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n three-dimensional nickel foam:
a non-enzymatic glucose sensor with enhanced
electro-catalytic performance†

Wenqi Liu, *a Xiaochun Wub and Xiaojin Li*a

We developed a non-enzymatic electrochemical glucose sensor with a unique three dimensional network

structure by combining Ni foam with Au nanorods (Au NRs) on its surface (Au NRs/Ni). Electrochemical

measurements revealed that the Au NRs/Ni foam exhibits very high sensitivity with a linear slope of 5.27

mA mM�1 cm�2 for glucose detection, better than the Ni foam electrode and most of the reported

electrodes. And its linear dynamic range is also broader than the Ni foam electrode. Moreover, upon light

excitation of the localized surface plasmon resonance (SPR) of the Au NRs, light-enhanced

electrochemical activities are observed from the Au NRs/Ni foam, suggesting the possibility of modifying

electrochemical sensors by surface plasmon resonance. These results highlight the potentials of the Au

NRs/Ni foam electrode in practical glucose monitoring and plasmonic effects in photoelectrochemical

sensing.
Introduction

Extensive studies have been devoted to the development of
glucose sensors in the past few decades due to their consider-
able applications in the diagnosis of diabetes, waste water
treatment and food analysis.1 Basically, there are two categories
of glucose sensors: enzymatic and non-enzymatic ones.2

Although enzymatic detection provides high sensitivity and
good selectivity, its application is restricted due to the intrinsic
nature of enzymes including their instability and sensitivity to
their environment.3 Therefore, tremendous efforts have been
directed toward the improvement of non-enzymatic glucose
(NEG) sensors.4,5 Electrochemical method is oen employed for
NEG detection, which is based on the current response of
glucose oxidation at the electrode surface modied by specic
materials. Although the mechanism of glucose oxidation at the
electrode surface is still not fully understood, a variety of
materials including noble metals,6 metal oxides/hydroxides,7

carbon nanotubes,8 graphene,9 polymers, and hybrids10 have
been explored and applied to NEG sensors.

Among numerous materials, noble metal nanoparticles
(NMNPs), such as Au, Ag, Pt, Pd, exhibit high electrocatalytic
activities, long-term stability and good biocompatibility11,12 and
therefore have been extensively explored as electrode materials
rocess Technology, Chinese Academy of
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for glucose oxidation. Furthermore, NMNPs display unique
optical properties, especially for Au, Ag nanoparticles, which
possess strong extinctions in the visible and NIR spectral region
owing to localized surface plasmon resonances (LSPR).13,14

NMNPs can act as plasmon catalysts or photosensitizers by
transferring some of the absorbed plasmonic energy through
either resonant energy transfer or direct hot-electron injection
to the reactants, thereby improving their own catalytic activities
or performances of attached substrates.15–17 This light-enhanced
activity has recently attracted great attention in solar harvesting
eld.18

Encouraged by the achievements based on plasmon enhanced
catalytic activities, we hereby propose a novel sensing platform
that can utilize LSPR to enhance the glucose oxidation and thus
to improve the sensitivity of the glucose sensor. The platform
consists of Au nanorods (Au NRs)-modied Ni foam (Au NRs/Ni).
Au NRs were employed as plasmon catalysts due to their aspect
ratio-dependent LSPR responses and well-developed synthesis
method.19 Ni foam was chosen as the support for the Au NRs due
to its high conductivity, unique three dimensional network
structure, large loading amount of active materials and low
price.20,21 In addition, Ni foam can directly act as a sensing plat-
form for glucose detection in alkaline solution, which is medi-
ated by Ni(II)/Ni(III) redox couple.22 At rst, using this
nanoplatform, we investigated its electrochemical sensing of
glucose in the absence of plasmon excitation by cyclic voltam-
metry and chronoamperometry. Signicantly enhanced electro-
catalytic performance has been observed using the Au NRs/Ni
electrode for glucose oxidation. And it shows higher sensitivity
and broader linear range than the Ni foam electrode. Upon
plasmon excitation with simulated sunlight irradiation, light-
This journal is © The Royal Society of Chemistry 2017
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enhanced electrochemical sensing of glucose is exhibited, indi-
cating the feasibility of further improvements in sensitivity,
dynamic range, and detection limit and highlighting the poten-
tial applications of plasmon effects for electrochemical sensing.

Experimental
Materials

Sodium borohydride (NaBH4), cetyltrimethylammonium
bromide (CTAB), chlorauric acid (HAuCl4$3H2O), silver nitrate
(AgNO3), and L-ascorbic acid (AA) were purchased from Alfa
Aesar and used as received. Ni foams (110 PPI, 320 g m�2, 1 mm
in thickness) were purchased from Changsha Lyrun New
Material Co. Ltd., China. Other reagents and chemicals were at
least analytical reagent grade and purchased from Beijing
Chemical Reagent Company (Beijing, China). Milli-Q water (18
MU cm) was used for all solution preparations.

Instruments

UV-vis-NIR absorption spectra were recorded on a Hitachi U-
4100. X-ray diffraction (XRD) patterns were acquired using
a Rigaku MiniFlex X-ray diffractometer equipped with Cu Ka
radiation source operated at 50 kV/300 mA. Transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM) images were obtained with a TecnaiG2 20 S-TWIN oper-
ating at an acceleration voltage of 200 kV and a Hitachi S-4800
equipped with energy dispersive spectroscopy (EDS) operating
at an acceleration voltage of 10 kV, respectively. Electrochemical
measurements were performed on a CHI 650 electrochemical
analyzer (Shanghai, China).

Synthesis of Au NRs

Au NRs were synthesized through the seed-mediated growth
method. CTAB-capped Au seeds were prepared as follows: 7.5
mL of 0.1 M CTAB solution was mixed with 100 mL of 25 mM
HAuCl4 and deionized water to 9.4 mL. Then, ice-cold NaBH4

(0.6 mL, 0.01 M) was added under vigorous stirring. The seed
solution was then kept at room temperature and used within 2–
5 h. Then, Au NRs were synthesized by reduction of HAuCl4 with
AA on Au seeds: 120 mL seed solution was added to the growth
solution consisted of CTAB (100 mL, 0.1 M), HAuCl4 (2 mL, 25
mM), AgNO3 (1.05 mL, 10 mM), and AA (552 mL, 0.1 M) to
initiate the growth. The resultant reaction solution was gently
mixed by inversion and then le undisturbed. Aer 12 h, AA
(0.1 M, 55.2 mL) was added twice with 40 min interval. Aer
about 3 h, the Au NRs were separated from the growth solution
by centrifugation (12 000 rpm for 5 min) twice. The precipita-
tion was collected and redispersed in 20 mL of deionized water.

Preparation of Au NRs/Ni foam electrode

1 cm � 1 cm � 1 mm Ni foam was washed with acetone, etched
in 0.1 MHCl for 1 h to remove the thin layer of oxide, and rinsed
with ultrapure water prior to use. For the modication of the
electrode, 200 mL of the synthesized Au NRs (0.39 mmol Au
atoms, calculated by Fig. S1†) was added onto the Ni foam
surface. The electrode was then dried under infrared lamp.
This journal is © The Royal Society of Chemistry 2017
Preparation of Au NRs/glassy carbon electrode (GCE)

GCE (F ¼ 4 mm) was polished with 1.0, 0.3, and 0.05 mm
a-alumina powders in sequence, and rinsed thoroughly with
deionized water between each polishing step, then sonicated in
1 : 1 HNO3/ethanol and deionized water, and dried at room
temperature prior to modication. A volume of 7.5 mL of Naon
(5% v/v, in alcohol) was mixed with 100 mL of the synthesized Au
NRs, then 7 mL of the resulting solution was applied to the GCE
and allowed to dry for 1 h.
Electrochemical measurements

All of electrochemical analyses were carried out with a three
electrode system, in which a platinum wire and a Ag/AgCl (sat.
KCl) electrode were used for counter electrode and reference
electrode, respectively. Ni foam, Au NRs/Ni foam, and Au NRs/
GCE act as the working electrode. All electrochemical measure-
ments were performed on a CHI 650 electrochemical analyzer
(Shanghai, China) at ambient temperature. The scan rate range in
cyclic voltammetry (CV) was 0.001 V s�1 to 1 V s�1. The optimal
working potential was set to +0.600 V for measurements of
glucose. CV measurements were performed in a glucose concen-
tration range of 0–5mM. Current densities were normalized to the
geometrical area of the working electrode. All potentials were
referred to the reference electrode unless specied.
Results and discussion

The synthesis of Au NRs was simple and efficient through the
seed-mediated growth method.19 The obtained Au NRs were
characterized by TEM and UV-vis-NIR extinction spectra. As
shown in Fig. 1, their longitudinal SPR peaks were located at
700 nm, and the size distributions were narrow as determined
from the TEM images, with an average length of 43.1 nm and
average width of 15.1 nm (Table S1†). SEM images for the Ni
foam substrate at various magnications are shown in Fig. 2A–
D, displaying a 3D, highly porous and cross-linked structure.
Fig. 2a–d show the SEM images aer the obtained Au NRs were
concentrated and deposited onto the pretreated Ni foam. It can
be seen through Fig. 2C and c that the Ni foam surface is
covered with Au NRs. Comparing Fig. 2D with Fig. 2d, it is easily
seen that the Au NRs deposition results in a signicant
morphology change of the Ni foam surface, demonstrating the
efficient formation of Au NRs aggregates. The elemental anal-
ysis of the as-prepared samples was further performed using
EDS. EDS element mappings of Au and Ni obtained from the
SEM images of Au NRs/Ni foam is shown in Fig. 2E. The amount
of Au NRs on the Ni foam can be controlled by varying the
dropping amount or dropping times.

The chemical composition and crystal phase of the samples
were further examined by XRD analysis. The Ni foam shows
three sharp diffraction peaks at 2q ¼ 44.5�, 51.8�, and 76.3�

(Fig. 2F, black line), which match (111), (200) and (220) planes
of the face centered cubic (fcc) phase of Ni metal (JCPDS card
no. 65-2865), respectively. Aer modication with Au NRs, new
diffraction peaks appearing in the XRD pattern (Fig. 2F, red
line) at 2q ¼ 38.2� and 64.5�, which can be well indexed to the
RSC Adv., 2017, 7, 36744–36749 | 36745
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Fig. 1 TEM images (A) and UV-vis-NIR extinction spectra (B) of the obtained Au NRs.

Fig. 2 SEM images of Ni foam substrate (A to D) and Au NRs/Ni foam electrode (a to d); (E) SEM image of Au NRs/Ni foam and EDS element
mappings of Ni and Au atoms; (F) XRD patterns of Ni foam substrate and Au NRs/Ni foam electrode.
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View Article Online
(111) and (220) planes of fcc Au (JCPDS card no. 65-2870). In
addition, the fcc Ni (111) peak almost overlaps with the fcc Au
(200) peak. The above XRD results demonstrate that the Au NRs
were modied on the Ni foam surface. The resulting electrode
was then characterized by cyclic voltammetry (CV) in detail.

For evaluating the electrochemical properties of Au NRs
modied Ni foam electrode, cyclic voltammograms of the nickel
foam substrate, Au NRs/GCE and Au NRs/Ni foam electrode
36746 | RSC Adv., 2017, 7, 36744–36749
were carried out in 0.1 M KOH at a scan rate of 100 mV s�1

(Fig. 3). The CVs are similar to those reported in the literature
for Ni and Au electrode in alkaline solution.23,24 As can be seen,
four redox peaks, A/B, a/b, C/D, and c/d are present. The a/
b couple is due to the Ni(II)/Ni(III) redox couple, the same to
the A/B couple. While C/D and c/d process is related to gold
oxide formation and subsequent reduction to Au0.25 The vol-
tammetric prole of the modied electrode is the weighted sum
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cyclic voltammograms of the nickel foam substrate, the Au
NRs/Ni foam electrode, and the Au NRs/GCE measured in 0.1 M KOH
at a scan rate of 100 mV s�1.
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of the electrochemical behaviours of Au and Ni catalyst. In
addition, the Au–Ni composite electrode exhibits good stability
in alkaline solutions (Fig. S2†), possibly due to the electrostatic
binding between the positively charged Au NRs and negatively
charged Ni foam surface.26 Moreover, the current density for the
oxidation/reduction of Au NRs/Ni foam electrode is higher than
that of Ni foam substrate.

The electrochemical behaviors of glucose oxidation were
investigated by CV. Fig. 4A and B and S3† display the CVs over
a voltage range from�0.2 to 0.7 V for the nickel foam substrate,
Au NRs/Ni foam electrode, and Au NRs/GCE in 0.1 M KOH
solution with different glucose concentrations at a sweep rate of
100 mV s�1. As Fig. 4A shows, one redox peak is observed at the
Ni foam due to the glucose oxidation and reductionmediated by
Ni(II)/Ni(III) redox couple. The oxidation currents at 0.4–0.6 V
increase gradually with the introduction of glucose from 0 to
Fig. 4 CV curves of (A) the nickel foam substrate and (B) the Au NRs/Ni
KOH at a scan rate of 100 mV s�1.

This journal is © The Royal Society of Chemistry 2017
1 mM, indicating the electrochemical oxidation of glucose, but
the currents gradually become saturated from 1 to 5 mM.
Fig. S3† and 4B shows the CVs for Au NRs/GCE and Au NRs/Ni
foam electrode with different glucose concentrations. They
exhibit some common properties. In the positive potential scan
two oxidation peaks appear both in Fig. S3† and 4B at about
+0.45 V (peak A) and +0.65 V (peak B), peak A is due to the direct
electrochemical oxidation of glucose by the electroactive species
of Au(OH)ads and peak B is attributed to the further oxidation
of gluconolactone generated from glucose oxidation (peak A).
While during the reverse scan a single oxidation peak at about
0 V (peak C) is also observed both in Fig. S3† and 4B. As Fig. S3†
and 4B show, the rate of oxidation increases greatly and a well-
dened peak (peak C) is soon developed. The formation of peak
C is due to the re-oxidation of glucose for it's in the same
potential region as soon as the Au oxides are reduced.27 So peak
C reects the oxidation of glucose by Au oxides. In addition, the
difference between Fig. S3† and 4B is that no glucose oxidation
and reduction peaks mediated by Ni(II)/Ni(III) redox couple are
found in Fig. S3.† Furthermore, the peak current for Au NRs/Ni
foam electrode is higher than that of Ni foam substrate, and
proportional to the glucose concentration up to 5 mM, since
more electrons could be provided with a high content of reac-
tion reagents during electrochemical oxidation for Au NRs/Ni
foam electrode.

To further evaluate the sensitivity of the NEG sensor based
on Au NRs/Ni foam electrocatalyst, the chronoamperometry is
performed. Fig. 5A depicts the amperometric response curves of
the nickel foam substrate and Au NRs/Ni foam electrode upon
the successive addition of glucose at 0.6 V vs. Ag/AgCl electrode.
The currents increase immediately with the increase of glucose
concentrations, indicating the sensitive and rapid responses as
a glucose monitor. And the Au NRs/Ni foam electrode shows
larger current response toward glucose sensing than the nickel
foam. Fig. 5B displays the linear relationship between the
current density and the glucose concentrations. The sensitivity
of the sensors could be calculated from the linear regression
foam electrode in a series of glucose concentration measured in 0.1 M

RSC Adv., 2017, 7, 36744–36749 | 36747
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Fig. 5 (A) Amperometric response curves and (B) the corresponding calibration curves of the nickel foam substrate and the Au NRs/Ni foam
electrode upon successive addition of glucose at 0.6 V (vs. Ag/AgCl).
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equations. The sensitivity of Au NRs/Ni foam is 5.27 mA mM�1

cm�2 for glucose detection, which is 2.62 times as high as the
nickel foam (2.01 mA mM�1 cm�2). Table S2† summarizes the
sensitivity of several typical NEG sensors with different elec-
trodes reported previously. It should be noted that the Au NRs/
Ni foam electrode possesses excellent sensitivity toward glucose
detection among these electrodes. And the limit of detection
can be calculated to be 14 mM for the Au NRs/Ni foam electrode
based on the signal-to-noise ratio of 3 (S/N ¼ 3). The excellent
sensitivity of Au NRs/Ni foam can be attributed to the high
electrocatalytic activity of Au NRs. Moreover, the well-distributed
AuNRs on the surface of Ni foam favor the full access of single Au
NR to glucose, which signicantly enhances the electrochemical
Fig. 6 Plasmon enhanced electrochemical oxidation of glucose: (A) CV
0.1 M KOH at a scan rate of 100 mV s�1, 0.1 mM glucose was added betw
the Au NRs/Ni foam electrode.

36748 | RSC Adv., 2017, 7, 36744–36749
response toward glucose oxidation. The amperometric response
curve of the Au NRs/GCE as control is shown in Fig. S4,† which
indicates that no Ni foam as the substrate signicantly decreased
the sensitivity.

The photoelectrochemical properties of Au NRs/Ni foam
electrode were studied under simulated sunlight irradiation at
room temperature in 0.1 M KOH solution. Fig. 6A shows the CVs
over a voltage range from �0.2 to 0.7 V for the Au NRs/Ni foam
electrode with light on/off. The CV curves were measured upon
successive addition of 0.1 mM glucose between every two scans.
Light was turned on or off just before adding glucose. As can be
seen, a clear increase in current change between two scans is
observed when the light is switched on, and the current change
curves of the Au NRs/Ni foam electrode measured with light on/off in
een two scans; (B) UV-vis-NIR spectra of the nickel foam substrate and

This journal is © The Royal Society of Chemistry 2017
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immediately returned to its initial state aer the light is turned
off, suggesting the enhanced redox reactions on the sensor
surface under sun light illumination. By statistics, the current
change with light on is 1.77 times of the current change with light
off, and the percentage of the photo-enhanced effect is about 44%
in the total signal. The UV-vis-NIR spectra were measured to prove
light absorption by Au NRs/Ni foam electrode. As Fig. 6B shows, Ni
foam presents an absorption band at about 350 nm, which is
ascribed to the absorption of NiO.28 In contrast, two additional
broad absorption bands are found for the Au NRs/Ni foam
between 500 and 700 nm, which correspond to the transverse and
longitudinal SPR bands of the Au NRs, respectively. Band shiing
and broadening are caused by the assembly of Au NRs onNi foam.
As the ultraviolet part of simulated sunlight irradiation is low, the
effect of NiO absorption on light-enhanced electrochemical
responses can be ignored. In contrast, plasmonic photocatalysis of
the Au NRs is the main cause of improved photoelectrochemical
responses for glucose. In addition, whether the Au NRs act as the
photosensitizers and lead to extra photocurrent increase through
transferring plasmonic energy to underneath Ni foam need
further investigations. In all, our results show that the plasmonic
effect has a great application potential in photoelectric sensors.
Conclusions

In summary, we successfully developed a non-enzymatic elec-
trochemical glucose sensor by deposition of Au nanorods on Ni
foam surface. The deposition of dense and well-dispersed Au
NRs on the electrodes could signicantly promote the electro-
catalytic ability toward the oxidation of glucose during the
electrochemical tests. The Au NRs/Ni foam shows better sensi-
tivity among the reported glucose electrodes with 5.27 mA
mM�1 cm�2 for glucose detection and provides larger linear
dynamic range than Ni foam electrode. These results conrm
that Au nanostructures could work as excellent electrode
materials for the sensing of glucose. Furthermore, Au NRs/Ni
foam shows absorptions in the visible spectrum due to the
localized SPR, and thus can effectively enhance the glucose
oxidation through light excitation of plasmonic bands and
further improve the sensitivity. We believe that the proposed
glucose sensor shows great promises for applications in prac-
tical glucose monitoring. And the plasmon enhanced electro-
catalytic performance can also be extended to other reactions.
Further research is in progress.
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