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The chemiluminescence (CL) performance of luminol is improved using reduced graphene oxide/gold nanoparticle
(rGO-AuNP) nano-composites as catalyst. To prepare this catalyst, we propose a linker free, one-step method to in-
situ synthesize rGO—AuNP nano-composites. Various measurements are utilized to characterize the resulting rGO-AuNP
samples, and it is revealed that rGO could improve the stability and conductivity. Furthermore, we investigate the CL
signals of luminal catalyzed by rGO-AuNP. Afterwards, the size effect of particle and the assisted enhancement effect of
rGO are studied and discussed in detail. Based on the discussion, an optimal, sensitive and stable rtGO—AuNP-luminon—
H,0O; CL system is proposed. Finally, we utilize the system as a sensor to detect hydrogen peroxide and organic compounds
containing amino, hydroxyl, or thiol groups. The CL system might provide a more attractive platform for various analytical
devices with CL detection in the field of biosensors, bioassays, and immunosensors.
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1. Introduction

With the rapid development of electronic technology and
the invention of highly sensitive photomultiplier tubes, chemi-
luminescence (CL) phenomenon has attracted great attention
in quantitative analysis fields such as chemical analysis, ! en-
vironmental science,?! life science,®! medicine,* etc. Com-
pared with other luminescence methods, CL has a lot of advan-
tages involving no need of external light source and no inter-
ference from Rayleigh scattering or Raman scattering. At the
same time, it circumvents signal fluctuation caused by light
source instability. Due to all these unique properties, CL can
greatly improve the signal-to-noise ratio, and thus it is widely
used in the areas of biological analysis.

In recent years, considerable work has been devoted to
noble nanoparticles-catalyzed CL reactions, especially gold
nanostructures.>8! For the nanosized metallic particles, the
large surface area affords abundant unsaturated/reactive sur-
face atom resulting from dangling bonds, surface steps, wrin-

9-131 and yields high catalytic activity conse-

kles or defects,|
quently. In addition, gold nanoparticles have good biocompat-
ibility and the formation of Au—S bond or Au—N bond is use-
ful for biosencing. For example, Tian et al.!'* have reported

on the immunosensor based on luminol functionalized gold
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nanoparticles and Li e al.'">! have proposed the aminothiols
sensor based on triangular gold nanoparticle-catalyzed lumi-
nol chemiluminescence.

Graphene is an ideal solid substrate due to its high me-
chanic strength as well as unique physical properties such as
large surface area.!'®! Particularly, reduced graphene oxide

I7.18] Therefore,

(GO) displays high electronic conductivity. !
graphene-metal NPs nanocomposites might exhibit better
performance in electrochemical detection, 9211 surface en-

22231 and two-photon excitation, >4

hanced Raman scattering,!
because of the combination of localized surface plasmon res-
onance (LSPR) of AuNPs with the fast electron mobility of
graphene. To the best of our knowledge, however, there has
been no report about reduced graphene oxide/gold nanoparti-
cle (rGO-AuNP) composites as catalysts for CL to date.

In the present work, we propose a linker free, one-step
chemical nucleation strategy to synthesize rGO—-AuNP nano-
composites. The composites are characterized by atomic force
microscope (AFM), Raman spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), UV-Vis absorption spectra, scanning
electron microscope (SEM), energy-dispersive spectroscopy
(EDS), and electrochemical impedance spectroscopy (EIS).
Thereafter, catalytic performance of the nanocomposites is in-
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vestigated in a luminon—-H,O, CL system. The composites ex-
hibit better CL catalytic activity than AuNP. Moreover, size ef-
fect of AuNPs and the enhancement of rGO on CL are studied
respectively, and possible mechanisms are proposed. Taking
advantage of the optimized rGO-AuNP-luminon-H,O, CL
system, trace amount of hydrogen peroxide is detected.

2. Experimental section
2.1. Chemicals and solutions

A 0.01-mol/L stock solution of luminol was prepared by
dissolving luminol (Sigma) in 0.1-mol/L NaOH solution with-
out further purification. Luminol stock solution was diluted to
2 uM by buffer solutions (CO%‘/HCO; ). Working solution of
H,0, was prepared freshly from hydrogen peroxide 30%. A
1%(w/w) HAuCly stock solution was prepared by dissolving
1 g of HAuCls-3H,O (Shanghai Reagent) in 100-mL water
and stored at 4 °C. A 38.8-mM trisodium citrate (NazCsO7)
solution was prepared by dissolving trisodium citrate solids
in water. All reagents were of analytical grade, and deion-
ized water was used throughout from Aquapro ED12-3002-U
system. No specifically mentioned chemicals were purchased
from Sinopharm Chemical Reagent (Beijing, China).

2.2. Chemical exfoliation of graphite

The method of graphite exfoliation used here was mainly
based on the idea of Hummers and Offeman, and exten-
sively described elsewhere.!?>-?%] The surfaces of graphite ox-
ide sheets were highly oxygenated, so bearing hydroxyl epox-
ide, diol, ketone, and carboxyl functional groups could change
the van der Waals interactions significantly and lead to a range
of solubility in water. The as-prepared solution was dried by
lyophilization after ultrasonication and centrifugation. The
obtained powder was referred to as GO, and was re-dissolved
in water to form a 2-mg-mL~!' GO suspension.

2.3. Synthesis of rGO-AuNP nano-composites

The nano-composites were synthesized by the direct re-
duction of AuCl; in the presence of GO. In a typical exper-
iment, 1-mL GO suspension and 500-uL. HAuCl, solutions
were added into 50-mL water. Then the mixture was dis-
persed adequately by ultrasonication. The resulting suspen-
sion was aged for 30 min to promote the interaction of gold
ions with the graphene oxide sheet surface. Then the suspen-
sion was heated up to 80 °C in a water bath, followed by drop-
wise addition of 1000 uL of sodium citrate. After reaction
for 1 h, the resulting nano-composites were rGO—AuNP nano-
composites. Size of AuNP could be varied by changing the ra-
tio of sodium citrate to HAuCL,. For comparison, pure AuNP
was prepared by chemical reduction of HAuCly by sodium cit-
rate. The rGO-AuNP and pure AuNP were stored for 24 h at
4°C.

2.4. Instrumentations and measurements

AFM images were obtained using SPA-300HV (SEIKO,
Japan), tapping-mode applied to provide many structural de-
tails. Raman spectra were recorded using a Renishaw micro-
Raman system with an excitation wavelength of 514 nm.
XPS analysis was carried on a PHI Quantera (PHI, Japan).
UV-visible spectra, SEM images, and EDS analysis were
measured on UV-310IPC spectrometer (Shimadzu, Japan),
S4800 microscope (Hitachi, Japan) and EMAX 250 (Horiba,
Japan). EIS experiments were performed in the presence of
10-mmol-L~! K3Fe(CN)g and 1-mol-L~! KCI as the redox
probe, using a CHI660D electrochemical workstation (Chen-
hua, China). A conventional three-electrode cell was used,
including a glassy carbon electrode, a platinum wire, and a
saturated calomel electrode.

The CL reactions were carried out in a 3-mL quartz cu-
vette, and the signals were recorded with an LS 55 fluores-
cence spectrometer (Perkin Elmer, America). In a typical ex-
periment, 500 pL of luminol solution (2 uM) and 5-uL HyO,
(30%) were added to the cuvette sequentially by a pipette.
Then, 300-pL rGO-AuNP was injected quickly. The CL sig-
nals were displayed and integrated for a 0.5-s interval.

3. Results and discussion
3.1. Characterization of GO

The unique properties of graphene originate from the
monolayer honeycomb crystal lattice sheet. It has been re-
ported that bi-layer or tri-layer graphene and their derivative
have distinct features in electrical conductivity or mechanical
flexibility compared with monolayer.!>”! Therefore, identifi-
cation of single-layer GO from multilayer GO is a crucial step
for its future application. The average thickness value of the
as-prepared GO sheets is about 0.85 nm with tapping mode
AFM (Fig. 1(a)), which is consistent with the typical 0.8-nm
thickness value of the monolayer GO reported before.?8 GO
is thicker than nonfunctionalized graphene (0.35 nm) due to
the existence of oxygenic functional groups on both sides of
the sheets.?’! So it can be concluded that most GO sheets are
monolayer. The abnormally low or high thickness value of GO
sheet is due to the overlaps and defects.

In order to investigate the functional groups on GO sheets,
Raman and FTIR spectra are employed here. As shown in
Fig. 1(b), the GO sheet exhibits a peak at around 1580 cm™ (G
band) corresponding to the E», photon of C sp” atom in a two-
dimensional hexagonal lattice. The peak at ca. 1330 cm™! (D
band) corresponds to a breathing mode of k-point phonons
of A1, symmetry.1*" It should be noted that the second-order
zone boundary phonon (2D band) is not as high as monolayer
graphene prepared by other methods (such as chemical vapor
deposition and mechanical exfoliation). The reason is mainly
due to defects and surface oxygenic functional groups.3!! The
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presence of surface oxygenic functional groups is revealed by
FTIR spectrum as shown in Fig. 1(c). The absorption bands
at 1727 em~!, 1225cm~!, 1070 ecm™!, 1620 cm™! can be
attributed to C=0 carbonyl stretching vibrations, C—OH hy-
droxyl stretching, C—O-C ether bond stretching, and the C=C
peak respectively.[3?) The Raman and FTIR spectra indicate
the in-plane sp> domains, a partially ordered crystal structure
of GO, and the presence of defects and surface oxygenic func-
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tional groups.

Surface oxygenic functional groups in GO and rGO are
characterized by Cls XPS. The result demonstrates that there
are a large number of functional groups on the surface of GO
(Fig. 1(d)). In comparison with the spectrum of GO, the spec-
trum of rGO as shown in Fig. 1(e) exhibits a decreased inten-
sity in the peak of the C—O group, revealing that part of the
oxygenic functional groups are reduced.

C—O
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1 1 1 1
280 285 290 295
Binding energy/eV
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Fig. 1. (color online) AFM image of GO, the height difference between the two arrows is 0.86 nm (a). Raman spectrum (b) and FT-IR
spectrum (c) of GO, indicate its lattice situation and the surface oxygenic functional groups. XPS images before (d) and after (e) the
reduction, the plots are deconvoluted into four peaks corresponding to C=C/C—C in aromatic rings, C—O (epoxy and alkoxy), C=0 and

0O-C=0 groups, respectively.

3.2. Characterization of rGO-AuNP

Figure 2(a) shows SEM image of rtGO—AuNP. It can be
seen from the figure that AuNP grains are uniformly dispersed
on the surface of rGO, most of which are attached to the sides
or edges of sheets. The co-existences of Au, C, and O ele-
ment in rGO-AuNP can be confirmed by EDS (See Appendix
A Fig. S1) and XPS (Fig. 2(b)). From the above result it
can be concluded that tGO—AuNP nano-composites are ob-
tained. It is known that the chemical reactivity of geometri-
cally strained regions in graphene lattices is much higher than
those in other regions due to the destruction of sp?,1*3! and that
electron density can be more easily displaced from the upper
plane of the ring.!3*! Therefore, the mechanism of in-situ syn-
thesis of rGO—AuNP can be suggested as follows (Fig. 2(c)).
Under the effect of electrostatic interaction and electrophilic
substitution, Au>* has a strong interaction with 7 orbitals of

alkenes. With the anchoring and crystallizing of gold atoms
on GO sheets, the seeds grow into nanoparticles gradually.

3.3. Size effect of AuNPs in rGO-AuNP-luminon-H,O,
CL system

The reaction of luminol with hydrogen peroxide in al-
kaline solution in the absence of a catalyst underwent weak
CL. It is assumed that the catalyst AuNP may interact with
the reactants or the intermediates of the reaction of luminol
with hydrogen peroxide. Normally, the optimum pH range
of the luminol reaction is between 10 and 11. For this novel
rGO-AuNP-luminon-H;0;, CL system, different pH values
are tested and shown in Fig. 3(a). The results show that the
optimal pH environment for the CL system is 12.0, which is in
agreement with that in the case of AuNP-luminon-H,O, CL

system. (331
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Fig. 2. (color online) SEM images of rGO—AuNP (a) and pure AuNP (in the inset) of the same nanoparticle size, XPS image of
GO-AuNP nano-composites (b), and formation mechanism for the nano-composites (c).
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Fig. 3. Effects of pH on time-dependent CL intensity (a), and size effect on CL intensity of rtGO—AuNP-luminon-H,0O; system (b).
Experimental size effect on SPR intensity of rGO—-AuNP (c), and theoretical size effect on SPR intensity (d). The calculated intensity
is divided by the volume to obtain the intensity per unit volume of absorption.

Basically, the rate of heterogeneous catalysis increases
with the available active surface area of catalysts.3>3%] Hence
small-sized AuNPs are expected to give a higher rate of cat-
alytic reaction due to their large surface-area-to-volume ra-
tio. However, the adsorption of HyO, onto the surfaces of
nanoparticles would cause partial electron transfer from the

particles to the adsorbed H,O,, which is known as particle-

mediated electron transfer. The so-called particle-mediated
electron transfer occurs in the too small NPs which may re-
sult in the adsorption of H,O, molecules onto the surface of

1331 As a consequence, the catalytic activity of AuNPs

particle.
is lowered with size decreasing. With the aim to obtain opti-
mal size of AuNPs, size-dependent CL signals of rtGO—AuNP-

luminon-H,0O; CL system are recorded (Fig. 3(b)). It can be
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seen that the 58-nm particles produce the most intensive CL
signal. It is known that SPR intensity is considered to be an
indicator of the electron density in the conduction bands of
AuNPs.37] The size-dependent absorption spectra (Fig. S2 of
rGO-AuNP show that 58-nm AuNPs have the highest SPR
absorption (Fig. 3(c)), which is consistent with the theoretic
result of AuNPs calculated by 3D-FDTD method (Fig. 3(d)).
Therefore, rGO-58-nm-AuNP is ultimately determined to be
the optimal one for this CL system.

It should be noted that luminescence quenching occurs
for very small particles. Figure S3 (Appendix A) shows that a
weak enhanced CL signal appears after injection and the sig-
nal is stabilized at a low level, which is even lower than the
starting intensity. After re-injection, the same phenomenon
appears again. It can be concluded that the energy directly
transfers from luminol to rGO-AuNP, due to the small separa-

tion of emitter-particle.

3.4. Assisted enhancement effect of rGO in rGO-AuNP-
luminon-H;0; CL system

In the presence of rGO, the CL signal of rGO-AuNP-
luminon-H,O, CL system is stronger than that of AuNP-
luminon—H, O, CL system (Fig. 4(a)). About 50% improve-
ment is generally observed for each of all the samples. Such
a significant improvement cannot be assigned to rGO itself,
since it does not exhibit high catalytic activity unless it has
a high concentration of luminal (200 uM).[3] In the present
case of 2-uM luminol, CL signal of rGO is very weak in face
(Appendix A: Fig. S4).

In order to research the role of rGO in rGO-AuNP-
luminon—-H,O, CL system, conducting features of rGO-
AuNP are characterized. In the high-frequency range of
Nyquist plot, the rGO-AuNP modified glassy carbon elec-
trode performs a smaller semicircle than AuNP modified elec-
trode (Fig. 4(b)). The semicircle diameter of EIS is equal to the
charge-transfer resistance (R) at the electrode surface. The
electrical conductivity and the electron transfer rate are im-
proved in tGO—AuNP compared with those in AuNP. More-
over, EIS results provide clear evidence of large surface area
of tGO—AuNP. In the lower frequency range, the Warburg
impedance (corresponding to the evolution of Z” as a function
of the inverse of the square root of the frequency) of rGO-
AuNP modified electrode is larger than the one of pure AuNP
modified electrode. This phenomenon indicates that the dou-
ble layer capacitance increases with the modified electrode,
which corresponds to the larger surface area of gold NPs.

The increased electrical conductivity and surface area of
rGO-AuNP thus justify the enhancement of CL signal. It

is important to point out that the rGO—AuNP composites are
rather stable. After a two-week storage, tGO—AuNP aqueous
suspension has neither precipitate nor color change (Fig. 5),
and 90% of CL signal can be still retained. The stability should
be due to the platform of rGO, which immobilizes the AuNPs
and isolates them from aggregation. In comparison, AuNPs
alone will be agglomerated in aqueous two weeks later.
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Fig. 4. (color online) Comparison of time-dependent CL intensity be-
tween pure AuNP and rGO-AuNP as catalyst on CL intensity (a).
Nyquist plots obtained at GC electrode in 10-mM K3Fe(CN)g and 1-
M KCI. The frequency is in a range from 1 Hz to 100 kHz. The inset
shows the Nyquist plot of pure rGO (b).

freshly after
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Fig. 5. (color online) Digital camera taken photographs of pure AuNP
and rGO-AuNP.
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3.5. Analytical applications of rGO-AuNP-luminon-H, 0,

CL system

We evaluate the sensitivity of the proposed rGO-AuNP-
luminon-H,O, CL system to the hydrogen peroxide concen-
tration. Effective CL signal can be obtained when the concen-
tration of H,O; varies from 0.4 mM to 250 mM. The plot of
signal exhibits an excellent linearity in the concentration be-
tween 10 mM to 50 mM as shown in Fig. 6(a). When the
concentration of HyO, is beyond 50 mM, CL signal intensity
decreases. That is mainly attributed to particle-mediated elec-
tron transfer.

RGO-AuNP provides the sites for the reaction between
superoxide radical anion(O5 ) from the dissociation of H>O»
and luminal (L ™), as illustrated in Fig. 6(b). As reported pre-
viously, metal NPs are very easy for some reducing groups
involving NH,, OH, SH, etc.

containing radicals and compete for the O, CL needed by lu-
[35,39]

to react with the oxygen-

minal radicals, resulting in the reduction of CL intensity.
The rGO-AuNP-luminon-H;O, CL system has the promis-
ing potential for detecting the organic compounds containing
NH;, OH, SH groups. The influence of several compounds on
CL signal intensity of the system is shown in Table 1. The

quenching effect is clearly visible in the compounds contain-

ing NH;, OH or SH, while inorganic substances (such as NaCl

and KCl) have almost no effect on the system.
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Fig. 6. (color online) Plot of CL intensity of HO; versus its concentra-
tions (a); and schematic summary of possible chemiluminescence reac-
tion mechanism involved in the examined system (b).

Table 1. Inhibition effects of chemical compounds (5 x 10~* M) on rtGO—AuNP-luminon—-H,0, CL system.

Chemical Blank . Glutamic . Ascorbic Sodium Potassium
Alanine Tryptophan Glutathione
compounds () acid acid chloride chloride
CL intensities (I)* 1380 1213 1297 1097 124 155 1401 1366
Quenching (1/1y) 1 0.879 0.9399 0.7949 0.0899 0.1123 ~1 ~1

2The CL signals obtained by rGO-58-nm-AuNP-luminon—-H,O; system, in the case of pH value equal to 12.0. The concentration of luminal is 2 pM, and

the concentration of HyO, is 50 mM.

We therefore deem that the rGO—AuNP-luminon-H,O»
CL system has great practical potential in developing new
CL sensors for various organic compounds when being com-
bined with separation techniques such as high performance
liquid chromatography and capillary electrophoresis. Further-
more, the rGO-AuNP nano-composites provide a promising
approach to biological analysis, detection and immunoassays

areas due to its good stability.

4. Conclusions

In this work, the novel rtGO—-AuNP nano-composites are
prepared to improve the CL performance of luminol system.
The nanocomposite is comprised of a single layer of rGO and

in-situ prepared AuNPs. The size effect of particle and the
assisted enhancement effect of rGO are studied and discussed
in detail. The CL enhancement of tGO-AuNP is considered
to be due to the large surface area and electron-transfer pro-
cesse on nano-composites surface. RGO-58-nm-AuNP shows
the strongest CL signal because of proper electronic structures,
optimal surface area, and high electron density in the conduc-
tion bands. By means of the optimized rGO—AuNP-luminon—
H,0, CL system, hydrogen peroxide and many organic com-
pounds containing amino, hydroxyl or thiol groups could be
detected more precisely. The significance of this work is to
provide the rGO-AuNP-luminon-H;O;, CL system, which is

very promising for detecting many organic compounds.
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