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AbstractNano carbon-semiconductor hybrid materials such as graphene and zinc oxide (ZnO) have been vigor-
ously explored for their direct electron transfer properties and high specific surface areas. We fabricated a three-dimen-
sional anodic electrode catalyst nanostructure for a direct glucose fuel cell (DGFC) utilizing two-dimensional monolayer
graphene and one-dimensional ZnO nanorods, which accommodate silver/nickel (Ag/Ni) nanoparticle catalyst. Glu-
cose, as an unlimited and safe natural energy resource, has become the most popular fuel for energy storage. Ag and Ni
nanoparticles, having superior catalytic activities and anti-poisoning effect, respectively, demonstrate a 73-times enhanced
cell performance (550W cm2 or 8 mW mg1) when deposited on zinc oxide nanorods with a small amount of
~0.069 mg in 0.5 M of glucose and 1 M of KOH solution at 60 oC. This three-dimensional anodic electrode catalyst
nanostructure presents promise to open up a new generation of fuel cells with non-Pt, low mass loading of catalyst,
and 3D nanostructure electrodes for high electrochemical performances.
Keywords: 3D Nanostructures, CVD Graphene, Direct Glucose Fuel Cell, Nickel Nanoparticles, Silver Nanoparticles,

Zinc Oxide Nanorods

INTRODUCTION

Renewable energy resources have gained great attention for devel-
oping future viable energy technology owing to global energy con-
sumption growth and environmental issues. Glucose obtained from
the abundant residual biomass produced by the agriculture and/or
humanity activities has been considered as a viable resource in order
to obtain useful energy [1,2]. In addition, glucose can generate an
energy of 2.87×106 J mol1 by completely converting into CO2 with
24 electron transfers, implying a comparable energy efficiency with
alcohol fuels such as ethanol and methanol [3,4]. Currently, glu-
cose has been exploited as a potential fuel in applications for enzy-
matic and direct fuel cells. Enzymatic fuel cells utilizing glucose
oxidation [5] and glucose dehydrogenase [6] have shown a power
density of 1.45 mW cm2 [7]. However, they display limited life-
times (7-10 days). As a result, direct glucose fuel cells have been
more attractive in improving cell performance and developing low
cost systems [8]. To overcome the aforementioned difficulties related
to shortened lifetimes, new approaches have been explored. Among
these, direct glucose fuel cells using a metallic catalyst and an alka-
line medium have opened a new vision for energy systems.

For several decades, noble metals with outstanding catalytic activ-
ity and high stability were employed as electrode materials for non-

bio-glucose fuel cells [9,10]. To date, some reported electrical power
outputs have been performed using several direct glucose fuel cell
(DGFC) types [5,7,11-15]. It has been observed that glucose fuel
cells demonstrate higher performance with anion exchange mem-
brane fuel cells (AEMFC), using precious metal-based electrode
catalysts such as Pt, Au, and their alloys [16,17]. In particular, Basu
et al. tried to develop a bimetallic catalyst, Pt-Pd, and a trimetallic
catalyst, Pt-Pd-Au, for anode electrode in DGFC, using which a
power density of 0.52 mW cm2 was obtained in 0.3 M of glucose
and 1 M of KOH aqueous medium [11]. Currently, some investi-
gations on non-Pt metals and their alloys with Ni [5], Co [18],
and Pd [12] have been studied in an effort to reduce the high cost
and to improve the efficiency of DGFC. Among the nonprecious
metal alloys, nickel is an excellent candidate for glucose oxidation
reactions in alkaline media as well [5,18-22]. Gao et al. reported that
Ni-Co cocatalyst shows a performance of 23.97 W m2 at room
temperature for direct glucose alkaline fuel cell (DGAFC) [22].
Yang et al. [8] applied Ni foams as electrocatalysts with methyl
viologen as an electron mediator for DGFC and achieved a power
density of 5.20 W m2 in 1 M of glucose and 3 M of KOH medium
at room temperature. In addition, silver with great electrocatalytic
property in alkaline media has been used in glucose substrate. Chen
et al. applied a support of nickel foam in silver particles to obtain a
cell performance of 2.03mW cm2 at 80 oC [23]. Consequently, many
researchers have focused on metallic components to improve DGFC
performance, reduce cost, and increase catalytic activities and sta-
bilities. Based on the research trend, new anodic generations with
nanostructure in various dimensions are considered promising for
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the DGFC field. Graphene with its two-dimensional carbonaceous
structure has been widely applied in sensors [24-26], supercapaci-
tors [26-29], catalysts [30-32], electronics, transistors, photonics, and
optoelectronics [29] owing to its outstanding electrical conductiv-
ity, large specific surface area, mechanical strength, chemical stabil-
ity, and great optical properties [7]. Its appeal is further increased
by the fact that it possesses a great mobility of 200 000 cm2 V1 s1

[33,34] and a surface-to-mass ratio of 2,600 m2 g1 [27]. Mono-
layer graphene synthesized via chemical vapor deposition (CVD)
has displayed some excellent properties that are required to im-
prove catalytic activities. Recently, Qu et al. replaced Pt/C electrode
by N-doped graphene synthesized via CVD for alkaline fuel cells,
resulting in long-term stability and decreased poison effect [35]. A
typical revolution in this work is the 3D construction of ZnO aligned
nanorods (NRs) on a single layer graphene-covered electrolyte mem-
brane as a preparation for decorating catalysts. ZnO is an outstand-
ing semiconductor material. Chen et al. investigated ZnO as an
electrolyte for solid oxide fuel cells at a low operating temperature,
delivering a maximum performance of 864 mW cm2 at 550 oC
[36,37]. In addition, Wenbin et al. studied the composite of CuO-
ZnO-SDC (SmxCeyOz) as an anodic material for direct carbon fuel
cells, yielding a largest power density of 130mW cm2 at 700 oC [38].
Therefore, the recent development of the 3D nanostructured com-
bination between ZnO nanorods and graphene film is a technical
breakthrough to achieve higher performance in DGFC due to its sig-
nificant surface area, stability, and increased catalytic activity [5,7,20].

In this work, we aimed to support the catalytic effect by apply-
ing a 1D nanomaterial such as ZnO nanorods to improve the cell
performance. In particular, a bimetallic Ag-Ni catalyst was anchored
on the 3D nanostructure consisting of 1D ZnO NRs and CVD
single layer graphene film. The 3D nanostructure acting as an ac-
commodation for nanoparticle catalysts enhanced the electrochemi-
cal catalytic reaction, thereby demonstrating good electrochemical
performances.

EXPERIMENT

1. Chemicals and Materials
Ammonium persulfate [(NH4)2S2O8], poly(methyl methacrylate)

(PMMA), zinc acetate Zn(CH3COO)2, zinc nitrate hexahydrate
[Zn(NO3)2·6H2O], hexamethylenetetramine (HTMA, C6H12O4), sil-
ver nitrate (AgNO3), nickel nitrate hexahydrate [Ni(NO3)2·6H2O],
and sodium borohydride (NaBH4) were purchased from Sigma
Aldrich in Korea. All chemical materials were used without any
further purification. Copper foil was distributed by Alfa Aesar with
the grade of graphene synthesis, and the anion exchange membrane
(FAA-130 electrolyte membrane) was supplied by FuelcellStore.
2. Synthesis of Material
2-1. Preparation of ZnO Nanorods on Monolayer Graphene

For synthesizing monolayer graphene, copper foil (Alfa Aesar,
25m thick, 99.8%) was used to synthesize graphene by employ-
ing the chemical vapor deposition method at 1,020 oC in vacuum
atmosphere. First, Cu foil was cleaned using a diluted aqueous 1wt%
of HNO3, followed by several cleaning steps with deionized water
(DI water), isopropyl alcohol (IPA), and acetone. A cuvette-shaped
inner tube with an outer diameter of 4 mm was inserted into the

quartz tube of CVD system in the direction of gas flow. A mov-
able furnace was heated to 1,020 oC for 1.5 h under the flow of Ar
gas during the pregrowth step. During the second step that includes
the annealing and growth process, the annealing stage took 2 h in
the mixture of 100 sccm Ar and 100 sccm H2 at pressure of 0.6
mtorr, and then (1-20) sccm CH4 gas flow was introduced for the
growth stage at 1,020 oC. Subsequently, the whole system was cooled
down rapidly to ambient temperature in Ar environment. Next,
the graphene-grown Cu foil was covered with PMMA using spin
coating before removing Cu with the etchant solution of ammo-
nium persulfate. Finally, graphene was transferred on a polymer
substrate (anion exchange membrane) for next steps, and PMMA
was removed using the acetone solution.

To grow ZnO nanorods on graphene, 0.0459 g of zinc acetate
was dispersed in 30 ml of C2H5OH using ultrasonication, and then
it was spin cast on graphene-transferred polymer several times at
3,000 rpm, followed by annealing at 80 oC for each coating. Sec-
ond, the polymer was dipped into a mixture of 10 ml of HTMA
(50 mM) and 10 ml of Zn (NO3)2·6H2O (50 mM) at pH 13. This
experiment was carried out at 90 oC in a heating bath for 1h. Lastly,
zinc oxide nanorods was rinsed with DI water for three times to
obtain a clear surface, and then it was dried for next steps.
2-2. Decoration of Ag and Ni Nanoparticles on ZnO NRs

The Ag-Ni bimetallic nanoparticle catalyst was anchored on
ZnO nanorods-graphene substrate from the precursors of AgNO3

and Ni(NO3)2·6H2O aqueous solution with different mole ratios as
listed in Table 1.

The precursor mixtures were dispersed into 10 ml of C2H5OH
using the ultrasonication process for 30min. Since Ag is highly pho-
tosensitive, it is essential for the sample to be prepared in dark con-
dition during this step and to obtain pure metallic catalyst. Thus,
the sample was baked on a hot plate at 80 oC in aforementioned
condition after each time the above-mentioned salt mixtures were
covered onto the surface of ZnO nanorods grown on graphene/
polymer membrane. Next, this sample was dipped vertically into a
beaker containing 100 ml of NaBH4 solution under the support of
ice bath (3 oC), and maintained reaction for 5 min before pressing
into the membrane electrolyte assembly (MEA) for the implemen-
tation of fuel cell. To investigate the role of ZnO nanorods, a mix-
ture of 0.013 g of AgNO3 and 0.022 g of Ni(NO3)2·6H2O in ethanol
was sequentially covered on carbon paper and on graphene/mem-
brane, and then the aforementioned experimental steps were fol-
lowed. Overall scheme for the preparation of 3D nanostructure
catalysts is shown in Fig. 1.
3. Glucose Fuel Cell Construction

Glucose fuel cell unit was designed using metal-based anode

Table 1. Different ratios of salts for the preparation of catalyst mate-
rial

Samples Composition of precursor
Sample 1 0.022 g of Ni(NO3)2·6H2O
Sample 2 0.013 g of AgNO3+0.022 g of Ni(NO3)2·6H2O
Sample 3 0.013 g of AgNO3+0.11 g of Ni(NO3)2·6H2O
Sample 4 0.065 g of AgNO3+0.022 g of Ni(NO3)2·6H2O
Sample 5 0.013 g of AgNO3
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and cathode. The Ag/Ni anchored on ZnO nanorods, grown on
monolayer graphene, was directly prepared on anion exchange
membrane (AEM) as nanosheets for the anode side. Ionomer was
used as the binder for hydroxyl conductivity in anode side. Com-
mercial Pt/C was used in cathode side, and the AEM electrolyte
was fixed between the anode and cathode compartments. Two
graphite plates, including two channels for providing fuels and AEM,
were fixed as the sandwich structure to form a glucose-based fuel
unit device. The external circuit collected from the sandwich layer
passed through gold plates. The anode and cathode compart-
ments had working area of 1 cm2 each. These channels served with
wet air at cathode, and with glucose in alkaline media at anode,
respectively. There were two aluminum layers covering outside,
which were fixed with the sandwich layer using several fastening
parts such as bolts, washers, and nuts, ensuring that a tightly sealed
electrolyte and good electrical contacts were obtained.
4. Analytical Method

Monolayer graphene synthesized using the CVD system (Scien-
tific engineering, Suwon, South Korea) was investigated by Raman
spectroscopy (DXR, Thermo Fisher Scientific, MA, USA) at wave-

length of 532nm1 and combining it with the atomic force micros-
copy, XE-100 PSIA (Veeco, Santa Barbara, CA, USA), to analyze
surface images and thickness of graphene sheet. The morphology
of materials and particle sizes were determined by scanning elec-
tron microscopy (SEM, S-4700, Hitachi, Japan), and the energy
dispersive X-ray spectroscopy (EDS, EX250, Horiba, Japan) char-
acterized the composition of materials. Transmission electron micros-
copy (Tecani G2 F30, FEI, Hillsboro, OR, USA) was used to de-
termine the presence of ZnO nanorods after electrochemical reac-
tions in the fuel cell unit device. An inductively coupled plasma
(ICP) method including ICP-OES analysis, (iCAP 6000 Series,
Thermo Fisher Scientific, MA, USA) and AAS analysis, (iCE 3000
Series, Thermo Fisher Scientific, MA, USA) was used to test the
content of catalyst elements.

RESULTS AND DISCUSSION

1. Characterization
A CVD system was set up at 1,020 oC based on the previously

reported method [39], as shown in Fig. S1 in supporting informa-

Fig. 1. Schematic for the synthesis of 3D nanostructure catalysts.

Fig. 2. (a) Raman spectrum and (b) AFM image of as-prepared graphene.
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tion. As illustrated in the previous work [40], the pre-cleaning pro-
cess is essential for the growth of the high quality monolayer gra-
phene. The existence of undesired elements leads to the forma-
tion of a significant amount of nucleation sites attributing to gen-
erate graphene film with small grain sizes and the formation of
island bilayer and trilayers. During the cleaning step, diluted HNO3

(1 wt%) was used to remove contaminants from the surface of Cu
foil, and further deep cleaning steps were carried out using DI
water, isopropyl alcohol (IPA), and acetone with sonication for
5 min each time. This step generated the reasonable roughness on
the surface of Cu, and thus it is important to perform the anneal-
ing process at high temperature under H2 for etching that smoothly
flattens the surface of Cu. Graphene grown via the CVD system
on Cu foil was transferred on a Si/SiO2 substrate and analyzed using
Raman spectroscopy and AFM. In Fig. 2(a), the Raman spectrum
shows a 2D/G peak ratio of 2.09 (2<2D/G<5) [41-45], which indi-
cates that the grown graphene is monolayer. In addition, the Raman
spectrum shows a very weak intensity of D band (at 1,350 cm1),
illustrating the absence of defects. The thickness of film is ~0.427
nm, as shown in Fig. 2(b), which confirms the single layer graphene.

The monolayer graphene was transferred onto an anion electro-
lyte membrane to prepare ZnO nanorods growth in solution [46].
At first, Zn (CH3COO)2/EtOH was covered on a graphene film using
the spin coating technique to form a precursor layer for planting
rods. The mixture solution of Zn (NO3)2·6H2O and HTMA act as
nutrient sources for the growth of ZnO nanorods. Fig. 3(a) shows
that, for the sample with only polymer membrane, vertically aligned
ZnO-nanorods are not found on its surface even though numerous
rods deposited from solution are assembled on the surface randomly.
On the other hand, Fig. 3(c) clearly shows the presence of forest
ZnO nanorods on the graphene-covered membrane. This result is
completely consistent with the foregoing work [47] that pointed out
the absence of ZnO nanorods on a bare-graphene wafer substrate.
Note that the graphene sheet functions as a template [48] and con-
tributes as a growth matrix for the synthesis of ZnO nanorods.

The anode was prepared by decorating catalyst nanoparticles on
ZnO rods grown uniformly (Fig. 3(c)). Salt molecules of AgNO3

and Ni(NO3)2 were stuck up for nanorods and graphene sheet. A
required amount of synthesized particles of small sizes were anchored

on the ZnO rod forest, which could be due to the prevention of the
seed coalescence and Ostwald ripening phenomena that can occur
in solution. As shown in Fig. 3(d), the particle size seems to be
uniform, and they exist both on surface and free spaces between
ZnO nanorods. To clearly prove the presence of components, EDS
data analysis was performed, as shown in Fig. 4, in which the con-
tent of Ag (6.80%), Ni (4.62%), Zn (7.65%), O (20.60%), and C
(53.25%) was obtained.

It is noted that potassium hydroxyl solution in fuel flow can dis-
solve ZnO forest on membrane. Consequently, the 3D structural
design is capable of disappearing and leaving the aggregation of
nanoparticles into larger ones. However, TEM images in Figs. 5(a)
and 5(b), which were obtained after finishing electrochemical pro-
cess for several hours, show that ZnO nanorods are retained on
the membrane surface. A previous report of Ching et al. [49] revealed
that ZnO nanorods synthesized in a nutrient solution with high
pH level (pH=13) were not etched by alkaline solution.

Fig. 3. SEM images of (a) prepared polymer membrane without
graphene film, (b) graphene film on polymer membrane, (c)
vertically aligned ZnO nanorods on graphene-polymer mem-
brane, and (d) AgNi@nanorods grown-graphene on polymer
membrane.

Fig. 4. EDS data of AgNi@ nanorods grown graphene sample.
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2. Glucose Fuel Cell Performance
2-1. Mechanism of Glucose Fuel Cell

The as-prepared nanosheet materials were used as electrocata-

lytic electrodes for the glucose fuel cell. The electro-oxidation of glu-
cose in silver electrode was conducted in the previous report [23].
Chen et al. has already elucidated the clear mechanism of a glu-

Fig. 5. (a) and (b) TEM images of ZnO nanorods existing on poly-
mer membrane after electrochemical reactions. Fig. 6. Schematic of electrochemical reaction process in fuel cell unit.

Fig. 7. Electrochemical performance of glucose unit cell in 0.5 M glucose and 1 M KOH at operating temperature of 60 oC of (a) Ni, (b)
Ag : Ni (1 : 5), (c) Ag : Ni (5 : 1), (d) Ag, and (e) Ag : Ni (1 : 1) deposited on ZnO rod/graphene membrane. (f) the comparison of power
densities with several catalyst systems.



1198 T. T. K. Huynh et al.

July, 2019

cose fuel cell in an alkaline media with a silver electrode [23]. In
addition, nickel-based catalyst for glucose electro-oxidation in an
alkaline media was studied by Fleischmann et al. [50,51], and the
catalytic process occurred as a transformation of Ni (OH)2/NiOOH.
A previous study indicated that nickel oxide-modified electrodes
can catalyze the electro-oxidation of glucose to gluconolactone [52]
due to the existence of Ni (II) ions. The Pt/C cathode was applied
to obtain the oxygen oxidation reaction with wet air. In this case,
the anodic reaction can be generated with two types of mecha-
nism as follows:

Mechanism 1:

Ag2O2AgO+2e (1)

2AgO+glucoseAg2O+glucolactone (2)

Ag2O+glucolactone2Ag+gluconic acid (3)

Mechanism 2:

Ni(OH)2-NiOOH+H++e (4)

Ni(OH)2+OH-NiOOH+H2O+e (5)

NiOOH+GlucoseNi(OH)2+Gluconolactone (6)

Overall anode reaction:

C6H12O6 (glucose)+2OHC6H12O7 (gluconic acid)+H2O+2e (7)

Cathode:

½ O2+H2O+2e2OH (8)

Overall reaction:

C6H12O6 (glucose)+½ O2C6H12O7 (gluconic acid) (9)

2-2. Effect of Catalyst
The electrolytic performance was studied on Ni@rod grown

graphene, Ag@rod grown graphene, AgNi@rod grown graphene
with the different mole ratios, 1 : 1, 1 : 5, and 5 : 1, of Ag and Ni, as
shown in Fig. 7.

In overall, Ag : Ni (1 : 1)@rod grown on graphene demonstrated
the most improved power density, whereas the worst was demon-
strated by the cell unit of Ni@rod grown on graphene showing the
power density of 0.006 mW cm2. This result was also explained
with a report from Zhao et al. [53], which revealed that Ni was a
poor catalyst with non-poisoning effect. In this work, the catalyst
was built up directly on the electrolyte membrane, and therefore,
the increase in catalyst loading declined the cell performance due
to the ohmic loss. Figs. 7(b) and 7(c) show that the changes in cat-
alyst loading from 1 : 1 to 1 : 5 (Ag : Ni) and 5 : 1 (Ag : Ni) result in
the worse performance. Particularly, the power densities of 5 : 1
and 1 : 5 samples are 0.09 mW cm2 and 0.16 mW cm2; even their
power densities are much lower than that of Ag@rod grown gra-
phene (0.28mW cm2). The cooperation between Ag and Ni (1 :1)
(Fig. 7(e) and 7(f)) generated a dramatically enhanced improve-
ment by 90 times from 0.006 mW cm2 to 0.55 mW cm2 com-
pared to Ni@rod grown on graphene (Fig. 7(a)), and by two times
when compared to only Ag-based fuel cell (Fig. 7(d)). It was illus-
trated that Ni was not poisoned by the reactant, and hence, the
amount of the absorbed reactant on Ag was reasonably reduced.

Fig. 8. Power densities of (a) cell in 0.5 M of glucose and 1 M of KOH at operating temperature of 30 oC, 40 oC, 60 oC, (b) cell in various glu-
cose concentrations in 1 M KOH at 60 oC, (c) the comparison of maximum power density with various glucose concentrations.
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Consequently, the active sites on Ag were protected for electrocat-
alytic activities. Finally, gravimetric power density (mW mg1) of
Ag : Ni (1 : 1)@rod graphene was calculated based on the ICP data
(Table S1). It delivered an outstanding gravimetric power density
of 8 mW mg1 in 0.5 M of glucose and 1.0 M of KOH at an oper-
ating temperature of 60 oC.
2-3. Effect of Operating Temperature and Glucose Concentration

Fig. 8 shows the performance of AgNi (1 : 1)-based fuel cell in
0.5 M of glucose and 1 M of KOH aqueous solution in anode and
wet air in cathode.

It is clear that temperature positively affects the kinetic property
of the electrochemical reaction, and improves the cell performance.
For further insight, therefore, it is necessary to examine the effect of
operating temperature and glucose fuel cells performance, which are
presented in Fig. 8(a). It can be found that the cell performance in-
creases with increasing operating temperature. In particular, the max-
imum power density of the glucose cell increases from 0.072 mW
cm2 to 0.55 mW cm2 when operating temperature increases from
30 oC to 60 oC. The improvement in the cell performance with in-
creasingly operating temperature is due to the accelerated electro-
chemical kinetics, such as metabolism of the enolization of glu-
cose into enediols [54], and increased conductivity of the hydroxyl
ions. Therefore, the operating temperature is an important factor
for the cell performance.

The effect of glucose concentration on electrochemical perfor-
mance was also analyzed. As shown in Figs. 8(b) and 8(c), the elec-
trode of AgNi@rod-grown graphene demonstrates different electro-
chemical performance based on the concentration of glucose. The
power densities increase from 0.104mW cm2 to 0.55mW cm2 with
the increase in the amount of glucose from 100 mM to 500 mM.
However, there was a limitation for glucose concentration, which
was 0.5M of glucose as the maximum. This was because the higher
concentration reactant could lead to more violent reactions, and
higher current density could cause high voltage loss (such as ohmic
loss) and resistance to the delivery of OH ions [55] in the cell unit.
2-4. Effect of Developing 3D Nanostructures on Electrolyte Mem-
brane

Fig. 9 presents an investigation on the distinct preparations of
anodic catalysts including the conventional method (AgNi nanopar-
ticle catalysts were deposited on carbon paper and were used as an

anode) and the method in which AgNi nanoparticles were depos-
ited on graphene-covered electrolyte membrane.

Both cases show lower performance (0.047 mW cm2, 0.0075
mW cm2) compared to the case of AgNi@rod graphene on mem-
brane, which is as about a few ten times (Fig. 7(e)). In fact, power
density increases from 0.047 mW cm2 in AgNi conventional cell
(Fig. 9(a)) to 0.55 mW cm2 in AgNi@rod graphene/membrane cell
due to the enhanced catalytic role by minimizing the size of cata-
lyst nanoparticles by ZnO nanorods. Meanwhile, in the case of
AgNi nanoparticles deposited on graphene, as shown in Fig. 9(b),
the performance degrades by approximately 73-times compared to
that of AgNi@rod graphene on membrane due to the absence of
ZnO nanorods. Therefore, the existence of ZnO nanorods may
facilitate the transfer of OH ions when compared to that of the
membrane without ZnO nanorods. In this case, Ag and Ni nanopar-
ticles are deposited directly on the surface of membrane leading to the
increase in the ion transfer resistance. Finally, we compared the per-
formance of the as-prepared catalytic electrode with other electrodes,
which is shown in Table S2, and the developed catalytic electrode
exhibited comparable electrochemical performance. In summary,
ZnO nanorods contributed to improving the overall cell performance
owing to their high surface area and good catalytic support.

CONCLUSION

Three-dimensional nanostructures were designed as a matrix
for the accommodation of metallic nanoparticle catalysts directly
on an electrolyte membrane, which enhanced electrochemical
reactions in the glucose fuel cell due to large active sites. Ag : Ni
(1 : 1)@rod grown on graphene sample showed the best electro-
chemical performance at 60 oC, which corresponds to a power
density of 0.55 mW cm2 (or 8 mW mg1) at 0.5 M of glucose and
1 M of KOH, even though it utilized low mass loading of catalysts
and non-Pt. The AgNi@graphene on membrane developed here,
therefore, could promise to open up a new generation of fuel cells
to meet an urgent demand for decreasing the usage of catalysts.
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Fig. S1. Image of practical CVD system and experimental process.

Table S1. ICP data of Ag and Ni elements on the electrode of AgNi@rod grown on graphene
Element Ni Ag

Concentration (mmol/l) 0.00022 0.00030
ICP measurement: The sample of AgNi@rod grown on graphene was dissolved in 15 ml of acidic solution. The obtained solution was then
diluted 100 times by DI water. 1 ml of the solution was taken for ICP test

Fig. S2. Gravimetric power density (mW g1) of AgNi@rod grown-graphene in 0.5 M of glucose and 1 M of KOH at operating temperature of
60 oC. It generates a gravimetric power density of 8 mW mg1.
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