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ABSTRACT: Heteroatom doping enables graphene with novel
properties and thus may broaden the potential of graphene-based
materials. In this paper, novel ZnO-nanocrystal-decorated nitrogen-
doped graphene (N-GR) composites were prepared through a one-
step thermal-treatment route using glycine as the nitrogen source.
ZnO nanocrystals with a size about 8 nm were well-dispersed and
tightly anchored on the N-GR sheet. Compared with ZnO-
nanocrystal-decorated undoped graphene, the ZnO/N-GR nano-
composites could not only enhance the electrochemiluminescence
(ECL) intensity by 4.3-fold but also moved the ECL onset potential
positively for ~200 mV. All these results could be ascribed to the
presence of nitrogen in graphene which decreased the barrier of ZnO
nanocrystals reduction. Furthermore, the ECL sensor based on ZnO/
N-GR nanocomposites was fabricated for the ultrasensitive detection
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of pentachlorophenol (PCP). This recyclable and eco-friendly sensor has excellent performances including wide linear range (0.5
pM to ~61.1 nM), low detection limit (0.16 pM, S/N = 3), good selectivity, and stability, which is a promising sensor for

practical application in environment analysis.
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1. INTRODUCTION

Zinc oxide (ZnO) has gained increasing research attention in
recent years, with many potential proof-of-concept device
demonstrations such as field effect transistors,' transparent
conductors,” ultraviolet light-emitting diodes,> and especially
chemical sensors.*™® For chemical sensors, previous studies of
traditional metal oxides indicated that the sensing performance
has been correlated with structures.'”'" ZnO may have the
richest variety of different structures, which is a benefit for
sensor design and fabrication. To date, ZnO nanostructures
(such as nanorods, nanotubes, nanocrystals, and combs) have
been employed in immunosensor, enzyme biosensor, and other
type sensors.*”” Especially, ZnO nanocrystals (also called
quantum dots’) have shown excellent sensing performances
owing to their unique advantages such as high catalytic
efficiency, good chemical stability, strong adsorption ability,
and unique optical and electronic properties.*” For instance,
Bai et al. synthesized ZnO nanocrystals through a mild sol—gel
method and then fabricated a gas sensor. This sensor showed
the highest response to NO, and exhibited high selectivity over
CO and CH,.* Ng’s group prepared ZnO nanocrystals by a
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facile sol—gel hydrolysis method and then fabricated a
miniature fluorescent probe to detect Cu’** in aqueous medium,
which exhibited low detection limit, high sensitivity, and fast
response time.”

Previous studies have proved that ZnO nanocrystals typically
have two disadvantages which restrict their practical applica-
tions:"> (1) ZnO nanocrystals are not stable and easy to
aggregate because of their large specific surface area and high
surface activity and (2) they are not available for practical
applications because the suspended nanocrystals are easily lost
during the reaction. To overcome these disadvantages of ZnO
nanocrystals, researchers have made great efforts to introduce
ZnO nanocrystals on/into supports (such as silica nanotubes,
carbon nanotubes, graphene, and so on) to form nano-
composites.'*”'> Among these materials, two-dimensional
(2D) carbon atom—graphene has attracted significant attention
due to its high theoretical specific surface area, good thermal
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conductivity, excellent electrical conductivity, and unique
optical properties."®™'® More importantly, incorporation of
ZnO nanocrystals onto graphene sheets can provide greater
versatility in carrying out selective sensing processes or
enhanced sensing performances.'*'> For example, Zeng’s
group developed room temperature formaldehyde sensors
based on ZnO-nanocrystal-decorated graphene nanocompo-
sites which exhibited enhanced performance, excellent
selectivity, and good stability.'* Guo et al. fabricated a
graphene-based device on the basis of ZnO-nanocrystal-
decorated graphene and found that the electrical response
was largely enhanced by 2—3 orders.'®

Recently, nitrogen-doped graphene (N-GR), as a novel kind
of graphene derived 2D material, has received considerable
interest by virtue of its excellent properties owing to the
introduction of nitrogen atoms. Compared with pristine
graphene and other carbonaceous materials, the special 2D
structures of N-GR with heteroatomic defects and disordered
surface morphology shows improved electrical conductivity,
thermal stability, and specific surface area.'”* Further, N-GR
composite structures synergistically integrated with other
components, such as polymers and biomolecules, metal—
metal oxide nanoparticles, may offer novel properties which
could be potentially useful for some different purposes.*' Thus,
the combination of ZnO nanocrystals and the special 2D
carbon-based material N-GR at the nanoscale dimension may
attract a flurry of activities. However, as far as we know, there is
no report that graphene can be decorated with ZnO
nanocrystals and nitrogen doped in one step via thermal
treatment route.

Electrochemiluminescence (ECL) is the optical emission
from the excited states of an ECL luminophore produced at an
electrode surface via electrochemical high-energy electron
transfer reaction.”> As an important detection method, ECL
has been widely applied in analytical chemistry owing to its low
background signal, versatility, high stability, and sensitivity.****
All-solid-state ECL sensors have been widely studied, because
they can not only reduce the consumption of reagents but also
simplify the experimental process. So far, most of the ECL
sensors were fabricated on the basis of inorganic semiconductor
nanocrystals (such as CdS and CdSe) as reagents for ECL
generation.zs_29 However, the ECL sensors based on Zn-based
II-VI semiconductors have rarely been investigated because of
the instability and the wide band gap. In recent years, Geng et
al. have investigated the ECL behaviors of Zn-based II-VI
semiconductor nanostructures in aqueous systems.”’ Although
they have achieved a reasonably good stability, the ECL
intensities of these nanomaterials are relatively low. Thus, more
detailed investigations of the ECL behaviors for Zn-based
nanomaterials are urgently needed.

In this work, ZnO-nanocrystal-decorated N-GRs were
prepared via one-step thermal-treatment route by using glycine
(Gly) as the nitrogen source. Meanwhile, Gly could promote
the reduction of oxy-functional groups on the surface of
graphene oxide, resulting in fewer anchoring sites in N-GR for
formation of well-dispersed ZnO nanocrystals. Compared with
ZnO-nanocrystal-decorated undoped graphene (ZnO/GR), the
ZnO/N-GR could not only enhance the ECL intensity by 4.3-
fold but also moved the onset ECL potential more positively
for about 200 mV. Moreover, a novel ECL sensor has been
constructed, which showed excellent performances for
pentachlorophenol (PCP) sensing with high sensitivity, good
selectivity, wide detection range, and good stability. The
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proposed ECL sensor extended the application of N-GR and
ZnO nanocrystals and could be a promising method for the
routine monitoring of PCP in environment.

2. EXPERIMENTAL SECTION

2.1. Reagents and Chemicals. Graphite was purchased from
Qingdao Tianhe Graphite Co., Ltd. Nafion (S wt % solution in lower
aliphatic alcohol), PCP, 3-monochlorophenol (3-CP), 1,3,5-trichlor-
obenzene (1,3,5-TCP), and 2,4-dichlorophenol (2,4-DCP) were
purchased from Sigma-Aldrich. Phosphate buffer solutions (PBS, 0.1
M) were prepared from NaOH, Na,HPO,, and NaH,PO,. PBS with
various pH were made up by titrating 0.1 M H;PO, or 0.1 M NaOH.
GO was prepared using modified Hummers method from graphite
powders.*® Doubly distilled water was used throughout this work. All
other reagents were of analytical reagent grade.

2.2. Apparatus. Transmission electron microscope (TEM) images
were performed by using a JEOL JSM-6700 transmission electron
microscope (Tokyo, Japan). Scanning electron microscopy (SEM)
images and energy-dispersive spectra (EDS) were performed on a
Hitachi S4800 scanning electron equipped with an energy-dispersive
spectrum (EDS) spectrometer (INCA x-act, UK). Atomic absorption
spectra (AAS) were attained by using an atomic absorptionspec-
trophotometer (Purkinje General TAS-986, China). X-ray diffraction
(XRD) spectra was conducted using Cu target with a Panalytical high
resolution XRD-1, PW 3040/60 unit. Raman spectra were performed
on a Renishaw InVia Raman spectrometer with an excitation
wavelength at 785 nm. X-ray photoelectron spectroscopy (XPS) was
conducted on a Thermo VG Scientific ESCALAB 250 spectrometer
using a Mg Ka radiator. Electrochemical impedance spectra (EIS)
were conducted using ZENNIUM electrochemical workstation in 0.1
M KClI solution containing 5 mM Fe(CN)s*™* with the frequency
range from 0.01 Hz to 10 kHz. The ECL measurements were obtained
using a model MPI-A electro-chemiluminescence analyzer (Xi‘an
Remex Analysis Instrument Co. Ltd. Xi'an, China) with 800 V
photomultiplier tube voltage. The conventional three-electrode system
was employed with a modified glassy carbon electrode (GCE, 3 mm)
as the working electrode, a Pt wire as the counter electrode, and a Ag/
AgCl (saturated with KCI) as the reference electrode.

2.3. Preparation of ZnO/N-GR Nanocomposites, ZnO/GR
Nanocomposites, and ZnO. ZnO/N-GR nanocomposites were
synthesized by one-step thermal-treatment (as shown in Scheme 1).

Scheme 1. Schematic Illustration for the Preparation of
ZnO/N-GR
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Typically, 5 mg of GO was dispersed in 5 mL of twice-distilled water
through sonication for several minutes to give a brown solution. After
10 mg of Gly and 10 mg of Zn(NO,), were added into the as-prepared
solution, the mixture was sonicated for several hours and then poured
into an alumina crucible. Under argon atmosphere, the temperature of
the mixture was gradually increased to 500 °C and then maintained for
2 h. Finally, the products could be directly collected from the alumina
crucible. For comparison, the ZnO/GR nanocomposites and pure
ZnO were synthesized with the same process except for the addition of
Gly or GO, respectively.

2.4. Preparation of ZnO/N-GR Nanocomposites, ZnO/GR
Nanocomposites, and ZnO Modified Electrodes. Primarily, the
GCE was first polished with sand paper followed by 1.0, 0.3, and 0.05
pm alumina slurry, respectively. After sonication in ethanol and double
distilled water, respectively, the electrode was rinsed with twice-
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distilled water and allowed to dry at room temperature. A 2 mg mL™"
ZnO/N-GR suspension was prepared by dispersing 2.0 mg of ZnO/N-
GR in 1.0 mL of ethanol with ultrasonic agitation for about 10 min.
Then 6 uL of the as-prepared suspension was dropped on the
electrode surface and dryed in ambient air for 24 h. In order to entrap
the sample, 6 uL of Nafion solution (0.5 wt % in ethanol) was covered
on it and also dryed in ambient air for 24 h. Nafion-ZnO/N-GR
modified GCE was thus successfully obtained (denoted as Nafion-
ZnO/N-GR/GCE). For comparison, in order to keep the constant
amount of ZnO, 1.67 mg mL™! ZnO/GR suspension and 1.06 mg
mL™" ZnO suspension were prepared, respectively. Then Nafion-
ZnO/GR/GCE and Nafion-ZnO/GCE were prepared using a similar
procedure.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Samples. XRD patterns of
ZnO, ZnO/GR, and ZnO/N-GR are shown in Figure 1. For
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Figure 1. XRD patterns of pure ZnO (a), ZnO/GR (b), and ZnO/N-
GR (c).

sample ZnO, several diffraction peaks appeared ranging from
30—70°, which could be indexed as the wurtzite phase of ZnO
(PDF No. 36-1451).>" In the case of ZnO/GR and ZnO/N-
GR, a typical pattern of wurtzite phase for ZnO could also be
identified, and a new broad peak at ~26.5° appeared, indicating
the presence of graphene sheets in the nanocomposites.>"** All
these peaks were relatively wide, which implied the small size of
ZnO nanocrystals. Moreover, there was no significant differ-
ences observed in the XRS spectra between ZnO/GR and

ZnO/N-GR, suggesting nitrogen doping has little effect on the
crystal phase of ZnO.

To characterize the structure and morphology of the as-
prepared nanocomposites, SEM and TEM observations were
conducted. The SEM images revealed that the ZnO nanocryst-
als were homogeneously attached on the N-GR surfaces
(Figure 2A,B). Additionally, the EDS spectra of ZnO/N-GR
were obtained in Figure 2C, which confirmed the presence of
C, N, O, and Zn. Figure 2D displayed a TEM image of the
ZnO/N-GR at a lower magnification, which further confirmed
that the as-prepared ZnO/N-GR were made of ZnO nano-
crystals and transparent N-GR thin films. The high-magnifica-
tion TEM image of ZnO/N-GR (Figure 2E) revealed that the
ZnO nanocrystals ranging from 4—10 nm were well dispersed
on the thin N-GR layers. The relatively good distribution and
high-coverage of ZnO nanocrystals on the N-GR could
guarantee excellent electrochemical performances and good
stability of ZnO/N-GR. Figure 2F showed the lattice-resolved
HRTEM image of ZnO nanocrystals, which exhibited lattice
spacing of 0.25 and 0.28 nm, corresponding to the (101) and
(100) crystal planes of ZnO, respectively.'>** For comparison,
the morphology of ZnO/GR was also characterized by TEM.
As shown in Figures S1A and S1B, the outlines of GR and ZnO
NPs were hard to be clearly observed, and ZnO nanocrystals
tended to agglomerate, indicating that nitrogen doping was
helpful for the uniform dispersion of ZnO nanocrystals on the
graphene surface. As we know, there are a large number of
oxygen-containing functional groups on the surface of GO,
which could be used as anchoring sites during the formation of
metal oxides.”” During the ZnO/N-GR preparation, Gly could
promote the reduction of oxy-functional groups on the surface
of graphene oxide.** N-GR has fewer sites than graphene for
anchoring ZnO nanocrystals. So comparing to those nano-
crystals decorated on graphene, ZnO nanocrystals loaded on N-
GR had a better dispersion. Moreover, the EDS spectra of
ZnO/GR was also obtained in Figure S1C, and it was clear that
the nitrogen could not be found in ZnO/GR, which indicated
that the nitrogen in graphene was derived from Gly. In
addition, the Zn*" contents were 52.86% and 63.47% for ZnO/
N-GR and ZnO/GR as determined by ASS, respectively, which

C

3 c

«<

~ Zn

2

=

=

=3

o}

N O
00 05 10 15 20
Energy / keV

Figure 2. (A) Low-magnification SEM image of ZnO/N-GR. (B) High-magnification SEM image of ZnO/N-GR. (C) EDS spectrum of ZnO/N-
GR. (D) Low-magnification TEM image of ZnO/N-GR. (E) High-magnification TEM image of ZnO/N-GR. (F) High-resolution image of ZnO

nanocrystals in ZnO/N-GR.

3095

DOI: 10.1021/am507163z
ACS Appl. Mater. Interfaces 2015, 7, 3093—3100


http://dx.doi.org/10.1021/am507163z

ACS Applied Materials & Interfaces

Research Article

supports that N-GR has fewer sites than graphene for
anchoring ZnO nanocrystals.

Raman spectra were applied to the characterization of the
quality and structure of carbon-based nanomaterials, especially
to investigate the defects, the disordered and ordered structures
of graphene. The typical Raman spectra of the ZnO/N-GR
nanocomposites were displayed in Figure 3. For a comparison,
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Figure 3. Raman spectra of graphene (a) and ZnO/N-GR (b).

the graphene spectrum obtained from thermal reduction of GO
in the same conditions was also shown. It is obvious that two
remarkable peaks of graphene were observed at 1343 and 1577
cm™, which was attributed to the D and G bands of graphene-
based materials, respectively. The D band is associated with
structural defects, while the G band can be attributed to the
result of the first-order scattering of the E,, mode of sp> carbon
domains.*”** Compared with graphene, the ZnO/N-GR
exhibited a strong D band peak at 1343 cm™" because of the
existence of defects caused by N-doping in the graphene sheet.
Moreover, the G band of the ZnO/N-GR shifted to 1583 cm ™},
indicating the effect of nitrogen doping.®® It is widely
recognized that the ratio of relative intensity for D and G
band (I/I;) could be used as the measure for the extents of
defects in graphene-based materials. The ZnO/N-GR revealed
higher intensity ratio of I/Ig (1.13) than graphene (0.88),
which indicated that there were large amounts of defects in the
nanocomposites.*® The defects of graphene might be favorable
to improve the electrochemical properties of the nano-
composites.

To understand the composition and chemical nature of
ZnO/N-GR nanocomposite, XPS measurements have been
performed. As shown in Figure 4A, the XPS spectrum
suggested that the sample contained C, N, O, and Zn elements,
which provided evidence for nitrogen doping into the graphene
sheets. The high-resolution scan of Zn 2p in Figure 4B showed
that the two peaks that appeared at 1022.7 and 1045.7 eV could
be attributed to Zn 2p,;,, and Zn 2p,,, peaks, respectively,
which confirmed the existence of ZnO in the nano-
composites.”'* The deconvoluted C 1s XPS spectrum (Figure
4C) showed four peaks at 284.8, 285.9, 287.2, and 289.1 €V,
representing sp-sp”C, N-sp>C, N-sp°C, and C—O type bonds,
respectively.””® In the spectrum of N 1s (Figure 4D), the
broad peak could be fitted into two peaks at 398.6 and 399.8
eV, which were ascribed to the pyridine nitrogen and pyrrolic
nitrogen atoms in the nanocomposites.*® The pyridinic
nitrogen in ZnO/N-GR could provide a couple of electrons
to the 7-conjugated rings, introducing the properties of electron
donor into graphene-based materials; the pyrrolic nitrogen has
faster charge moblhty in N-GR owing to its better electron-
donor properties.*>*® Notably, the amount of nitrogen
incorporated in ZnO/N-GR was found to be approximately
4.8% with a relatively high doping level, which could greatly
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Figure 4. (A) XPS survey spectra of ZnO/N-GR. (B) Zn 3d XPS
spectrum of the ZnO/N-GR. (C) The high-resolution XPS spectra of
the C 1s region for ZnO/N-GR. (D) The high-resolution XPS spectra
of the N 1s region for ZnO/N-GR.

increase the electrochemical activity and electrical conductivity
of the nanocomposites. Thus, the ZnO/N-GR nanocomposites
are expected to improve the electrochemical performances. The
XPS spectrum of ZnO/GR prepared in the same conditions
without Gly was shown in Figure S2. It was obviously that the
sample of ZnO/GR has no N 1s peak, indicating that the N
atoms were derived from Gly and could be doped in graphene
lattices by thermal treatment. Therefore, we could conclude
that the deposition of ZnO on graphene and the nitrogen
doping of graphene were realized in a facile step by our
method.

Based on the discussion above, it could be concluded that
ZnO/N-GR nanocomposites were fabricated through a one-
step thermal-treatment route. While ZnO nanocrystals were
anchored on the N-GR surface, nitrogen doping was achieved
simultaneously. In the preparation process of ZnO/N-GR, the
Gly played important roles in serving as the nitrogen source
and simultaneously prompting the reduction of oxygen-
containing functional groups on the surface of GO. As a
source for nitrogen doping, it could be confirmed that there
was no obvious nitrogen content in the controlled experiment
without Gly. Furthermore, as Mayavan et al. reported, Gly was
utilized as the fuel to reduce NO;~, inducing the decomposition
for the mixture of Gly-nitrate. The decomposition products
could prompt the reduction of GO,** with the result that N-GR
can load well-dispersed ZnO nanocrystals.

3.2, Electrochemical and ECL Behaviors of As-
Synthesized Nanocomposites. Electrochemical impedance
spectrum (EIS) is a vital tool for investigating the interface
properties of the modified electrodes, which normally includes
a semicircular portion and a linear portion. It is usually
considered that the semicircle diameter is the equivalent of the
electron-transfer resistance (R,), which acts as an important
role in the electron transfer kinetics of the redox probe.*”
Figure 5 exhibits the impedance spectra of different modified
electrodes in 0.1 M KCl with 5 mM Fe(CN)g */* ions,
respectively. The bare GCE showed an almost straight line
(curve a), implying the characteristic of a diffuse limiting step of
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Figure S. Electrochemical impedance spectra of bare GCE (a),
Nafion/GCE (b), Nafion-ZnO/GCE (c), Nafion-ZnO/GR/GCE (d),
and Nafion-ZnO/N-GR/GCE (e) in 0.1 M KCI containing S mM
Fe(CN)s* ™+

the electrochemical processes. After dripping Nafion on the
electrode surface, an obvious interfacial R, was observed (curve
b) since Nafion could act as a barrier to block the interfacial
charge transfer. The R, of the Nafion-ZnO/GR/GCE (curve
d) is much smaller than those of Nafion-GCE (curve b) and
Nafion-ZnO/GCE (curve c), revealing the graphene could
serve as an excellent electron-transfer interface between the
electrode and the electrochemical probe. Moreover, when the
ZnO/N-GR nanocomposites were incorporated into the
electrochemical system, we discovered that the diameter
decreased further (curve e), indicating the N-GR could
accelerate the electron-transfer more effective, which is
attributed to the nitrogen in graphene.’>*®

)

Cyclic voltammograms (CVs) of the Nafion/GCE, Nafion-
ZnO/GCE, Nafion-ZnO/GR/GCE and Nafion-ZnO/N-GR/
GCE were recorded in 0.1 M pH 7.0 PBS between 0.0 and
—2.0V, as shown in Figure S3. For Nafion/GCE, there were no
apparent reduction currents, implying that the CVs collected in
the experiments followed were not affected by the electrolysis
of water. While Nafion-ZnO/GCE, Nafion-ZnO/GR/GCE,
and Nafion-ZnO/N-GR/GCE (curves b, ¢, and d) showed a
reduction potential of ZnO.** Moreover, compared with pure
ZnO, the cathodic peak current of ZnO/N-GR increased and
the reduction potential shifted positively, which indicated that
the N-GR in ZnO/N-GR nanocomposites decreased the
potential barrier of ZnO.*

ECL emission measurements were carried out with CVs in
0.1 M pH 7.0 PBS containing 0.1 M K,S,0; at different
electrodes between 0 and —2.0 V, as displayed in Figure 6.
According to a previous study, nanocrystals could be oxidized
and reduced by charge injection at the surface of the electrodes
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Figure 6. ECL-potential curves of Nafion-ZnO/GCE (a), Nafion-
ZnO/GR/GCE (b), and Nafion-ZnO/N-GR/GCE (c) in 0.1 M PBS
(pH 7.0) containing 50 mM K,S,0; (scan rate 200 mV s™'). Inset: the
corresponding CVs of them.

during the potential cycling.*' Herein the ECL was on the base
of the electron-transfer process between oxidized species of the
coreactant (SO,*”) and reduced species formed in ZnO. While
the negative potential was applied to the modified electrode,
S,04”” was reduced and generated a strong oxidant SO,"”, and
then SO,°” reacted with the electro-generated s&)ecies (ZnO*")
to produce higher intensity ECL emission.**** The whole
process could be stated as follows:

ZnO + ne” — nZnO~
$,04°" + e — SO,> + SO,
ZnO~ + SO,” — ZnO* + SO,*~

ZnO* — ZnO + hv

The data of onset potentials and ECL intensity for ZnO/N-
GR nanocomposites, ZnO/GR nanocomposites, and pure ZnO
were summarized in Table 1. It could be seen that the onset

Table 1. Summary of ECL Measurements of ZnO/N-GR,
Zn0/GR, and Pure ZnO

ZnO/N-GR ZnO/GR pure ZnO
ECL onset potential/V -135 -1.53 -1.62
ECL intensity/a.u. 9150 2145 627

potentials of ECL for the ZnO/N-GR nanocomposites and the
ZnO/GR nanocomposites are more positive than that of pure
ZnO. Moreover, compared with the ZnO/GR nanocomposites,
the ZnO/N-GR nanocomposites could move the ECL onset
potential more positively for ~200 mV. Because the ECL onset
potential could be ascribed to the potential barrier of ZnO
reduction, this suggests that ZnO particles on N-GR were more
readily reduced than particles on graphene. Furthermore, the
ECL intensity from the ZnO/N-GR nanocomposites was about
4.3-fold higher than that of the ZnO/GR nanocomposites.
From the inset of Figure 6, CVs demonstrated that the cathodic
peak current was greatly enhanced and the onset reduction
potential of ZnO also shifted positively in the ZnO/N-GR
nanocomposites than those of ZnO/GR nanocomposites,
which demonstrated that the N-GR in ZnO/N-GR nano-
composites could reduce the potential barriers of ZnO.
Meanwhile, N-GR with high conductivity would produce
more SO,*” and then improved the quantity of ZnO¥*, which
could also increase the ECL intensity.

In addition, we have investigated the effect of different
nitrogen contents on ECL performance. Composites with
different nitrogen contents were prepared by simply adjusting
the addition of Gly during the synthesis process. As shown in
Figure S4, the nitrogen contents were 0.9%, 2.7%, and 4.8% for
ZnO/N-GR-1, ZnO/N-GR-2, and ZnO/N-GR-3 as deter-
mined by XPS, respectively. However, the nitrogen content
cannot increase greater than 4.8% by further increasing the
amount of Gly in this work. ECL emission measurements were
carried out, and the related data were summarized in Table SI.
It could be seen that the ECL intensity increased significantly
with the increase of nitrogen contents. Therefore, ZnO/N-GR
with 4.8% N content was used in the following experiments.

3.3. Fabrication of the ECL Sensing Platform for PCP.
Based on the robust ECL signal, the fabricated Nafion-ZnO/N-
GR/GCE was applied in the PCP detection. PCP has been
extensively used in industry and agriculture as a component of
herbicides, bactericides, insecticides, preservatives, and bio-
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cides.” Tt is actually poisonous, and the accumulation of PCP
in living organisms will induce deleterious effects such as
carcinogenicity and acute toxicity.”** Thus, it is of great
importance to develop sensors to detect PCP. Accordingly, we
tried to fabricate a novel ECL sensor to detect PCP based on
ZnO/N-GR nanocomposites.

Prior to the detection of PCP, some experimental conditions
which affected the ECL intensity were optimized. Apparently,
as a coreactant ECL system, the ECL intensity of Nafion-ZnO/
N-GR/GCE was related with the concentration of the S,04>".
As shown in Figure SS5A, the ECL intensity increased
significantly with the concentration of S,04’ increase in the
range from 0 to 0.05 M. The reason might be attributed to the
fact that more ZnO* was produced from the oxidation of
ZnO°®~ by the electrogenerated SO,*”. However, further
increase in K,S,04 concentration caused the decrease of ECL
intensity because the excess S,04>~ would easily react with the
negatively charged ZnO which inhibited the formation of the
ZnO*. The phenomenon was similar to a previous study.*
Accordingly, 0.05S M was chosen as the optimal concentration
of K,S,0y in this work. The ECL intensity of Nafion-ZnO/N-
GR/GCE could also be influenced by the scan rates. As shown
in Figure S5B, The ECL intensity increased steadily with the
scan rates increased from 25 to 200 mV/s and then decreased
while the scan rates were higher than 200 mV/s. As stated in
previous reports, high scan rates could promote the
consumption of K,S,0g, leading to the decrease of ECL
signal.4 A6 Therefore, 100 mV/s was chosen in the following
experiments.

The pH value was another important factor for the sensing
system which could affected obviously the ECL intensity. As
shown in Figure SSC, the ECL signal increased when the pH
increased from 5.0 to 7.0 and dropped at higher pH. As we
know, at the negative potential, it was easy to reduce the proton
at lower pH and then the electro-reduction of ZnO was
inhibited. While at pH 9.0, the strong oxidant SO4°~ was
consumed by OH™ owing to the scavenging effect.*>*’
Therefore, pH 7.0 was selected in the following experiments.

Excellent stability is one of the main points for extending
potential application in the sensing field. Figure 7 displayed the
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Figure 7. Stability of ECL emissions from the Nafion-ZnO/N-GR/
GCE under 20 continuous cycles of CV scan.

ECL intensities of the Nafion-ZnO/N-GR/GCE under 20
repeated CV scans under the optimal conditions. The ECL
intensity from ZnO/N-GR was pretty stable with the relative
standard deviation of 0.36%, which indicated that the sensing
signal was quite reliable.

Figure 8A showed that the ECL intensity decreased
obviously with the PCP concentration increasing. As shown
in Figure 8B, the relative ECL intensity change of AI/I; was
linear related to the logarithm of the PCP concentration
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Figure 8. (A) ECL response of Nafion-ZnO/N-GR/GCE upon
addition of serial concentrations of PCP in 0.1 M PBS under the
optimal conditions. (B) The linear calibration curve for PCP
determination.

ranging from 0.5 pM to 61.1 nM with the correlation coeffcient
of 0.995 and the limit of detection (LOD) of 0.16 pM (S/N =
3) (where I, was the initial ECL intensity without PCP and AI
was the decreased ECL intensity that PCP-induced). The
achieved LOD in our work was much lower than those
published reports, which were summarized in Table S2.
Moreover, this sensor showed much superiority in PCP
detecting, such as simple, fast operation, low-cost, and
environmental friendliness, which indicated that the as-
prepared ECL sensor had great potential applications in the
environmental monitoring and analysis.

The detection of PCP has been reported on the basis of the
quenching effect on the ECL of carbon quantum dots.***’
Similarly, the ECL quenching mechanism of PCP here might be
attributed to electron transfer annihilation of ZnO*”. Scheme 2

Scheme 2. Schematic Showing the ECL Detection of PCP
with Nafion-ZnO/N-GR/GCE

__ .
so{\(e\{\ hagy! PCP Y
of —
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’71” \\7 ‘
GCE U Ner
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intuitively showed the mechanism. At first, electrons were
transferred from the surface of the electrode to ZnO and
S,04>" through N-GR, resulting the formation of ZnO®~ and
SO,*". The ECL signal was generated from the generation of
ZnO* through the electron transfer annihilation of ZnO®~ and
SO,*". When PCP was added, it would be adsorbed on the
surface of N-GR and then consumed ZnO®~, leading to the
decrease of ECL signal.

Furthermore, the specifity of this ECL sensor was studied
using PCP, 3-CP, 1,3,5-TCP, 2,4-DCP, and several common
ions as the interferents. As shown in Figure S6, only PCP
quenched the ECL emission of Nafion-ZnO/N-GR/GCE
dramatically, whereas the analogs of PCP quenched the ECL
emission slightly (e.g,, 3-CP, 1,3,5-TCP, and 2,4-DCP). The
reason might be attributed that the analogs of PCP were
oxidized with difficulty by excited-state ZnO due to their more
stable chemical properties, which was similar to previous
study.**** Moreover, the inorganic interferences hardly had
effects on the ECL intensity (e.g, Na*, K', Mg, Ca®", Fe**,
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CI5, NO;~, and SO,*7). All these results showed that the
sensing platform had high selectivity toward PCP.

4. CONCLUSIONS

In summary, we have successfully prepared ZnO/N-GR
nanocomposites by a facile method through thermal treatment.
SEM and TEM characterizations showed that ZnO nanocryst-
als ranging from 4—10 nm were homogeneously attached on
the surface of N-GR. Compared with ZnO/GR, the ECL
intensity of ZnO/N-GR could be 4.3-fold, and the onset
potential of ECL moved positively for ~200 mV due to the
introduction of nitrogen in graphene. Then a new ECL sensing
method was established based on ZnO/N-GR, which displayed
excellent performances for PCP detection, such as high
stability, low detection limit, wide linear range, and good
specificity to PCP. This work proposed a significant method to
design MO,/N-GR nanocomposites and expand their
applications in electrochemical sensors.
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