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anoelectroanalytical chemistry is a

rising interdisciplinary field, which

combines characteristics of elec-
trochemistry (e.g., high sensitivity, small di-
mension, rapid detection, low cost, and
compatibility with microfabrication tech-
nology) with unique properties of nano-
materials (e.g., electronic, optical, magnetic,
mechanical, and catalytic) to become one of
the most exciting topics."? Particularly, car-
bon nanomaterials including carbon nano-
tubes (CNTs),>~"" carbon nanofibers,'2~'*
highly ordered mesoporous carbon
(OMCs),">~"7 and carbon nanohorns,'8720
etc. have been widely used in electroanalyt-
ical investigations and have enormous po-
tentials for constructing electrochemical
sensing platforms with high sensitivity to
detect different target molecules, because
of their chemical inertness, relatively wide
potential window, low background current,
and suitability for different types of analysis.
For instance, many studies have revealed
that CNTs have good electrochemical be-
havior toward cytochrome ¢, ascorbic
acid,*” B-nicotinamide adenine dinucle-
otide (NADH),* dopamine (DA),>®°
arsenite,®'% and uric acid,"" etc,, since they
are conductive, biocompatible, easily func-
tionalized, and possess very large surface ar-
eas. And, OMCs have been used as enhanced
components for constructing electrochemi-
cal sensing platform for L-cysteine, NADH,
ethanol, and glucose, etc., owing to the ex-
tremely high surface area, defined pore size,
high thermal stability, and flexible framework
composition.’>~ "7 Despite such advanced
electroanalytical capability of theses carbon
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ABSTRACT The development of nanoscience and nanotechnology has inspired scientists to continuously

explore new electrode materials for constructing an enhanced electrochemical platform for sensing. In this article,

we proposed a new Pt nanoparticle (NP) ensemble-on-graphene hybrid nanosheet (PNEGHNSs), a new electrode

material, which was rapidly prepared through a one-step microwave-assisted heating procedure. The advantages
of PNEGHNs modified glassy carbon electrode (GCE) (PNEGHNs/GCE) are illustrated from comparison with the
graphenes (GNs) modified GCE for electrocatalytic and sensing applications. The electrocatalytic activities toward

several organic and inorganic electroactive compounds at the PNEGHNs/GCE were investigated, all of which show

a remarkable increase in electrochemical performance relative to GNs/GCE. Hydrogen peroxide (H,0,) and

trinitrotoluene (TNT) were used as two representative analytes to demonstrate the sensing performance of
PNEGHNS. It is found that PNEGHNs modified GCE shows a wide linear range and low detection limit for H,0, and

TNT detection. Therefore, PNEGHNs may be an attractive robust and advanced hybrid electrode material with great

promise for electrochemical sensors and biosensors design.

KEYWORDS: graphene - Pt nanoparticle - hybrid nanomateirals - sensor -

electrocatalysis

nanomaterials, there still has been significant
interest in the development of new carbon
nanomaterial to accelerate the development
of electroanalycial chemistry.'8~2°

Graphene nanosheet (GN), a “rising star”
material, has received considerable interest
due to its high surface areas (calculated
value, 2630 m?/g), low cost, and high con-
ductivity (103—10*S/m).2'~ 2 It is flexible yet
stronger than diamond?* and has a huge
electrical mobility approaching 200 000 cm?
V=157 for a free sheet for both electrons
and holes.?® These unique characteristics
hold great promise for potential applica-
tions in many technological fields such as
nanoelectronics,?*~28 nanophotonics,?®
nanocomposites, 33! catalysis,>? batteries,*?
supercapacitors® and dye-sensitized
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Figure 1. AFM images of PNEGHNSs (A) and PMAA-functionalized GN (B). (C) The cross section identified by the line in Figure 1A
shows the height of individual PNEGHNS; (D) The cross section identified by the line in Figure 1B shows the height of GNs.

solar cell.3> However, to the best of our knowledge,
there have been a few studies on its electroanalytical
applications for electrocatalysis.?~%° For instance, Li's
group@ reported the basic electrochemical properties
of reduced GN film-modified GCE, which exhibited en-
hanced electrocatalytic activity for some electroactive
species. Dong et al.3” demonstrated an advanced elec-
trochemical sensing and biosensing platform prepared
through casting GNs on the surface of GCE, which
shows much higher electrocatalytic activity toward
NADH, DA, and other biological molecules than that of
graphite. Although GNs show obvious advantages for
analytical applications, it is very necessary to explore
new GNs-based functional materials with much higher
electroanalytical ability.

The clever combination of different nanoscaled inor-
ganic nanomaterials, leading to the development of a
multifunctional nanoassembly system with enhanced
optical, electronic, and catalytic properties, may open
a new avenue for utilizing GN-based hybrid nanomate-
rials as enhanced elements for constructing electro-
chemical sensing platform with high performance. This
is because hybrid nanomaterials (e.g., a carbon/Au-NP
hybrid system) could provide larger electrochemically
active surface areas for the adsorption of biomolecules
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and effectively accelerate the electron transfer be-
tween electrode and detection molecules, which could
lead to a more rapid and sensitive current response. At
present, although several groups have developed some
strategies for obtaining GN/Pt hybrid nanostructures
with enhanced performance for fuel-cell reactions,*' =4
a one-step route for synthesizing high-quality GN/Pt
NPs hybrids as enhanced platform for electroanalytical
applications is rarely a concern.* In this article, we for
the first time reported a one-step, microwave-assisted
route for rapidly synthesizing Pt NP ensemble-on-
graphene hybrid nanosheets (PNEGHNSs), which have
several important benefits. (1) Pt NPs on GNs with high
conductivity have small size (~2.6 nm) and good size
distribution; (2) Pt NPs could form a uniform distribu-
tion on the surface of GNs; (3) Pt NPs have a control-
lable high-metal-loading level on GNs; all of which are
important for optimizing a Pt NP’s performance and fa-
cilitating the electroanalytical applications of the above
hybrids. Inspired by this, the characterization and elec-
troanalytical application of PNEGHNs modified GCE, a
novel hybrid electrode system, for the preparation of
electrochemical sensing platform are demonstrated.
Different kinds of important electroactive compounds
(e.g., probe molecule (potassium ferricyanide), hydro-
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Figure 2. TEM (A—C) images of PNEGHNs (GPt2) at different magnifications. HRTEM of Pt NPs (D). TEM (E, F) images of
PNEGHNs with relative high density of Pt NPs (GPt3) at different magnifications. TEM (G—I) images of PNEGHNs with rela-

tive low density of Pt NPs (GPt1) at different magnifications.

gen peroxide, neurotransmitters (DA), acetaminophen
(APAP), and TNT) were employed to study their electro-
chemical responses at the PNEGHNs/GCE. It is interest-
ingly found that PNEGHNs/GCE shows more favorable
electron transfer kinetics and much enhanced electro-
chemical reactivity than GNs/GCE, which provide a kind
of more robust and advanced hybrid electrode ma-
terial with great promise for electrochemical sensors
and biosensors design.

RESULTS AND DISCUSSION

Characterization of PNEGHNs. Microwave heating has
been proven to be a promising method for rapid volu-
metric heating, which could result in higher reaction
rates and selectivities, reduction in reaction times of-
ten by orders of magnitude, and increasing yields of
products compared to conventional heating methods.*’
PNEGHNSs were facilely obtained through heating a wa-
ter/ethylene glycol (EG) mixture containing graphene
oxide, Pt precursor and poly(methacrylic acid sodium
salt) (PMAA) under the microwave-assisted heating
method. Herein, EG was used as a reducing agent for
the effective reduction of both GO and Pt precursor. Dai
et al*® showed that an effective solvothermal reduc-
tion method could effectively decrease the number of
defects and the oxygen content, thus increase the size
of sp? domains in GNs relative to traditional hydrazine
reduction method.?' Therefore, it is expected that GN
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obtained by the present strategy has low defect due
to the high reduction rate provided by microwave mi-
croenvironment. Moreover, PMAA plays a dual role in
obtaining PNEGHNSs. That is, PMAA cannot only stabi-
lize GNs due to the strong hydrophobic interaction be-
tween PMAA and GNs, but also they can act as a linker
or protecting agent for obtaining small Pt NPs. Figure
1A shows the typical atomic force microscopic (AFM)
image of PNEGHNs (GPt2). It is observed that the mica
substrate is covered with several typical nanosheets,
which have a rougher surface than that of the PMMA-
functionalized GNs (Figure 1B). The thickness of
PNEGHNSs and GNs is about 6.5 nm (Figure 1C) and 1.3
nm (Figure 1D), respectively. The morphology and
structure of PNEGHNs were further examined by trans-
mission electron microscopy (TEM) and high-resolution
TEM (HRTEM). Figure 2A—C shows the typical TEM im-
ages of the product at different magnifications. Low-
magnification TEM images (Figure 2A,B) show that
many small Pt NPs with good size distribution are uni-
formly distributed on the graphene. The absence of iso-
lated Pt NPs in the product reveal that the link be-
tween GN and Pt NPs is strong. The magnified image
(Figure 2C) shows that these Pt NPs have the size of
about 2.6 nm. The HRTEM of Pt NPs is shown in Figure
2D. The d-spacings of adjacent fringe for Pt is 2.25 A’,
corresponding to the {111} plane of face-centered cu-
bic (fcc) Pt, which indicates that Pt NPs have been fac-
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Figure 3. XRD pattern of PNEGHNs.

ilely obtained. Interestingly, the density of Pt NPs on
GNs could be easily controlled via simply changing the
reaction parameters. For instance, PNEGHNs with
higher density of Pt NPs could be obtained when 2 mL
of Pt precursor was added into the mixture instead of 1
mL of Pt precursor, as shown in Figure 2E, F (GPt3).
Whereas the amount of Pt precursor was decreased to
0.5 mL, the density of Pt NPs supported on GNs could
be further reduced (Figure 2G—I, GPt1). In addition,
compared with the previous reports for GNs/Pt
hybrids, 3% in which the obtained Pt NPs have a rela-
tively wide size range and nonuniform distribution on
the surface of graphene, the present microwave-
assisted strategy provides a more obvious advantage
for obtaining high-quality GNs/Pt hybrids with Pt NPs
of controllable density, small size, and uniform distribu-
tion. This is because that microwave system can pro-
vide a good microenvironment for Pt rapid nucleus,
which is important for obtaining small Pt NPs. As intro-
duced above, PMAA has also played an important role
for obtaining uniform Pt NPs and acted as an effective
linker for constructing PNEGHNs with controllable den-
sity of Pt NPs.

The formation of PNEGHNs was further characterized
by X-ray diffraction (XRD) (Figure 3), X-ray photoelectron
spectroscopy (XPS) (Figure 4), and Raman spectroscopy
(Figure 5). The XRD pattern of PNEGHNs shows obvious
peaks corresponding to the (111), (200), (220), and (311)
diffraction peaks of fcc Pt (JCPDS: 87-0647), indicating that
Pt exists in the form of crystalline state. XPS patterns of
the resulting PNEGHNs show significant Pt4f signals cor-
responding to the binding energy of Pt (Figure 4A) and
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Figure 5. Raman spectroscopy of GO (a) and PNEGHNs (b).

significant C signal corresponding to the binding energy
of GN (Figure 4B), further supporting the conclusion that
Pt NPs have been effectively assembled on the surface of
GNs. The reduction of GO to GNs could be further charac-
terized by XPS. The XPS spectrum of GO (Figure 4C) indi-
cates the presence of 2 main types of carbon bonds: C—C
(284.6 eV) and C—0 (286.7 V), etc.***° After its reduction
(Figure 4B), the peaks associated with C—C (284.6 eV) be-
came predominant, while the peaks related to the oxi-
dized carbon species were greatly weakened. The peak
at 288.7 eV is from COO~ of PMAA. These results further
indicate that GO has been well deoxygenated to form
GNs, which is very important for improving its conductiv-
ity. Raman spectroscopy is a useful nondestructive tool
to characterize carbonaceous materials, particularly for
distinguishing ordered and disordered carbon structures.
G band is usually assigned to the E,q phonon of C sp? at-
oms, while D band is a breathing mode of k-point
phonons of A;g symmetry. Figure 5 shows the Raman
spectroscopy of GO (a) and PNEGHNSs (b). The frequen-
cies of the G and D bands in the PNEGHNSs are similar to
those observed in the GO. But PNEGHNSs have an in-
creased D/G intensity ratio relative to GO. This change
suggests a decrease in the size of the in-plane sp? do-
mains and a partially ordered crystal structure of GNs.2'~ 2
Therefore, the data from HRTEM, XPS, and Raman spec-
troscopy clearly demonstrate that GO were successfully
reduced to GNs.

Electrochemical Activity and Sensing of PNEGHNSs.
Fe(CN)s> /4~ redox probe was selected to study the
electrochemical properties of PNEGHNSs. Cyclic voltam-
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Figure 4. XPS spectroscopy (A, B) of PNEGHNSs: (A) Pt 4f; (B) C1s. The deconvolution of C1s spectra of PNEGHNs (B) and GO (C).

3962

A“t%\&) VOL.4 = NO.7 = GUO ET AL.

Wwww.acsnano.org



150

1.0
100 B b
0.5
< 50 <
= o E 0.0 a
C o
c
2 50 L 054
>S5 =
© 100 3
-100- 1.0
150
-1.5
200 . : . T . T T T T
0.0 02 04 0.6 0.4 0.0 0.4 0.8 1.2 1.6
Potential / V Potential / V
120
C b D .
80 600 ]
§ |
b | |
= 401 C 400 . .
[y ~ | ]
o R * :
5 0- 7 a| M o. "
o 200 - s " o
40 »
0- W
0.0 0.2 ) 04 06 0 200 400 600 800
Potential / V Z'/Q

Figure 6. (A) CVs of GNs/GCE (a), Pt NPs/GCE (b), and PNEGHNs/GCE with different densities of Pt NPs (c—e) in 0.1 M KCl so-
lution containing 5.0 mM KsFe(CN)s>~ at the scan rate of 50 mV/s. (B) CVs of GNs/GCE (a) and PNEGHNs/GCE (b) in a 0.5 M
H,SO, solution at the scan rate of 50 mV/s. (C) CVs of GNs/GCE (a) and PNEGHNs/GCE (b) in a PBS (pH 7.0) at the scan rate of
50 mV/s. (D) EIS plots of GNs/GCE (a) and PNEGHNs/GCE (b) in 0.1 M KClI solution containing 5.0 mM Fe(CN)s>~/4~.

mograms (CVs) of 5.0 mM KszFe(CN)s3~ in 0.5 M KCl solu-
tion on GNs/GCE, Pt NPs (their TEM image is shown in
Supporting Information, Figure S1)/GCE and PNEGHNSs/
GCE with different densities of Pt NPs are shown in Fig-
ure 6A. The quasi-reversible one-electron redox behav-
ior of ferricyanide ions was observed on the above
modified electrodes. However, after GCE was modified
with PNEGHNSs (e.g., blue line), the peak current of
Fe(CN)s>~"* increased relative to that modified with
GNs, indicating that the introduction of the PNEGHNs
played an important role in the increase of the electro-
active surface area and providing the conducting
bridges for the electron-transfer of Fe(CN)s>~"4~. Figure
6A also shows the effect of Pt loading amounts on the
CVs of Fe(CN)>~. It is observed that increasing Pt load-
ing (from GPt1 to GPt3) increased the redox peak cur-
rents (note that all three samples have the same
amount of GNs). These effects are attributed to in-
creased surface area and surface roughness due to the
increased amount of Pt NPs. Note that GPt3 only exhib-
ited a slightly enhanced current as compared to GPt2.
Thus, considering the high cost of Pt, we employed
GP1t2 as an enhanced material for the following electro-
chemical sensing. In addition, PNEGHNs/GCE (blue
line) exhibited a higher electrochemical activity than

Pt NPs/GCE (green line) under the condition of the same
amount of Pt loading, indicating that GNs play an im-
portant role in enhancing Pt activity, which is in good
accordance with a previous report.?' Figure 6B depicts
CVs of GNs (a) and PNEGHNS (b) in 0.5 M H,SO, acquired
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at a scan rate of 50 mV/s. Hydrogen adsorption/desorp-
tion and oxide formation/reduction regions of Pt are
obviously observed in PNEGHNSs, indicating that Pt NPs
have been effectively loaded on the GNs. In view of the
electrochemical response being highly sensitive to the
physicochemical properties of the surface, background
CVs were used to examine the PNEGHNSs. Figure 6C
shows CVs of GNs and PNEGHNSs in 0.1 M phosphate
buffer solution (PBS, pH 7.0) acquired at a scan rate of
50 mV/s. It is observed that the double layer capaci-
tance at the PNEGHNSs is much higher than that of GNs,
which means PNEGHNs have a much higher electro-
chemical active area, thus are a promising material for
electrochemical applications. Electrochemical imped-
ance spectroscopy (EIS) is also an efficient tool for
studying the interface properties of surface-modified
electrodes. The charge-transfer resistance (R.) at the
electrode surface is equal to the semicircle diameter of
EIS and can be used to describe the interface properties
of the electrode. Thus, the capability of electron trans-
fer of different electrodes was further investigated by
EIS experiments. Figure 6D indicates the results for the
impedance spectrum on GN/GCE (a) and PNEGHNs/GCE
(b) in a solution of 5 mM Fe(CN)¢>~"*~ in 0.1 M KCl. The
Randles circuit (inset of Figure 6D) was chosen to fit the
impedance data obtained. It is found that PNEGHNs/
GCE has a lower charge-transfer resistance value than
that of GNs/GCE, demonstrating PNEGHNs have higher
electrochemical activity than GNs. In addition, the elec-
trical conductivity of PNEHNs film (1.6 X 10*Sm™)
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Figure 7. (A, B) CVs of DA (A) and APAP (B) on GNs/GCE (a) and PNEGHNs/GCE (b) in a PBS (pH 7.0) at the scan rate of 50
mV/s. (C, D) CVs of PNEGHNSs/GCE (C) and GNs/GCE (D) in a PBS (pH 7.0) in the absence (a) and presence (b) of 2 mM H,0,.

measured via the four-point method was found to be
larger than that of PMAA-functionalized GNs film (3.3 X
102 S m™"), which is good accord with the above EIS
result.

To further demonstrate the enhanced electrochemi-
cal performance, DA (a neurotransmitter that affects
the brain processes that control movement, emotional
response, and the capacity to feel pleasure and pain),
APAP (one of the most extensively employed drugs in
the world, a noncarcinogenic drug, and an effective
substitute for aspirin), and H,0, (an essential mediator
in food, pharmaceutical, clinical, industrial, and environ-
mental analyses and also an important product of
oxidized-enzymes) were chosen as representative
probes to study their electrochemical performance. Fig-
ure 7A,B shows the electrochemical response of DA (A)
and APAP (B) on the GNs/GCE (a) and PNEGHNs/GCE
(b) in 0.1 M PBS (pH 7.0) containing 1T mM DA and 2.5
mM APAP, respectively. The oxidation peak currents of
two compounds are increased at PNEGHNs/GCE relative
to GN/GCE, indicating a favorable catalytic activity of
PNEGHNs toward the oxidation of two compounds. Fig-
ure 7C,D shows the CVs of PNEGHNs/GCE (C) and GNs/
GCE (D) in the absence (a) and presence (b) of 2 mM
H,0, in 0.1 M PBS (pH 7.0). Much higher current and
lower overpotential are found on PNEGHNs/GCE than
that of GNs/GCE, which further reveal that PNEGHNs are
excellent materials for electrochemical sensing.

To test the electrochemical sensing ability of
PNEGHNs, H,0, was chosen as one of the target ana-
lytes. Figure 8A compares the amperometric responses

A‘“ﬁ%\@) VOL.4 = NO.7 = GUO ET AL.

of different electrodes with successive additions of
H,0,. Compared with GNs/GCE (a), as H,O, was added
to the stirring buffer solution, PNEGHNs/GCE (b) re-
sponded rapidly to the substrate and achieved steady-
state current within 4 s. A good linear relationship (Fig-
ure 8B) was realized between the reduction peak
current of H,0, and its concentration in the range of 1
M to 500 M, with the detection limit of 80 nM
based on S/N = 3. It is worthwhile noting that the de-
tection limit of H,0, at the PNEGHNs/GC electrode
is lower than those at carbon materials-based modi-
fied electrodes, such as the CNTs/chitosan modified
electrode (10.3 wM),>" the CNTs paste electrode (60
M),%2 the highly ordered mesoporous carbon modi-
fied electrode (1.61 wM),>® the platelet-carbon
nanofibers modified electrode (4.0 uM),>* CNTs/
silica/Au/Pt hybrid nanomaterial (0.5 wM),>* gold
nanowire assembling sphere (1.2 wM),*® mesopo-
rous Pt (4.5 wM),>” graphene/Au NPs/chitosan (180
wM)>8 and certain horse radish peroxidase (HRP)-
based biosensors (e.g., 12.89 wM for sol—gel de-
rived ceramic-CNT-HRP nanocomposite; 1.7 uM for
Au-graphene-HRP-chitosan biocomposite),* ¢! etc.,
indicating that PNEGHNSs are an excellent choice for
the enhanced electrochemical sensing. Moreover,
PNEGHNSs/GCE shows a very high selectivity for the
detection of H,0,; 0.1 mM of AA and UA in 0.1 M PBS
(pH 7.0) did not show interferences to 0.05 mM H,0,
detection, indicating its high selectivity toward H,0,
detection, as shown in Figure 8C. The PNEGHNs-
based H,0; sensor also exhibits a good long-term

Wwww.acsnano.org
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Figure 8. (A) Current—time recordings for successive additions of H,0, at the GNs/GCE (a) and PNEGHNs/GCE (b) measured at 0 V. (B) The
plot of current of H,0, versus its concentrations. (C) Current responses of the PNEGHNs/GCE to the sequential additions of 0.05 mM H,0,, 0.1
mM AA, and 0.1 mM UA into 0.1 M PBS. (D) ASV curves of GNs/GCE (a) and PNEGHNs/GCE (b) in a PBS (pH 9.4) in the presence of 10 ppm
TNT at the scan rate of 50 mV/s. (E) ASV curve of PNEGHNs/GCE in a PBS (pH 9.4) in the presence of TNT with different concentrations at the
scan rate of 50 mV/s. (F) The plot of currents of TNT versus its concentrations obtained at GNs/GCE (a) and PNEGHNs/GCE (b).

stability. The catalytic current response can main-
tain over 90% of its initial value even after one
month.

On the other hand, the study of trinitrotoluene
(TNT), a typical explosive compound, has attracted con-
siderable attention from chemists owing to its impor-
tance in environmental protection and antiterrorism.
It is therefore imperative to develop new protocols to
detect and analyze TNT. Electrochemical techniques
have been proved useful for detecting TNT due to their
high sensitivity and simplicity, and it is easy to fabri-
cate inexpensive and portable detectors.5? Figure 8D
shows the adsorptive stripping voltammetric (ASV)
curve of GNs/GCE (a) and PNEGHNs/GCE (b) in the pres-
ence of 10 ppm TNT. It is found that PNEGHNs exhib-
ited enhanced electrochemical response toward TNT re-
duction relative to GNs, indicating that PNEGHNs can
probably act as an enhanced electrochemical platform
for detecting TNT. Figure 8E displays stripping voltam-
mograms of PNEGHNs/GCE recorded at the different
TNT concentrations over the 0.5—40 ppm range. It is
observed that the peak currents on PNEGHNs/GCE in-
crease proportionally with the TNT concentration to
yield a highly linear calibration plot (Figure 8F, curve
b), with a higher sensitivity than GNs/GCE (Figure 8F,

EXPERIMENTAL SECTION

Materials. Graphene oxide (GO) was synthesized from graph-
ite (Afar Aster) by a modified Hummers method.?'~2 H,PtCls,
EG, KH2PO4, NazHPO4, stO4, HzOz (30 wt % in Hzo), DA, APAP,
and TNT were obtained from Beijing Chemical Reagent Company

www.acsnano.org

line a). And the detection limit on PNEGHNSs is about
0.3 ppm, which is lower than those of recent state-of-
art nanomaterials such as TiO,/Au hybrid nanostruc-
ture,®® etc. Additionally, excellent reproducibility was
also obtained using the same PNEGHNSs/GCE for 10 re-
peated analyses of 3 ppm of TNT (figure not shown) re-
sulting in a relative standard deviation of 1.9%.

CONCLUSIONS

A one-step, microwave-assisted heating reduction
strategy for the rapid preparation of graphene/Pt hy-
brids was demonstrated. The proposed method was
unique in its simplicity. The resulting PNEGHNs were
used as advanced electrode materials and extensively
investigated by various characterization methods, in-
cluding AFM, TEM, HRTEM, XRD, XPS, and Raman spec-
troscopy. The new composite material combines the
unique and attractive electrocatalytic behavior of GNs
with good electronic and catalytic properties of Pt NPs.
Particularly, we verified that a few organic and inorganic
electroactive interests at PNEGHNs/GCE exhibited much
higher electrochemical activity than that of GNs/GCE,
suggesting the potential applications of PNEGHNSs film
for constructing efficient biosensing, energy-
conversion, biomedical, and other electronic systems.

(Beijing, China). PMAA (30 wt % in H,0, M,, 9500) was obtained
from Aldrich. Water used throughout all experiments was puri-
fied with the Millipore system; 0.1 M phosphate buffer solution
(PBS) was used as a supporting electrolyte.

Apparatus. TEM and HRTEM images were obtained with a
TECNAI G, high-resolution transmission electron microscope
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operating at 200 kV. XRD analysis was carried out on a D/Max
2500 V/PC X-ray diffractometer using Cu (40 kV, 30 mA) radia-
tion. XPS measurement was performed on an ESCALAB-MKII
250 photoelectron spectrometer (VG Co.) with Al Ka X-ray ra-
diation as the X-ray source for excitation. Tapping-mode
AFM was conducted with a SPA400 equipped with a SPI-
3800 controller (Seiko Instruments Industry Co., Japan) at
room temperature. Raman spectrum was recorded with a
Renishaw 2000 equipped by an Ar* ion laser giving the exci-
tation line of 514.5 nm and an air-cooling charge-coupled de-
vice (CCD) as the detector (Renishaw Co., U.K.). Electrochemi-
cal experiments were performed with a CHI 832
electrochemical analyzer (CH Instruments, Chenhua Co.,
Shanghai, China). A conventional three-electrode cell was
used, including an Ag/AgCl (saturated KCl) electrode as refer-
ence electrode, a platinum wire as counter-electrode and
modified GCE as working electrode. The electrochemical im-
pedance measurements were carried out with an Autolab/
PG30 electrochemical analyzer system (ECO Chemie B. V.,
Netherlands) in a grounded Faraday cage at ambient temper-
ature. The interfacial charge-transfer resistances for differ-
ent modified surface were determined by EIS in the fre-
quency range between 1 Hz and 1 MHz with a perturbation
signal of 5 mV.

Synthesis of PMAA-Functionalized GNs. A 5 mL portion of 1 mg/mL
GO EG solution was added into 5 mL of water, followed by the
addition of 1 mL of EG and 0.2 mL of PMAA. After being imme-
diately sonicated for about 2 min, the solution was placed in the
microwave oven for 90 s (power: 800 W). The product was iso-
lated and residual PMAA was removed by centrifugation at
14000 rpm, and redispersed in water (8 mL) with sonication to
produce a colloidal suspension.

Synthesis of PMAA-Protected Pt NPs. A 1 mL portion of 77 mM
H,PtClg EG solution was added into the mixture containing 5
mL of EG and 5 mL of water, followed by the addition of 0.2 mL
of PMAA. After being immediately sonicated for about 2 min, the
solution was placed in the microwave oven for 90 s (power: 800
W). The product was dialyzed for 24 h and dispersed in 8 mL of
water.

Synthesis of PNEGHNs. In a typical synthesis, 5 mL of 1 mg/mL
GO EG solution was added into 5 mL of water, followed by the
addition of 1 mL of 77 mM H,PtCl¢ EG solution and 0.2 mL of
PMAA. After being immediately sonicated for about 2 min, the
solution was placed for microwave oven for 90 s (power: 800 W).
The product was isolated and residual PMAA was removed by
centrifugation at 8000 rpm for 15 min, followed by consecutive
washing/centrifugation cycles three times with water. The col-
lected product was redispersed in water/ethanol mixture (8 mL)
with sonicating to produce a colloidal suspension.

Electrocatalytic Experiments. Prior to the surface coating, the GC
electrode was polished carefully with 1.0, 0.3, and 0.05 pm alu-
mina powder, respectively, and rinsed with deionized water, fol-
lowed by sonication in acetone and doubly distilled water suc-
cessively. Then, the electrode was allowed to dry under nitrogen.
For cyclic votammetry and linear sweep voltammetry (LSV), 5
L of PNEGHNs or PMAA-functionalized GNs or Pt NPs was
dropped on the surface of GC electrode and dried with an infra-
red lamp. For current—time experiments, 4 pL of Nafion (0.5%)
was additionally cast on the surface of the above materials-
modified GC electrode and dried before electrochemical experi-
ments. The electrochemical determination of TNT consisted of
two consecutive steps: (i) preconcentration of the analytes from
the stirred solution to the electrode poised at 0.0 V with an accu-
mulation time of 100 s; (ii) reductive stripping using LSV detec-
tion at the scan rate of 50 mV/s.
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