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a  b  s  t  r  a  c  t

Nickel–palladium  and  silicon  nanowires  (SiNWs)  fabricated  by chemical  etching  and  electroless  plating
(EP) are  evaluated  as anodes  in  glucose  fuel  cells  (FC).  The  effects  of processing  parameters  and  structural
characteristics  such  as  concentrations  of  KOH  and  glucose,  medium  temperature,  and  palladium  elec-
troless  plating  on  the  FC  performance  are  determined.  The  nickel/silicon  electrode  exhibits  significant
activity  even  without  the  palladium  catalyst  and  noticeable  improvement  is  observed  by  incorporat-
eywords:
uel cell
lectrode
i–Pd/SiNWs
rdered array

ing  SiNWs.  The  ordered  channels  in the SiNWs  and coherence  rendered  by  Ni–Pd  are important  to  the
enhanced  electrode  activity.  The  glucose  oxidation  current  measured  from  the  Ni–Pd/SiNWs  electrode  is
approximately  4.8 mA  higher  than that  on  the  Ni–Pd/Si  one.  Our  results  reveal  superior  electrooxidation
performance  and  long-term  stability  and  Ni–Pd/SiNWs  are  useful  glucose  FC  anodes  in  integrated  fuel
cell applications.
lkaline solution

. Introduction

Direct glucose fuel cells (DGFCs) have attracted much attention
s renewable energy sources since glucose is abundant in nature,
on-toxic, nonexplosive, and nonvolatile. Furthermore, they can be
ass produced and have a relatively high energy content (theoret-

cal energy density of 4430 W h kg−1 based on complete oxidation
o CO2 via 24-electron transfer) [1–5]. Hence, extensive research
s conducted on glucose electrooxidation and associated develop-

ent of DGFCs [6–8]. Studies on microbial and enzymatic glucose
uel cells are also quite prevalent [9,10],  but the low current den-
ity, short life-time, poor stability, high cost, and immobilization
f bio-catalysts on the electrodes are critical barriers to commer-
ial applications of DGFCs. Noble metal catalysts may  enhance the
ong-term stability and biocompatibility. Although Pt electrodes
re widely used in the electrooxidation of glucose, serious poison-
ng effects introduced by absorbed intermediates, low sensitivity,
nd poor selectivity act as drawbacks [11]. Hence, identification of
etter catalysts is vital to the development of DGFCs. The kinetics of
lucose oxidation on a metallic electrode depends strongly on the
ffective surface area [12] and it has also been demonstrated that

n alkaline media, the glucose oxidation reaction (GOR) and oxygen
eduction reaction (ORR) are enhanced compared to those under
cidic and neutral conditions [13–15,8,16,17].  In alkaline DGFCs,
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metals such as Ag, Au, and Bi [18,19] can be used as the electrode
catalysts and OH− ions in the electrolyte can expedite the kinetics
in the ORR.

The main materials (substrate) requirements are large surface
area, electrical conductivity, suitable porosity for reactant flux,
and stability during the FC operation. The application of three-
dimensional materials to the design of FC is an active research area.
For instance, silicon nanowires (SiNWs) are a promising substrate
with excellent characteristics such as large surface area, relatively
high mechanical stability, low cost, and compatibility to commer-
cial microfabrication processes and microelectronics technology.
Here, an ordered SiNWs structure is employed as the electrode
backbone and Ni–Pd nanoparticle catalysts are electroless-plated
on the sidewalls of the SiNWs. This ordered porous electrode
exhibits very negative onset potential and strong current response
to glucose even in the long-term oxidation of glucose. The excellent
performance suggests the feasibility of this composite electrode in
nonenzyme glucose catalysis.

2. Experimental details

A 100-mm single polished 〈1 0 0〉 silicon wafer with a resistivity
2–8 � cm and thickness of 525 �m was  used as the substrate to fab-
ricate the SiNWs. NH4F, NiSO4·6H2O, PdCl2, (NH4)2SO4, HF, AgNO3,

sodium citrate, ammonia, glucose, and other chemical reagents
were all analytical grade and used without further purification. The
solution was  prepared with >18 M� deionized water and all the
experiments were conducted at ∼25 ◦C and 1 atm.

dx.doi.org/10.1016/j.electacta.2012.01.017
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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Fig. 1. (a) SEM image of the microstructure of the SiNWs and (b) ma

The silicon wafer was cleaned using a standard microelectron-
cs process and cut into 1 cm × 1 cm pieces. Before fabrication of the
iNWs, the unpolished side was protected by photoresist and used
or marking the electrode pad. The silicon nanowires were synthe-
ized by chemical etching based on the procedures described in
efs. [20,21].  A solution [HF (20%): AgNO3 (35 mM)  = 1:1 (v/v)] was
sed as the etchant and after the formation of SiNWs, the silicon
ieces were removed from the solution and rinsed with DI water
nd diluted nitric acid (∼30%) to remove surface residues.

Prior to electrodeposition of the Ni–Pd nanoparticles, the SiNWs
ere dipped in a solution of Triton X-100 30 s to decrease the

nternal stress and enhance wetting. A thin nickel film was  coated
n the SiNWs by electroless plating to serve as the electrically
onductive layer and to obtain better resistance against alkaline
edia. More details about the Ni electroless plating process can

e found in Ref. [22]. The Pd nanoparticles were produced on the
idewall of the SiNWs by electroplating. The Ni/SiNWs sample was
ipped in the electroplating solution [23]. PdCl2 was  used as the
etal source and EDTA as the complexing agent. The plating bath
as kept at 60 ◦C and rigorously stirred. The pH value of the bath
as kept at 8.0–9.0 by adding ammonia and the current density

as 50 mA  cm−2 [22]. The Ni–Pd/SiNWs were then rapid ther-
al  annealed at 400 ◦C in argon. Copper wires were connected to

he silver conductive adhesive for the subsequent electrochemical
xperiments.

Fig. 2. (a) Cross-sectional SEM image of the Ni–Pd/SiNWs after electroplating nicke
d pictures of the cross-sectional SEM images of the microstructure.

The surface morphology and structure were assessed by scan-
ning electron microscopy (SEM, JSM 5610) at an accelerating
voltage of 10 kV and the deposited materials were characterized
by XRD (X-ray diffraction) using Cu K� radiation. The electro-
chemical properties of the Ni–Pd/SiNWs were determined by
cyclic voltammetry (CV) and chronoamperometric technique. The
electrochemical experiments were performed on a LK3200A elec-
trochemical workstation (Tianjin, China). The modified SiNWs
served as the working electrode and a platinum wire formed the
counter electrode. All the potentials were referenced to the SCE
reference electrode.

3. Results and discussion

Fig. 1 depicts the top-view (a) and cross-sectional (b) images of
the SiNWs before electroless plating. The SiNWs have a bundled
morphology and are aligned vertically to the substrate. The inter-
face between the SiNWs and bulk silicon is clear and layered. The
length of the SiNWs is uniform and about 90 �m,  which can be con-
trolled by choosing a different etching time. The diameters of the
SiNWs vary between 60 and 300 nm.  The structure has good surface

quality and provides more effective surface area than a planar elec-
trode. Fig. 2(a) shows the surface topography of the cross-section
of the Ni–Pd/SiNWs structure. An additional thin layer of Ni–Pd
nanoparticles can be observed on the SiNWs. The diameter of the Pd

l–palladium and (b) X-ray diffraction pattern of the Ni–Pd/SiNWs electrode.
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Fig. 4. Cyclic voltammograms of the 1 M glucose oxidation reaction on the

glucose concentration and coverage of OH− are independent of
each other. As the glucose concentration is increased, adsorption
of glucose onto the electrode becomes dominant and adsorption of
ig. 3. Cyclic voltammograms of the Ni–Pd/SiNWs (solid curve) electrode and
i–Pd/Si (dashed curve) in the absence (inset of Fig. 3) and presence of 1 M glucose

n  a 1.0 M KOH solution at a scanning rate of 50 mV  s−1.

nd Ni particles ranges from tens to hundreds of nanometer and the
alladium and nickel particles cover the entire silicon nanowires
ven at the bottom. The structure is characterized by X-ray diffrac-
ion (XRD). Fig. 2(b) shows the representative XRD patterns of the
ample annealed at 400 ◦C. Two peaks emerge from the pattern of
i–Pd/SiNWs at 44.12◦ and 51.66◦. The former is the characteristic
eak of Ni (1 1 1) with a slight shift and the peak at 51.66◦ is ascribed
o the Pd (2 0 0) plane. The results confirm the Ni–Pd structure.

The electrocatalytic activity of the Ni–Pd/SiNWs electrode
owards glucose oxidation under alkaline conditions is investi-
ated by cyclic voltammetry and chronoamperometric technique.
ig. 3 displays the electrochemical response of Ni–Pd/Si (dashed
urve) and Ni–Pd/SiNWs electrodes in a 1 M KOH solution contain-
ng 1 M glucose measured at a scanning rate of 50 mV  s−1. The cyclic
oltammograms of the Ni–Pd/SiNWs (solid curve) and Ni–Pd/Si
dashed curve) electrodes in 1 M KOH in the absence of glucose are
hown in the insets of Fig. 3. The oxidation or reduction peaks can
e observed and the current density of the Ni–Pd/SiNWs is clearly
reater than that of the Ni–Pd/Si implying that the two  electrodes
ave catalytic capability and the Ni–Pd/SiNWs have higher catalytic
ctivity. The hydrogen adsorption/desorption peaks are observed at

 negative potential region due to oxidation of hydrogen adsorbed
n the metal. In the positive scan, Ni–Pd adsorbs OH− and an inac-
ive oxide film is formed on the electrodes. The two reduction peaks
re found at potentials of −0.66 V and 0 V and they arise from reduc-
ion of Ni2+ or Ni3+ and reduction of Pd2+, respectively [23–25].

In the presence of 1 M glucose, electrooxidation is character-
zed by two well-defined current peaks in the forward and reverse
cans. An oxidative peak in the anodic scan is mainly attributed to
he electrocatalytic oxidation of glucose by the Pd nanoparticles.
he reoxidation peak is primarily associated with the removal of
ncompletely oxidized species formed in the forward scan [26]. The
urrent densities are higher at the corresponding potentials on the
i–Pd/SiNWs electrode compared to the Ni–Pd/Si electrode. The

esults suggest that Ni–Pd nanoparticles have superior electrocat-
lytic activity towards glucose oxidation in an alkaline solution, and
he Ni–Pd/SiNWs electrode has much higher catalytic activity for
lucose electrooxidation than Ni–Pd/Si under alkaline conditions.

The effect of different KOH concentrations (0.4–6 M)  on the

i–Pd/SiNWs electrode in 1 M glucose is investigated by CV. Fig. 4

hows the CVs in 1 M glucose solution from −0.6 to 0.4 V. The oxida-
ion current increases as the KOH concentration is increased from
.4 to 1 M and further increase leads to an obvious decrease in the
Ni–Pd/SiNWs electrode at various concentrations of KOH and the variations of the
anodic peak current for glucose electrooxidation versus KOH concentrations on the
Ni–Pd/SiNWs electrode in the inset of Fig. 4 at a potential scanning rate of 50 mV s−1.

peak current. Furthermore, the peak potential shows a continuous
negative-shift similar to that of glucose oxidation.

At first the glucose oxidation reaction on the Ni–Pd/SiNWs elec-
trode is accelerated at higher OH−concentrations. This increases the
anodic peak current, but at higher KOH concentrations, adsorption
of hydroxyl ions may  be dominant on the Ni–Pd/SiNWs elec-
trode and it blocks adsorption of glucose onto the electrode. The
imbalance reduces the anodic peak current [26]. The relationship
between the KOH concentration and peak current in the forward
scan is shown in the inset of Fig. 4.

The CVs of the Ni–Pd/SiNWs electrode in the glucose solutions
with different concentrations from 0.5 to 2.5 M in 1 M KOH solution
are displayed in Fig. 5. The oxidation current increases monotoni-
cally with glucose concentration. Furthermore, the peak potential
shows a continuous positive-shift as the glucose concentration is
increased. It appears that at a lower glucose concentration, the
Fig. 5. Cyclic voltammograms of the glucose oxidation reaction on the Ni–Pd/SiNWs
electrode in 1 M KOH solution containing glucose of various concentrations at a
scanning rate of 50 mV s−1.
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Fig. 6. Cyclic voltammograms of the Ni–Pd/SiNWs in 1 M KOH containing 1 M glu-
cose at various temperatures at a potential scanning rate of 50 mV s−1.
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ig. 7. Chronoamperogram of electroactivity of (a) Ni–Pd/SiNWs and (b) Ni–Pd/Si
lectrode at an oxidation potential −0.4 V for glucose electrooxidation in 2 M KOH
nd 1 M glucose solution at 25 ◦C.

ydroxyl ions is blocked, thereby leading to reduced anodic peak
urrent.

The effect of the medium temperature on electrooxidation of
lucose is investigated. Fig. 6 depicts the CV of the Ni–Pd/SiNWs
lectrode during glucose oxidation at different temperatures. A
igher temperature increases the anodic peak current but the rate

s nonlinear. Some other special characteristics are also observed,
uch as a positive shift in the anodic oxidation and re-oxidation
eak potential and a negative shift in the onset potential. As the
emperature is increased, the difference in the onset potentials
ecomes smaller and a higher temperature facilitates electrooxi-
ation of glucose.

The chronoamperometric technique is an effective method to

valuate the electrocatalytic activity and stability of catalysts.
ig. 7 shows the chronoamperogram of the electroactivity of the
i–Pd/SiNWs (a) and Ni–Pd/Si (b) electrodes at an oxidation poten-

ial –0.1 V in 1 M KOH/1 M glucose at 25 ◦C. As expected, the glucose

[
[

[
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oxidation current on the Ni–Pd/SiNWs electrode is evidently higher
than that on the Ni–Pd/Si. The chronoamperogram also shows that
electrocatalytic oxidation of glucose is maintained at high activ-
ity and is very stable for over 600 s. This provides the evidence
that most CO species can be oxidized and removed from the Ni–Pd
catalysts and our results indicate that the Ni–Pd/SiNWs nanocom-
posites have the better electrocatalytic properties.

4. Conclusion

A  glucose fuel cell prototype is fabricated by electrodeposi-
tion plating Ni–Pd nanoparticles on ordered aligned Si nanowires
arrays. The Ni–Pd/SiNWs electrode possesses many desirable fea-
tures such as high electrocatalytic activity and good stability due
to the large effective surface area and electrocatalytic activity of
Ni–Pd nanoparticles. The Ni–Pd/SiNWs electrode is attractive in
direct glucose fuel cell.
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