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ABSTRACT

The electrochemical sensing performance of metal-graphene hybrid based sensor may be significantly decreased due to the

dissolution and aggregation of metal catalyst during operation. For the first time, we developed a novel large-area high qual-

ity three dimensional graphene foam-incorporated gold nanoparticles (3D-GF@Au) via chemical vapor deposition method

and employed as free-standing electrocatalysis for non-enzymatic electrochemical glucose detection. 3D-GF@Au based

sensor is capable to detect glucose with a wide linear detection range of 2.5 μM to 11.6 mM, remarkable low detection

limit of 1 μM, high selectivity, and good stability. This was resulted from enhanced electrochemical active sites and charge

transfer possibility due to the stable and uniform distribution of Au NPs along with the enhanced interactions between Au

and GF. The obtained results indicated that 3D-GF@Au hybrid can be expected as a high quality candidate for non-enzy-

matic glucose sensor application.
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1. Introduction

Recent years have perceived tremendous evolu-

tion in the development and use of nanomaterials

towards biological and biomedical applications.

Among these nanomaterials, graphene (GR), a two-

dimensional monolayer of sp2-hybridized carbon

atoms, has attracted enormous interest due to its

extraordinary properties [1,2]. In particular, two and

three dimensional (3D) metal-graphene hybrids have

demonstrated to provide new advances in various

fields, such as field-effect transistors, biological/

chemical sensors, energy applications, gas barrier,

and transparent conductors [3-6]. Although many

promising applications have been demonstrated, a

huge challenge and need still remains for the efficient

use of graphene’s large specific surface area and

extraordinary electrical, chemical, and mechanical

properties. The hybrid based on chemically synthe-

sized graphene (GR), such as GO and rGO with

metal catalysts are extensively employed due to the

ease of synthesis, low cost, and large-scale produc-

tion [5-10]. However, abundant defects and chemical

moieties created on such GR structures during the

synthesis make a reduction of electric conductivity as

well as high intersheet contact resistance. In addition,
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aggregation and restacking between individual GR

sheets also greatly compromise its intrinsic specific

surface area. As a result, the physicochemical and

electrochemical properties of hybrid materials can be

significantly reduced. Recently, growth of GR using

chemical vapor deposition (CVD) approach demon-

strated high potential to improve the aforementioned

problems that currently plague the performance of

GR hybrids. As compared to two dimensional GR

materials, three-dimensional GR foam (3D-GF) can

provide more advantages, including porous and inter-

connected network, high electrical conductivity, large

accessible surface area, and excellent mechanical and

thermal stability. Due to their unique structures and

outstanding properties, 3D-GF is really suitable as a

high quality platform for attaching active metal mate-

rial for electrochemical applications. In this regard,

Au-based nanostructures have been emerging is an

excellent electrocatalyst with a series of fascinating

properties such as optical properties, electrochemical

and electrocatalytic properties [11-13]. Thus, Au

nanostructures have been extensively applied for dif-

ferent applications, such as the oxidation of CO, the

water gas shift reaction, alcohol electrooxidation,

glucose oxidation [13-15]. In particular, Au-based

nanostructures have demonstrated great potentials in

the applications of electrochemical sensors due to

high catalytic behavior, high active surface area,

good biocompatibility, and physicochemical stability

[16-18]. By combining the merits of 3D-GF with the

high chemical/electrochemical activities of Au NPs,

the formation of 3D-GF@Au-based hybrid can be

great promise as high-performance electrode materi-

als in sensor applications. However, low uniformity,

aggregation, and dissolution of active Au metal are

still the critical issues due to low interactions

between metal and the hydrophobic GR. In efforts to

solve these issues, some approaches, such as acid

treatment, oxygen plasma treatment, and heteroatom

doping process, have been employed to enhance

hydrophilic feature of 3D-GF [19-22]. However, the

complicated procedure, high cost, and low efficiency

rather limited their applications. To address this men-

tioned issues, we developed a novel approach to syn-

thesize 3D-GF incorporated with highly uniform Au

NPs via CVD method. By this way, it was demon-

strated that the formation of such nanostructure can

facilitate the well dispersion state of the Au NPs and

speed up the charge transfer, then exhibiting an out-

standing electrocatalytic activity, long-term stability

in electrochemical glucose sensing applications.

2. Experimental

2.1 Materials

Hydrogen tetrachloroaurate (HAuCl4.3H2O),

ascorbic acid (AA), uric acid (UA), ethanol, glucose,

dopamine (DA), and poly(methyl methacrylate)

(PMMA) were purchased from Aldrich Co. (USA).

Sodium hydroxide (NaOH), sulfuric acid (H2SO4),

hydrochloric acid (HCl), potassium chloride (KCl),

acetone, acetic acid, and ethanol were purchased

from Samchun Pure Chemical Co. (Korea). Nickel

foam, provided by Alfa Aesar Co. (USA), was used

as the substrate to grow 3D-GF. Argon, hydrogen,

nitrogen, and methane gas were used as carrier,

reducing and carbon source gas, respectively. 

2.2 Synthesis of 3D-GF@Au hybrid

Prior to growth of the 3D-GF@Au hybrid, Ni foam

(1 cm × 2 cm) was cleaned by dipping in each solvent

of acetone, ethanol, acetic acid, and deionized water

for 10 min, respectively. After Ni foam was dried by

N2 gas, it was deposited with Au NPs through

immersing in 1 mM HAuCl4 solution for various

time periods, such as 3, 5, and 7 min. In this regard,

the spontaneous oxidation-reduction reaction

between Ni surface and Au3+ ions happened due to the

smaller reduction potential of Ni surface (-0.25 V) as

compared to Au3+ ions (+1.4 V), thereby resulting in

Au nanoparticles (NPs) deposited on surface of Ni

foam [23]. Varying the deposition time with 3, 5, and

7 min can lead to the change of deposited amount as

well as structure of Au NPs on Ni surface; which

influence on the electrochemical performance of final

product. Au deposited Ni (Au/Ni) foam were dried in

nitrogen environment at room temperature and then

was used as substrate for growing GF. In a specific

procedure, Au/Ni foam was placed at the center of a

quartz tube and was heated to 1000oC at a 50oC/min

heating rate under atmospheric pressure of a gas mix-

ture H2 (35 sccm) and Ar (1000 sccm). After stabiliz-

ing for 20 min, GR was grown by flowing CH4

(50 sccm) into CVD reactor for 10 min, then fol-

lowed by rapidly cooling to the room temperature

under Ar flow (1000 sccm). The sample was then

coated with a thin PMMA layer by dipping in

PMMA solution (6 wt%) for 30 s and was dried at
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120oC for 3 min. The Ni foam was etched away using

3 M HCl solution at 80oC for 24 h. Finally, PMMA

was removed by acetone at 55oC for 3 h to leave the

free-standing 3D-GF@Au sample. According to

deposition time, the final products were named as

3D-GF@Au-3, 3D-GF@Au-5, and 3D-GF@Au-7.

A 3D-GF sample without depositing Au NPs was

also synthesized as a comparison by similar proce-

dure.

2.3 General characterization

Raman characterization was performed using a

Nanofinder 30 (Tokyo Instruments Co., Osaka,

Japan). Scanning electron microscopy (SEM) image

and energy-dispersive X-ray spectroscopy (EDS)

were carried out on a JSM-6701F (JEOL, Japan). X-

ray photoelectron spectroscopy (XPS) was used to

investigate elemental composition through a Theta

Probe instrument (Thermo Fisher Scientific Inc.,

USA).

Electrochemical characterizations were performed

in a three-electrode electrochemical cell using an

Electrochemical Workstation ZIVE SP2 (WonATech

Co., South Korea). The platinum wire and a saturated

Ag/AgCl electrode were used as the counter elec-

trode and the reference electrode, respectively, for

electrochemical measurements. 3D-GF@Au pieces

(1 cm × 1 cm) were kept by a metal clamp to be used

as working electrodes. Cyclic voltammetry (CV),

electrochemical impedance spectroscopy (EIS), and

amperometric measurements were carried out to

investigate electrochemical properties of materials.

The 0.1 M NaOH and 0.5 M H2SO4 solution were

used as electrolytes for electrochemical characteriza-

tions at 25oC. 

3. Results and Discussion

The FE-SEM analysis was performed to character-

ized surface properties of materials. After the Ni tem-

plate was etched, the GR film fully interconnected

throughout the entire 3D foam without collapsing

phenomenon (Fig. 1a). High magnification SEM

image showed that GR was uniformly formed under

a thick multilayered structure. In addition, a numer-

ous large number of interdomain defects were clearly

observed (Figs. 1b and c). In the case of 3D-GF@Au

hybrids, SEM image indicated that entire 3D frame-

work was wrapped with GR structure. The presence

of Au NPs was observed with the uniform distribu-

tion and penetration to the inner of the GF networks.

The mean size of Au NPs in 3D-GF@Au-3 was

found to be around 20-25 nm (Figs. 1d and e), which

is relatively similar to particle size of Au in 3D-

GF@Au-5 (Figs. 1g and h), but significantly smaller

than that of 3D-GF@Au-7 (Figs. 1g and k). In addi-

tion, the density of Au NPs in hybrids increased with

the increase of deposition time. In this regard, the

content of Au in hybrid was found to be around

9.7 wt%, 19.8 wt%, and 30.1 wt% for 3D-GF@Au-3,

3D-GF@Au-5, and 3D-GF@Au-7, respectively. The

formation of continuous 3D GR network with good

dispersion of Au NPs can provide an effective path-

way for charge transfer, more channels and active

surface area to accelerate the interfacial reaction [24].

In addition, the penetration of Au NPs into GR struc-

Scheme 1. Schematic illustration of 3D-GF@Au hybrid fabrication.
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ture also significantly reduced contact resistance and

enhanced the cycle stability of electrode suitable for

electrochemical sensing applications.

Raman spectroscopy is an efficient technique to

investigate physical characteristic of GR-based mate-

rials (Fig. 2a). The average layer number and crystal-

line quality of the 3D-GF can be easily predicted

from the 2D/G and D/G peaks ratios. It is worth not-

ing that the 3D-GF delivered the 2D/G peak ratios of

0.64, agreeing with characteristic of multilayered

structure [25], which is suitable to work as a stable

template to load active materials for electrochemical

reactions [26,27]. The value of the D/G peaks ratio

was found to be 0.12, indicating that such multilay-

ered graphene has crystal structure without signifi-

cant defects [28]. Meanwhile, the 3D-GF@Au-3,

3D-GF@Au-5, and 3D-GF@Au-7 materials showed

that the growth of GR on Au deposited Ni foam can

lead to an increase of defect number of the obtained

GR structure, as similarly seen in previous reports

[2,23,29]. The high value of 2D/G peaks ratio was

found around 0.58, 1.24, and 1.43 for the 3D-

GF@Au-3, 3D-GF@Au-5, and 3D-GF@Au-7,

respectively, corresponding to the high disorder of

Figure 1. (a-c) FE-SEM images of 3D-GF; (d and e) FE-SEM images and (f) EDS result of 3D-GF@Au-3; (g and h) FE-

SEM images and (i) EDS result of 3D-GF@Au-5; (j and k) FE-SEM images and (l) EDS result of 3D-GF@Au-7 materials.
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the GR structure. This obviously indicated the cre-

ation of new active sites on the GR surface induced

by Au NPs as compared to 3D-GF [2,23,29].

The chemical bonding on the material surface was

investigated by XPS technique. Fig. 2b shows the

survey spectra of 3D-GF and 3D-GF@Au hybrids

with presence of C1s, O1s, and Au4f peaks. The

presence of small intensity for O1s in both materials

may be resulted from some polymer residues after

transferring process [30]. In addition, it may be the

presence of significant functional groups containing

oxygen adsorbed on graphene structure due to the

increase of its defect amount [31,32]. The deconvo-

luted C1s spectrum for 3D-GF@Au-3 (Fig. 2d), 3D-

GF@Au-5 (Fig. 2e), and 3D-GF@Au-7 (Fig. 2f)

showed different peaks that correspond to C=C, C-C,

C-O, C=O, and π-π* bonding, respectively. The per-

centage of C=C species in the 3D-GF@Au-3, 3D-

GF@Au -5, and 3D-GF@Au -7 hybrid was calcu-

lated to be around 55.8%, 56.2%, and 58.6%, which

are significantly reduced as compared to that of 3D-

GF sample (62%) (Fig. 2c), indicating the increase of

defect amount in hybrid structures. The high resolu-

tion XPS spectrum of Au4f in 3D-GF@Au-5 showed

two peaks at 84.08 and 87.88 eV consistent with

Au4f7/2 and Au4f5/2, respectively (Fig. 2g). Inter-

estingly, the Au4f peaks of Au in such hybrid down-

shifted to lower binding energy as compared to that

of a pure Au sample [29,33], implying high interac-

tions between Au NPs and GF.

The CV measurements were applied to determine

the electrochemical active surface area (ECSA) of Au

NPs in the modified electrodes. The ECSA of Au

NPs can be evaluated from the charge measured

under the reduction peak of Au oxides in 0.5 M

H2SO4. Fig. 3a showed a strong peak at around 0.9 V

from the reverse scan, corresponding to the reduc-

tion reaction of Au oxides. It can be seen that the

integrated area of peak for 3D-GF@Au-5 was much

larger than that of during the cathodic scan was used

for ECSA calculations as discussed above. The

charge associated with desorption of oxide in case of

Au oxides was reported to be 390 μC·cm-2 [34].

Using this data, ECSA for Au NPs in the hybrid was

calculated to be 0.025, 0.077, 0.073 cm2 for 3D-

GF@Au-3, 3D-GF@Au-5, 3D-GF@Au-7, respec-

tively, indicating better ECSA value of Au NPs in

3D-GF@Au-5. In another aspect, the charge transfer

rate of electrodes was also investigated. The better

charge transfer ability was observed for the 3D-

Fig. 2. (a) Raman spectra and (b) XPS spectra of 3D-GF, 3D-GF@Au-3, 3D-GF@Au-5 and 3D-GF@Au-7 materials; High

resolution C1s XPS spectrum of (c) 3D-GF, (d) 3D-GF@Au-3, (e) 3D-GF@Au-5, and (f) 3D-GF@Au-7 materials; (g)

High resolution XPS spectrum for Au4f in 3D-GF@Au-5 material.
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GF@Au-5 (~68 Ω) as compared to 3D-GF (~112 Ω),

3D-GF@Au-3 (~74.8 Ω), and 3D-GF@Au-7

(~98 Ω), further implying excellent properties of

such materials for electrochemical sensing applica-

tions (Fig. 3b). Due to the enhanced electroactive sur-

face area of Au NPs and lower charge transfer

resistance as compared to other hybrids, the 3D-

GF@Au-5 was applied for further experiments

Fig. 3. (a) CV curves and (b) EIS of different materials: 3D-GF, 3D-GF@Au-3, 3D-GF@Au-5, and 3D-GF@Au-7

material.

Fig. 4. (a) CVs of glucose oxidation on the 3D-GF@Au-5 electrode in 0.1 M NaOH containing 2 mM glucose at a scan

rate 50 mV/s, (b) CVs of 3D-GF@Au-5 electrode at various scan rates (Inset: peak current vs square root of scan rate), (c)

amperometric (i-t) results of the 3D-GF@Au-5 electrode according to the addition of glucose at 0.0 V, (d) plots of glucose

concentration vs current.
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towards glucose detection.

The electrochemical oxidation of glucose at sur-

face of 3D-GF@Au-5 electrode was initially evalu-

ated by CV measurement in 0.1 M NaOH at a scan

rate of 50 mV/s. The CVs showed no electrochemical

peak current with the absence of glucose (Fig. 4a).

Whereas, there were well-defined oxidation peaks in

the presence of 2 mM glucose, indicating an effective

response to glucose, due to the conversion of glucose

to glucolonic acid [35]. In the forward scan, the oxi-

dation peaks appearing at -0.25 V and +0.192 V were

associated with the oxidation procedures in which

glucose convert to gluconolactone and then glucono-

lactone oxidation, respectively. The reaction kinetics

of glucose oxidation at the 3D-GF@Au-5 surface

was evaluated by varying the potential scan rate from

25 to 200 mV/s (Fig. 4b). It can be seen that the peak

current of the glucose oxidation regularly increased

when scan rate was increased. The plot of peak cur-

rent against square root of scan rate was linear con-

sistent with a correlation coefficient of 0.99769 (inset

in Fig. 4b), implying that the reaction kinetics of glu-

cose oxidation at such electrode obeyed to a diffu-

sion-controlled route.

In order to further investigate glucose detection,

amperometric technique was applied to measure cur-

rent responses of electrodes according to successive

additions of glucose (Fig. 4c). As discussed by previ-

ous report, the amperometric measurements were

operated at the applied potential of 0.0 V, which was

demonstrated to provide adequate sensitivity and

selectivity for the glucose detection [23]. The amper-

ometric results showed linear detection range from

2.5 μM to 11.6 mM consistent with the linear regres-

sion equations of I(μA) = 1.0142Cglucose(mM) + 0.303

and a correlation coefficient of 0.9993 (Fig. 4d). The

limit of detection (LOD) was found to be 1 μM (sig-

nal/noise ~3) (Fig. 5a). The sensing performance of

the 3D-GF@Au-5 electrode was compared with

early reported glucose sensors, and the results were

shown in Table 1.

Selectivity is also an important factor for the prac-

tical application of non-enzymatic glucose sensors.

The effect of various interferents on the glucose

detection was evaluated by amperometric measure-

ments. Fig. 5b shows the current responses of glucose

(1 mM), KCl (0.1 M), AA (0.05 mM), UA (0.05

mM) and DA (0.005 mM) at 3D-GF@Au-5 elec-

trode. The concentration of such interferents reaches

to their real level as compared to glucose in human

blood. The 3D-GF@Au-5 electrode exhibited good

anti-interference performance toward KCl, AA, UA,

and DA, suggesting the proposed sensor can nonen-

zymatic detect glucose at 0.0 V with low effect of

interference. In another regard, the good performance

of a biosensor requires not only a high catalyst activ-

ity, but also good stability for the prolonged working

time. Therefore, the stability test of our sensor was

carried out by amperometric and CV measurement.

Fig. 5c showed that the current intensity with the

injection of 1 mM glucose is stable with 5% loss after

running time of 600 s. The stability of the 3D-

GF@Au-5 electrode was also evaluated under many

CV cycles in 0.1 M NaOH solution containing 2 mM

glucose. It was found that such electrode displayed

good stability, consistent with 90.02% retention of

Table 1. The glucose detection of the proposed sensor as compared to previous reports.

Electrode Technique
Potential

(V)

LOD

(mM)

Linear range

(mM)
References

AuNWs network film Amperometry 0 0.05 0.05-15 [36]

Au-FLG Amperometry 0 0.001 0.006-28.5 [23]

Nanoporous PtAu Amperometry 0.6 0.0005 0.2-5.4 [37]

CQDs/octahedral Cu2O Amperometry 0.6 0.0084 0.02-4.3 [7]

Cu2O/GR Amperometry 0.6 0.0033 0.3-3.3 [38]

Nanoporous Pt Amperometry 0.4 0.8 1-10 [39]

Au-MWCNTs-CS Amperometry 0.2 0.0005 0.001-1.0 [40]

Ni-MoS2/rGO Amperometry 0.55 0.0027 0.005-8.2 [41]

3D-GF@Au-5 Amperometry 0.0 0.001 0.0025-11.6 This work
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peak current for glucose oxidation after 200 cycles

(Fig. 5d). The results indicate that the developed sen-

sor not only had good sensitivity but also good selec-

tivity and stability, thereby being highly applicable

for glucose detection.

4. Conclusions

We successfully developed a novel hybrid based on

GF and Au NPs via CVD approach and applied as

non-enzymatic glucose sensor. SEM and TEM char-

acterizations indicated that the Au NPs were homo-

geneously incorporated in the GR structure, leading

to enhancement of interactions between GF and Au

NPs. The electrochemical measurements demon-

strated the good electrocatalytic performance of 3D-

GF@Au-5 hybrid towards glucose detection with

wide linear detection range of 2.5 μM-11.6 mM and

low LOD of 1 μM. Furthermore, the 3D-GF@Au-5

based sensor displayed good selectivity without sig-

nificant interference from of AA, DA, UA, K+, and

Cl- together with long-term stability. The obtained

results imply that the 3D-GF@Au-5 based sensor can

be a prospective candidate for a potential non-enzy-

matic glucose sensor in real applications.
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