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Abstract A glassy carbon electrode (GCE) was modified
with gold nanoparticles (AuNPs) coated on monolayer
graphene (AuNP/MG) by direct in situ sputtering of AuNPs
on CVD-generated graphene. This process avoids complicat-
ed polymer transfer and polymer cleaning processes and af-
fords AuNPs with a clean surface. The monolayer graphene is
ductile and well dispersed. The clean surface of the AuNPs
renders this sensor superior to GCEs modified with AuNPs on
reduced graphene oxide in terms of the amperometric non-
enzymatic determination of hydrogen peroxide. The detection
limit is 10 nM (S/N = 3) at 0.55 V (vs. SCE), which is lower
than that for similar methods, and the response time is as short
as 2 s. Another attractive feature of the sensor is its feasibility
for large-scale production via CVD and sputtering.
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Introduction

Sensitive detection of hydrogen peroxide (H,O,) is of great
significance in clinical, environmental, and food applications
since H,O, is an essential intermediate in the biomedical and
chemical industries [1, 2]. Among the detection technologies
available for H,O,, which are based on spectroftuorimetry [3],
chemiluminescence [4], and electrochemistry [5], the electro-
chemical method is widely investigated because of its low cost,
ease of operation, and good repeatability. Multifunctional mod-
ified electrodes were used to improve the electroactivity of
H,0,, such as metals and metal oxides nanoparticles, carbon
nanomaterials, polymer, dyes and their composites modified
solid electrodes [6—14]. In this regard, graphene-supported no-
ble metal nanoparticles have been widely investigated because
graphene has potential applications in the electrochemical field
and noble metal nanoparticles have outstanding catalytic ability
for non-enzymatic H,O, detection [15, 16].

Graphene has potential applications in electrochemistry
because of its large specific surface area and remarkable
mechanical and electrical properties [17-20]. The combi-
nation of graphene with noble metal nanoparticles results
in two synergistic effects: (a) graphene acts as a support
to immobilize and expose the active sites of the noble
metal nanoparticles; (b) electron transport is effectively
improved. In particular, graphene-supported gold nano-
particles composites have attracted intense research inter-
est as gold nanoparticles have good biocompatibility and
low charge transfer resistance, can be easily synthesized
and functionalized [21-23].

However, graphene-supported gold nanoparticle sensors
have some limitations. For example, exfoliation and reduction
of graphite and graphene oxide degrade the quality of graphene.
The residual oxygen functional groups decrease the
electroconductivity of graphene. Moreover, the large
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capacitance of powder graphene materials and the surfactant
residual of gold nanoparticles render the sensor insensitive to
low concentrations of H,O, [24-28]. Hence, high-quality
graphene-supported gold nanoparticles with a clean surface are
necessary to optimize the catalytic performance. Chemical va-
por deposition (CVD)-generated graphene has high quality, with
well-preserved electronic and mechanical properties. However,
complicated transfer process from the substrate hinders its ap-
plication to electrochemical sensors [29, 30].

Herein, we optimized CVD-generated graphene-supported
gold nanoparticles (AuNP/MG) to enhance the electrocatalytic
activity of H,O,, with polymer-free transfer combined
sputtering technology. The value of this work relies on the fol-
lowing aspects: i) monolayer graphene as a platform prevents
stacking and agglomeration of gold nanoparticles, resulting in
highly exposed active sites on the nanoparticles; ii) the sputtered
gold nanoparticles have a clean surface without any surfactant,
so that sensitivity of H,O, detection is enhanced; iii) the free-
standing AuNP/MG can be transferred without a polymer,
avoiding the complicated transfer process and polymer residues.
The morphology and features of AuUNP/MG were determined,
and the electrochemical performance was evaluated by cyclic
voltammetry (CV) and amperometry for non-enzymatic H,O,
detection using actual samples. In addition, the direct formation
of AuUNP/MG free-standing films without polymer transfer may
be suitable for large-scale production.

Experimental
Reagents

Cu foils were purchased from Alfa Aesar (25 um thick, 99.8%
metal basis, Shanghai, China, http://www.alfachina.cn/). H, and
CH,4 gases with 99.99% purity were procured from Jinan
Deyang Special Gas Company (Jinan, China, http://www.
jndytq.com/). Reduced graphene oxide (rGO) powders were
purchased from Leadernano Tech. L.L.C. (Jining, China,
http://www.leadernano.com/) for comparison. Poly(methyl
methacrylate) (PMMA) with an average molecular weight
97,000 was purchased from Sigma-Aldrich Co. L.L.C.
(Shanghai, China, http://www.sigmaaldrich.com/). Ammonium
persulfate (NH4),S,0g), hydrogen peroxide (H,O,, 30% mass
fraction), chlorobenzene (C¢HsCl), acetone (CH;COCH3),
acetic acid (CH;COOH), sodium dihydrogen phosphate
dihydrate (NaH,PO4:2H,0), and disodium hydrogen
phosphate dihydrate (Na,HPO42H,0) were purchased from
Sinopharm Chemical Regent Company (Shanghai, China,
http://www.sinoreagent.com/). Aluminum oxide (Al,03)
powders with different diameters (300 nm and 50 nm) were
obtained from Shanghai Chenhua Instrument Company
(Shanghai, China, http://www.chinstr.com/). Phosphate buffer
(0.1 mol-L™") was prepared by using NaH,PO42H,O and
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Na,HPO,42H,0O. PMMA solution with 5% mass fraction was
obtained by dissolving PMMA in chlorobenzene. All reagents
were of analytical grade and used without further purification. In
all experiments, ultrapure water with a resistivity of 18.
2 MQ-cm was used.

Apparatus

CVD graphene was grown using G-CVD equipment from
Xicheng Company (Xiamen, China, http:/www.g-cvd.com/
zh-cn/). Vacuum sputter equipment was obtained from Denton
Vacuum Company (DESK V Cold Sputter, Moorestown, USA,
http://www.dentonvacuum.com/). The gold target with 99.
999% purity was purchased from GRIKIN Advanced Material
Company (Beijing, China, http://www.grikin.com/). The spin
coater (KW-4B) was purchased from Institute of
Microelectronics of Chinese Academy of Sciences (Beijing,
China, http://www.ime.cas.cn/). The electrochemical
workstation (CHI-660C) with a standard three-electrode system
(platinum plate, saturated calomel electrode, and glassy carbon
electrode as the counter, reference, and working electrodes, re-
spectively) was purchased from Shanghai ChenHua Instrument
Company (Shanghai, China, http://www.chinstr.com/).

The morphology and structure of the samples were ana-
lyzed using transmission electron microscopy (TEM, JEOL,
JEM-1011, Japan, http://www.jeolusa.com/), scanning
electron microscopy (SEM, JSM-6700F, Japan, http:/www.
jeolusa.com/), X-ray photoelectron spectroscopy (XPS,
ThermoFisher K-Alpha, USA, http://www.thermofisher.com/
cn/zh/home.html/), and Raman spectroscopy (PHS-3C,
Kyoto, Japan, http://www.horiba.com/).

Preparation of AuNP/MG

Monolayer graphene was prepared by the typical low-pressure
chemical vapor deposition (LPCVD) method [31]. First, Cu
foils were ultrasonically cleaned with acetone and acetic acid,
and dried under N, at room temperature. Then, the Cu foils
were loaded at the center of a quartz tube having a diameter of
5 cm and length of 1.5 m. The temperature of the tube was
increased to 1030 °C under H, atmosphere in a furnace; then,
CH,4 was introduced into the tube and the temperature was
maintained at this level for 30 min. The H,:CH, gas flow ratio
was 4:1. Then, the furnace moved away and the samples
cooled down to room temperature naturally.

Subsequently, the graphene-covered Cu foils were trans-
ferred to the vacuum sputter equipment. The sputtering power
output was 30 W, and the sputtering time was 30 s. After
sputtering, the samples were cut into 1 x 1 cm?® pieces, and
floated on the 0.2 mol-L " (NH,4),S,05 solution overnight for
etching of the Cu foil. Then, the samples (AuNP/MG) were
washed with ultrapure water several times and temporarily
stored by floatation on water.
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Preparation of modified electrodes

A glassy carbon electrode (GCE) with 3 mm diameter was
polished to mirror finish using Al,O3 suspension and
ultrasonicated in ultrapure water and ethanol. The cleaned
GCE was attached to the free-standing AuNP/MG in solution,
ensuring close contact of graphene to the surface of the GCE.
The modified electrodes were dried in air overnight so that the
contact was stable for the following electrochemical testing;
these electrodes were denoted as AuNP/MG/GCE.

The electrode denoted as AuNP/rGO/GCE was modified
with rGO powder and gold nanoparticles. Removable GCE
was used for the subsequent sputtering process. An ethanol
dispersion of rGO (5 uL, 1 mg-mL™") was dropped onto clean
surface of GCE, and dried naturally in air. Then, the GCE was
removed, and the head was loaded onto the vacuum sputter
equipment, sputtering as above mentions.

The CVD-generated graphene-modified glassy carbon
electrode (MG/GCE) was prepared by PMMA -assisted trans-
fer graphene on the surface of the GCE. The Cu foils covered
with graphene were cut into 1 cm x 1 cm pieces and loaded on
the spin coater. PMMA solution (5 pL, 5% mass fraction) was
dropped and spin-coated on the surface of graphene on the Cu
foils. Then the samples were heated on a heating plate at
120 °C. After curing, the samples were floated on
(NH,),S,05 solution (0.2 mol-L ") to etch the Cu foils. The
etched samples were washed with ultrapure water to remove
residual (NH,4),S,0Og and stored in water. The clean surface of
the GCE was used as the support for adhering to the sample so
that the graphene surface was in contact with the GCE instead
of PMMA. The MG/GCE was obtained after PMMA was
removed with hot acetone.

Electrochemical measurements

20 mL of phosphate buffer was added to the homemade
electrolytic cell, which contained a 25 mL beaker and a
polytef cover plate, and N, was bubbled for 30 min to expel
O,. All the working voltages in this standard three-electrode
system were measured against a saturated calomel electrode
(SCE) at room temperature. CV measurements were carried

Scheme 1 Process of synthesize Cu
AuNP/MG/GCE and application
in non-enzymatic H,O, detection

out from - 0.1 V to 0.7 V (vs. SCE) to evaluate the electro-
chemical behavior of the modified electrodes. The ampero-
metric i-t curve was measured for different concentrations of
H,0, injected at 0.55 V (vs. SCE), at regular intervals of
50 s. The amperometric response of H,O, (5 tM) and added
of 100 times concentration of dopamine, ascorbic acid, uric
acid and glucose at 0.55 V (vs. SCE) was measured. In
addition, H,O, detection in a real sample (human serum)
was achieved.

Results and discussion
Principle

The AuNP/MG obtained by CVD and sputtering is shown in
Scheme 1. The AuNP/MG was stable in solution and on the
electrode surface under ambient conditions. Van der Waals
forces can account for the ultra-strong adhesion between
graphene and the GCE surface after drying, and avoids
graphene from scrolling [32]. The AuNP/MG/GCE sensor
was fabricated by the adhering the AuNP/MG to the GCE
surface without using any additive.

Choice of materials

The synergistic effect of the gold nanoparticles and CVD-
generated graphene enhanced the electrochemical perfor-
mance for H,O, detection. CVD-generated graphene with a
large specific surface area was an ideal platform for the dis-
persion of gold nanoparticles. The electronic and mechanical
properties of graphene were preserved and were superior to
those of similar graphene materials used in the field of elec-
trochemistry. The good dispersion of gold nanoparticles with
highly exposed active sites led to high catalytic efficiency for
the detection of ultralow concentrations of H,O».

Characterization of AuNP/MG

The morphology of the AuNP/MG was determined by scan-
ning electron microscopy (SEM), as shown in Fig. 1. The gold

AuNP/MG/Cu
CVD Sputtering 4= ;:;:{;7
— — N
lEtching
AuNP/MG/GCE AuNP/MG
Sensing s
D —
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Fig. 1 SEM image of AuNP/MG on the surface of GCE (the bright
particles are gold nanoparticles)

nanoparticles were loaded and homogeneously dispersed on
the surface of graphene, confirming that free-transfer CVD
graphene is a good platform to prevent agglomeration of the
anchored gold nanoparticles and consequent surface block-
age. The CVD-generated graphene showed good ductility
and had some wrinkles caused by impurities (Fig. S1A). The
AuNP/MG was fully covered and tiled without agglomeration
on the surface of the GCE (Fig. S1B). The size distribution of
the gold nanoparticles was investigated further by using a
distribution histogram (Fig. S1C), and the average size of
the nanoparticles was found to be 3 £ 0.125 nm (n = 300).
The CVD-generated graphene and AuNP/MG were char-
acterized by Raman spectroscopy, as shown in Fig. 2.
Graphene showed sharp G and 2D peaks at ~2645.7 cm '
and ~1588.6 cm ', indicating good crystalline quality (blue
curve). The intensity of the 2D peak indicated monolayer
graphene, and the intensity of the D peaks located at
~1329.4 cm™' was low, revealing that graphene primarily
comprises sp> carbon [33, 34]. After sputtering the gold nano-
particles, the intensity of the 2D peak decreased slightly (red
curve), indicating increased disorder in the AUNP/MG. The
full width at half maximum (FWHM) of the G, 2D peaks

— AuNP/MG
— MG

2D

Intensity / a.u.

1200 1600 2000 2400 2800
Raman Shift / cm-1

Fig.2 Raman spectra of CVD-generated graphene (MG, blue curve) and
AuNP/MG (red curve) load on copper foils
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increased and the G peak showed a slight blue shift, which
can be attributed to the tendency of graphene to form wrinkles.
The peaks at 1621.4 cm ' and 2940 cm™' (D’ and D + D’
peak, respectively) indicated an increase in the number of
defects caused by the sputtering deposition of the gold
nanoparticles.

Electrochemical response of AuNP/MG/GCE

The electrochemical behavior of the AuNP/MG-modified
glassy carbon electrode (AuNP/MG/GCE) toward H,O, oxi-
dation was investigated, as shown in Fig. 3. CV tests (Fig. 3a)
were carried out in 20 mL phosphate buffer at the scan rate of
50 mV-s ! from —0.1 to 0.7 V (vs. SCE). The capacitance of
the AuNP/MG/GCE is similar to that of the MG/GCE and
GCE but lower than that of the AuNP/rGO/GCE in the phos-
phate buffer without H,O, (dashed line in Fig. 3a). When
25 pL of HyO, (5 uM) was injected into the solution, the
voltammograms of the MG/GCE (green solid line) and GCE
(black solid line) showed no obvious peaks. However, the
AuNP/MG/GCE (red solid line) yielded a distinct peak at
0.55 V (vs. SCE), which indicated good response of the
AuNP/MG/GCE toward H,O, detection. The mechanism of
H,0, oxidation has been reported previously [35]. The current
peak at 0.55 V (vs. SCE) can be attributed to the electrochem-
ical oxidation of H,O,, with intermediates finally convert to
0O,. The gold nanoparticles catalyzed H,O, and graphene as
the platform can transport reaction electron and enhance the
catalytic efficiency. The voltammogram of the AuNP/rGO/
GCE (blue solid line) yielded no obvious peak, because of
the stacked rGO layers.

The influence of scan rates on the redox peak current of
AuNP/MG/GCE in the phosphate buffer containing 5 pM
H,0, is shown in Fig. 3b. The peak current at 0.55 V (vs.
SCE) increased with increasing scan rate from 20 mV-s' to
200 mV-s ! (intervals of 20 mV-s '). As depicted in the inset
of Fig. 3b, the peak current shows a linear relationship with
the square root of the scan rate, and the linear regression equa-
tion is 7 = 3.11E-06 x v'>-2.663E-07 (A, V-s '; correlation
coefficient R? = 0.996; n = 10), which shows the dynamics
control is diffusion process.

Amperometric determination of H,0O,

The amperometric method was used to test the electrochem-
ical detection performance of the AuNP/MG/GCE toward
H,0, in phosphate buffer. The classical current-time curve
obtained by adding different concentrations of H,O, solution
into the stirring system at 0.55 V (vs. SCE) is shown in
Fig. 4a. The curve showed good response toward H,O,, as
indicated by the sharp step of current increase following the
adding of H,O,. A response time (95% of the maximum
response current value) within 2 s indicated fast response of
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Fig. 3 a Cyclic voltammogram curves of: GCE (black curve), MG/GCE

(green curve), AuNP/MG/GCE (red curve) and AuNP/rGO/GCE (blue

curve) in phosphate buffer in the absence (dash line) and presence (solid
line) of 5 uM H,0, at scan rate of 50 mV-s '. b AuUNP/MG/GCE in

the sensor. The curve of response current value versus con-
centration of H,O, is shown in Fig. 4b. The current values
mutated when higher concentrations of H,O, were added,
indicating the good sensitivity of the sensor toward ultralow
concentrations of H,O». The fitted curves showed good linear
correlation with low and high concentrations of H,O,. The
equalities were / = 0.0032 + 0.0215 x C (nA, uM,
R?=0.991, n = 14) and 7 = 0.1965 + 0.0045 x C (1A, uM,
R? = 0.996, n = 11), respectively. The detection linear range
ranged from 25 nM to 1.5 mM, with the detection limit of
10 nM at a signal-to-noise ratio of 3. The electrochemical
sensitivity for ultralow concentrations of H,O, was
0.3043 pA-puM '-cm 2 Moreover, the current-time curve of
the AuNP/MG/GCE for low concentrations of H,O, (1 nM to
100 nM) is shown in Fig. S3A. The high hydrophobicity of
the graphene surface and low capacitance of the monolayer
graphene can account for the low initial current (in the order
of 10 A) and good sensitivity for the detection of ultralow
concentrations of H,O».

The detection limit of the AuNP/MG/GCE for H,O, was
estimated to be 10 nM at a signal-to-noise ratio of 3, which
was much lower than that of other graphene-supported gold

a
1mM
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0 300 600 900 1200
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Fig. 4 a Amperometric curve of AuNP/MG/GCE with the injection of
different concentration of H,O, from 10 nM to 1 mM at 0.55 V (vs. SCE)
with regular intervals of 50 s and inset a is the enlarged image of
rectangle. b and inset b are plots of current value versus high and low

(op

1.5]50s /
1.0{3;,

"0 20 30 40 50
viz [ mVsiz

Current / pA

200 mV/s

02 00 02 04 06 08
Potential / V

phosphate buffer containing 5 pM H,O, at different scan rates with reg-
ular interval of 20 mV-s ", inset b was the plots of current value versus
square root of scan rate at 0.55 V (vs. SCE)

nanoparticles, as shown in Table 1. The higher sensitivity can
be attributed to the exposed active sites of the residue-free and
well-dispersed gold nanoparticles on the ductile CVD mono-
layer graphene. In addition, the AuNP/MG was confirmed to
show a small initial current, and no graphene layers were
stacked to the encapsulate gold nanoparticles, which seemed
to be the key to achieve better sensing performance than that
of AuNP/rGO and other similar materials.

The selectivity of AuNP/MG/GCE for H,O, detection was
evaluated as shown in Fig. S3B. The amperometric response
of H,O, (5 uM) and the added 0.5 mM dopamine, ascorbic
acid, uric acid and glucose at 0.55 V (vs. SCE) was measured.
The result revealed the high selectivity of the AuUNP/MG/GCE
sensor from redox-active organic species.

Real sample detection and sensor stability

To evaluate the practical applicability of the AuNP/MG, the
AuNP/MG/GCE sensor was used for testing human urine
samples by the standard addition method. The results listed
in Table S1 show the high recovery percentage and yield upon
the addition of different concentrations of H,O, to different

[ kwA=0.0032+0.0215C M)

2,
0.10{ R?%=0.991
. 1

01 2 3 45
H203 concentration / M

o

L
Current/ uA
°
{

1
°
3
H

Current/ pA
w

2 -
1] 1(4A)=0.1965+0.0045C (M)
01 R%=0.996

0 300 600 900 1200
H202 concentration / uM

concentrations of H,O,, respectively. The fitted equalities were
I=0.1965 + 0.0045 x C (nA, uM, R? = 0.996, n = 11) and
I=0.0032 + 0.0215 x C (1A, uM, R? = 0.991, n = 14) respectively
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Table 1 The linear ranges and

detection limits of AuUNP/MG/ Modified electrodes Linear range (uM) Detection limit (uM) Reference

GCE for H,0O, determination

compared to previous reports AurGO 20-10,000 0.1 [21]
AuNPs/rGO 100-9000 1.5 [22]
GN/AuNPs * 0.5-50 0.22 [27]
GNPs/SGS ° 20-1300 0.25 [36]
RGO/AuNPs 25-41,500 5 [37]
RGO/AuNPs 250-22,500 6.2 [38]
GR/AuNRs ¢ 30-5000 10 [39]
AuNPMG ¢ 0.025-1500 0.01 This work

& Cationic polyelectrolyte functionalized graphene nanosheets/gold nanoparticles

® g0ld nanoparticles/sulfonated graphene sheets

¢ Graphene and gold nanorods composite

9 Chemical vapor deposition monolayer graphene-supported gold nanoparticles

concentrations of spiked samples. The recovery percentage
and yield were calculated from the current response value
using the linear relationship in the inset of Fig. 4b. The relative
standard deviations (RSD) for both parameters were less than
5%, indicating the excellent capability of the sensor to detect
H,0, in real samples. The sensor stored in a refrigerator at
4 °C for two weeks retained 94% of the initial current re-
sponse, which indicated satisfactory long-range stability
(Fig. S5). These results prove that the sensor has good stability
and it can be used in practical applications for H,O, detection.

Conclusion

In summary, composites of CVD-generated graphene-sup-
ported gold nanoparticles (AuNP/MG) successfully applied
for the non-enzymatic detection of H,O,. Free-standing
AuNP/MG was prepared by sputtering gold nanoparticles on
monolayer graphene without the polymer transfer step. The
high quality and free residues of graphene and gold nanopar-
ticles with exposed catalytically active sites accounted for the
enhanced catalyze performance of H,O,. The AuNP/MG/
GCE sensor showed a low detection limit with rapid response,
stability, and selectivity. Nevertheless, the major limitation is
two equations of linear region of calibration plot, because the
current value mutated upon the addition of higher concentra-
tions of H,O,. In addition, the AuNP/MG showed promising
application to real samples and large-scale preparation for
H,0, detection.
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