal is © The Royal Society of Chemistry 2019
forward direction corresponds to direct glucose oxidation to
form intermediates. One main reason is oxidation of glucose by
palladium. With regard to the anodic peak, the electrochemical
behavior of Pd should be attributed to the electrosorption of
glucose to form intermediates by releasing one proton.14 When
the intermediates accumulate on the Pd/NF-ZnO–G surface and
occupy active sites of the electrocatalyst, the current decreases.
The potential moving to more positive values and Pd (OH)x
species are generated from partial discharge of OH� on the
electrocatalyst surface in the alkaline solution.

For the cathode peak, reduction of surface palladium oxide
occur at a potential more negative than �0.2 V. The active sites
are renewed and available for direct oxidation of glucose.
Therefore, there is a sharp increase in the current for the peak at
�0.23 V. Based on the previously reported oxidation
RSC Adv., 2019, 9, 12134–12145 | 12139
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Fig. 6 Mechanism of activation of Pd/NF-ZnO–G in KOH.
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mechanism for glucose,15 a possible catalytic mechanism for Pd
on the Pd/NF-ZnO–G electrode for oxidation of glucose is
described as follows:

Pd + glucose / Pd � H + intermediates (9)

Pd + xOH� / PdOHx + xe� (10)

PdOHx + intermediates / Pd + glucolactone or

gluconic acid (11)

PdOHx + glucose / Pd + glucolactone or gluconic acid. (12)

NF also plays a signicant role in oxidation of glucose to
glucolactone in the upper potential region (potential at 0.8 V) as
follows:
Fig. 7 (a) CVs of Pd/NF-ZnO–G in 0.1 M KOH for different concentratio
bration plots of anodic peak current vs. concentration of glucose. (b) CVs
0.1, 0.3, 0.4, 0.5, 0.8, and 1.0 M.

12140 | RSC Adv., 2019, 9, 12134–12145
Ni + 2OH� / Ni(OH)2 + 2e� (6)

Ni(OH)2 + OH� / NiOOH + H2O + e� (7)

NiOOH + glucose / Ni(OH)2 + glucolactone (13)

In addition, during the electrocatalytic reaction in the alka-
line solution, ZnO reacts with glucose to form glutonic acid:16

GlucoseþO2 þH2O �!ZnO gluconic acidþH2O2 (14)

H2O2 / O2 + 2H+ + 2e�. (15)

Therefore, ZnO nanoparticles on the graphene sheets are
directly involved in the electrocatalytic reaction. The graphene
sheets increase the surface area of the electrode to enhance
adsorption of ions and the electrocatalytic reaction.

Concerning the positive potential scan, the Pd/NF-ZnO–G
electrode shows an obvious maximum peak current. It means
that Pd/NF-ZnO–G delivers the best electrocatalytic perfor-
mance in GOR and ZnO–G with well-distributed Pd NPs on the
surface helps electron transport to the electrode. With the
addition of nano-ZnO, the potential of the oxidation peaks
moves to a more positive value (about 0.3 V) and the process
may be associated with ZnO reacting with glucose. Moreover,
the ratio of the forward anodic peak current density (If) to the
reverse anodic peak current density (Ib), If/Ib, can be used to
describe the tolerance to carbonaceous species accumulation. A
higher ratio indicates more effective removal of the poisoning
species on the catalyst surface during the anodic scan and little
accumulation of carbonaceous residues on the electrode
surface, a low If/Ib ratio shows the reverse case.17,18 The If/Ib ratio
of the Pd/NF-ZnO–G electrocatalyst (1.96) is 1.46, 1.54 and 1.07
times larger than those of Pd/NF (1.34), Pd/NF-ZnO (1.27), and
ns of glucose of 1, 3, 5, 10, 20, and 30 mM. Inset: corresponding cali-
of Pd/NF-ZnO–G in 1 M KOH for different concentrations of glucose of

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) CVs of Pd/NF-ZnO–G in 1 M KOH containing 0.5 M glucose for different upper scanning limits at a scanning rate of 50 mV s�1; (b)
Nyquist plots of Pd/NF, Pd/NF-ZnO, Pd/NF-G and Pd/NF-ZnO–G in 0.1 M KOH+ 0.1 M glucose at 0.3 V in the frequency range between 0.05 Hz
and 105 Hz.

Fig. 9 (a) CVs of Pd/NF-ZnO–G at scanning rates of 5, 10, 20, 50, 80, 100, 150, 200, 250, and 300mV in 0.1 M KOH containing 0.5 M glucose; (b),
(c) and (d) calibration plots showing the linear relationship between the square root of the potential scan rate (v1/2) vs. peak current (I).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 12134–12145 | 12141
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Fig. 10 Amperometric current–time response of Pd/NF-ZnO–G upon successive addition of different concentrations of glucose to 0.1 M KOH
at 0.2 V: (a) step of 0.3 mM glucose added in the range from 0 to 6 mM and (b) step of 5 mM glucose added in the range from 0 to 250 mM. Inset:
corresponding calibration plots of the linear relationship between current vs. concentration of glucose.
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Pd/NF–G (1.84), suggesting that Pd/NF-ZnO–G has better poison
tolerance.

The plating time affects the thickness andmorphology of the
Pd NPs layer and catalytic performance of the electrode.
Therefore, 5 electrodes are prepared using plating time of 10,
20, 30, 40 and 50 minutes. As shown in Fig. 5(c), with increasing
of electroplating time, the amount of Pd NPs deposited on the
electrode surface increases and the electrocatalytic effect in
GOR is enhanced as well. However, the current of the oxidation
peak for plating time over 30 minutes decreases and the
potential of the oxidation peak moves forward because the Pd
NPs on the NF-ZnO–G electrode begin to condense into larger
spheres leading to the reduction of the actual active area. The
optimal plating time is thus 30 minutes.

The effects of temperature (T ¼ 25–72 �C) on the electro-
oxidation of glucose are investigated and Fig. 5(d) shows the
CVs at the Pd/NF-ZnO–G electrode in GOR at different temper-
ature. Increasing the temperature causes the peak current to
increase until 60 �C. As the temperature exceeds 48 �C, a nega-
tive shi in the oxidation peak potential is observed. Further-
more, by increasing the temperature, the baseline of the CVs
curves shis upward and there is a positive shi in the re-
oxidation peak potential. Since glucose degrades rapidly above
40 �C as evidenced by a rapid change of color to yellow-brown
Table 1 Comparison of the analytical performance of the Pd/NF-ZnO–

Working electrode Linear rang (mM)
Sensitivity
(mA mM�1 cm�2)

Pd/NF-ZnO–G 5 mM to 12 mM 213.3
PdNPs/Ni5P4-NF 2 mM to 4.65 mM 242.5
Ni-Pd@AC/GCE 10 mM to 1.65 mM 90
Pd–Ni/SiNW 2–20 mM 190.72
PdNPs–CNTs 1–20 mM 11
Pd30Au70/C 1 mM-X 2.372

12142 | RSC Adv., 2019, 9, 12134–12145
and caramel like smell,13 the same degradation phenomenon
is observed here. A higher temperature facilitates electro-
oxidation of glucose but the current density decreases for T >
60 �C.

Fig. 7(a) shows the CVs curves of Pd/NF-ZnO–G in the pres-
ence of different concentrations of glucose. The CVs are recor-
ded in 0.1 M KOH and the inset shows the calibration plots of
glucose concentration versus oxidation peak current. As the
glucose concentration increases, the current increases linearly
reaching 25.75 mA cm�2 for 30 mmol L�1 glucose. As the
glucose concentrations increases further, the peak potential
shows a positive shi. The performance enhancement can be
attributed to that more reactants are involved in the reaction as
the glucose concentration is increased. On the other hand, by
further increasing the glucose concentration in 1 M KOH at
50 mV s�1 as shown in Fig. 7(b), the peak potential shows
a positive shi and the peak current increases until the
concentration of glucose reaches 0.5 M. When the concentra-
tion exceeds 0.5 M, the oxidation peak current decreases. The
deteriorated performance may be due to the following
reasons.22 Firstly, the electrode surface cannot provide adequate
active sites for GOR and secondly, the intermediates may cover
and poison the electrode surface to decrease its catalytic
G electrode with other Pd-based non-enzymatic glucose sensors

Detection limit
(mM) Detection potential Ref.

0.056 0.2 V This work
0.91 0.3 V 10
0.014 0.5 V 21
2.88 �0.06 V 23
— 0.025 V 20
— �0.2 V 19

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09599j


Fig. 11 Stability of Pd/NF-ZnO–G electrode: 30 cycles CVs of Pd/NF-ZnO–G in (a) 0.1 M KOH containing 20 mM glucose and (b) 1 M KOH
containing 0.5 M glucose. Inset: corresponding relationship between peak current vs. number of cycles. CA response of Pd/NF-ZnO–G in (c) 1 M
KOH + 0.5 M glucose and (d) 0.1 M KOH + 20 mM glucose at 0.2 V for 1000 s.
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activity. Thirdly, a higher concentration of glucose gives rise to
higher solution viscosity and less effective mass transfer.

Fig. 8(a) shows the CVs of the Pd/NF-ZnO–G electrode in 1 M
KOH containing 0.5 M glucose for different upper scanning
limits at a scanning rate of 50 mV s�1. The lower limit is xed at
�0.8 V. The currents of the oxidation peak and re oxidation
peak decrease and move negatively as the upper scanning limit
is increased indicating that with a positive shi in the upper
scan limit, GOR becomes easier but the upper scan limit
weakens the GOR intensity. It is noteworthy that If/Ib increases
meaning that the intermediate species can be effectively
oxidized and the electrode poisoning tolerance is improved.

Electrochemical impedance spectroscopy (EIS) is used to
obtain information on electron transfer between the electrolyte
and electrode. Fig. 8(b) shows the Nyquist plots of Pd/NF, Pd/
NF-ZnO, Pd/NF-G, and Pd/NF-ZnO–G at the applied potential
of 0.3 V in 1 M KOH containing 0.5 M glucose in the frequency
range between 0.05 Hz and 105 Hz. In the high frequency region,
This journal is © The Royal Society of Chemistry 2019
data tting shows that Rct follows the order of Pd/NF-G < Pd/NF-
ZnO–G < Pd/NF-ZnO < Pd/NF. The diameter of the semicircle for
Pd/NF-G is the smallest demonstrating that the Pd/NF-G has
higher electrical conductivity and enhanced electron transfer
rate. The performance of Pd/NF-ZnO–G is second to Pd/NF-G.
Addition of ZnO not only improves Rct, but also increases the
inherent impedance (Rs).

As shown in Fig. 9, the oxidation reduction peak current
increases with scanning rates from 5 mV s�1 to 300 mV s�1

demonstrating a diffusion-controlled redox reaction on the Pd/
NF-ZnO–G electrode. The linear relationship between the
square root of the potential scan rate (v1/2) and peak current (I)
veries that the overall glucose oxidation reaction is controlled
by diffusion as shown in Fig. 9(b–d). The R2 values of the three
oxidation reduction peaks are 0.98855, 0.97406, and 0.98043
respectively showing that glucose oxidation is controlled by
mass transport of glucose from the bulk solution to electrode
surface.
RSC Adv., 2019, 9, 12134–12145 | 12143
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Fig. 12 (a) Interference test performed on the Pd/NF-ZnO–G elec-
trodes in 0.1 M KOH at 0.2 V with successive addition of 1 mM glucose,
1 mM glucose, 1 mMDA, 1 mMAA, 1mMUA, 1mM fructose, 1 mM D(+)-
sucrose, 1 mM lactose, 1 mM glucose and 1 mM glucose.
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To evaluate amperometric glucose monitoring and sensing,
the current response is measured at different concentrations of
glucose in 0.1 M KOH at a xed potential. As shown in Fig. 7(a),
the CV of Pd/NF-ZnO–G shows that the oxidation peaks appear
from 0.05 V to 0.2 V and so the operating potential is chosen to
be 0.2 V. Fig. 10(a) shows the typical amperometric current–time
response of Pd/NF-ZnO–G upon successive stepwise addition of
0.3 mM glucose from 0 to 6 mM into 0.1 M KOH at the optimal
potential of 0.2 V. The corresponding calibration plot is shown
in the inset in Fig. 10(a). The sensitivity is 129.44 mAmM�1 cm�2

with a lowest detection limit of 0.184 M (S/N ratio¼ 3) and there
is excellent linearity in the wide range from 0 to 6 mM. The
amperometric response to for lower concentrations with step-
wise addition of 5 mM glucose in the range from 0 to 250 mM is
shown in Fig. 10(b). The sensitivity is 213.3 mA mM�1 cm�2 with
a lowest detection limit of 0.056 M (S/N ratio ¼ 3). Comparing
the two experiments, the amperometric response for a lower
concentration shows higher sensitivity. The lower sensitivity of
glucose at high concentrations arises from adsorption of
intermediates from glucose oxidation.21 The performance of Pd/
NF-ZnO–G is compared to that of other Pd-based electrodes in
Table 1.

The stability of Pd/NF-ZnO–G is assessed by obtaining CVs
for 30 cycles in 0.1 M KOH containing 20 mM glucose and 1 M
KOH containing 0.5 M glucose as shown in Fig. 11(a) and (b),
respectively. The peak current of Pd/NF-ZnO–G with cycle
number is shown in the inset. Fig. 11(a) shows no noticeable
change and the peak current remains at 98.2% aer 30 cycles.
Fig. 11(b) shows that the peak current increases with cycle
number for the rst 3 cycles because the electrolyte needs to
penetrate the surface of the electrode. At the 4th cycle, the peak
current shows a large value of 179.6 mA and then decreases
gradually nally reaching 87.15% aer 30 cycles. The results
demonstrate that the Pd/NF-ZnO–G electrode has good stability.
12144 | RSC Adv., 2019, 9, 12134–12145
The loss of catalytic activity can be explained in terms of
poisoning during glucose oxidation. The CA response to Pd/NF-
ZnO–G in 1 M KOH + 0.5 M glucose and 0.1 M KOH + 20 mM
glucose at 0.2 V for 1000 s is presented in Fig. 11(c) and (d),
respectively. The results suggest that Pd/NF-ZnO–G has good
stability in glucose sensing application and DGFCs.

Ascorbic acid (AA), uric acid are (UA), dopamine (DA), and
various carbohydrates are recognized as major interferences for
detection of glucose. Considering that the glucose concentra-
tion is about 30–50 times of interfering species in human
serum, the amperometric response to interfering species is also
studied by successive addition of 1 mM glucose, 1 mM glucose,
1 mM DA, 1 mM AA, 1 mM UA, 1 mM fructose, 1 mM D(+)-
sucrose, 1mM lactose, 1mM glucose and 1mM glucose to 0.1M
KOH at a xed potential of 0.2 V. These concentrations exceed
those in normal human blood. As shown in Fig. 12, Pd/NF-ZnO–
G does not show clear response to AA, DA, UA, and various
carbohydrates, further verifying the excellent sensitivity and
selectivity in nonenzymatic glucose sensing.

4. Conclusion

A DGFC-powered glucose sensor encompassing the advantages
of both glucose sensor and fuel cell is designed and fabricated.
The electrochemical response of the Pd/NF-ZnO–G electrode
reveals high catalytic activity, sensitivity, stability, and selec-
tivity in GOR. This electrode exhibits an electrocatalytic glucose
oxidation current as high as 222.2 mA cm�2. The sensitivity of
the Pd/NF-ZnO–G electrode in 0.1 M KOH is 129.44 mA mM�1

cm�2 and 213.3 mA mM�1 cm�2 (at a smaller concentration of
glucose). It delivers superior electro-oxidation performance. As
the operating temperature increases, a strong current response
to glucose is observed even for long-term oxidation of glucose.
The Pd/NF-ZnO–G electrode has potential in self-powered
glucose sensors and the self-powered nonenzymatic glucose
sensing scheme provides insights into the design of portable
medical diagnosis devices such as self-powered miniaturized
glucose sensors.
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