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Graphical Abstract

Novel RGO/AgNDs composite was prepared by one-step electrodeposition method.
The RGO/AgNDs composite performed excellent photoelectrical conversion and

sensitive electrochemical response to H,O,.
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Abstract:

A novel composite of Ag nanodendrites (AgNDs) wrapped with reduced graphene
oxide (RGO) was prepared via one-step electrodeposition approach. The
characterization results show that three dimensional (3D) AgNDs with cubic phase are
enwrapped by RGO sheets in the RGO/AgNDs composite as-prepared. Due to the
synergistic effect of AgNDs and RGO, the RGO/AgNDs composite performed
excellent photoelectrical conversion. Furthermore, depend on its good electrochemical
response to H,O», the electrode modified with RGO/AgNDs composite was used as a
sensor for HyO, detection, and the results show that the detection linear range is from
0.08 mM to 2.65 mM.

Keywords: Silver nanodendrites; Graphene; Composite; Photoelectric conversion;

FElectrochemical sensor

1. Introduction
In the past decades, the considerable effort of researchers has been devoted to
develop new energy conversion and storage devices, due to ever-increasing

environmental problems and up-coming fossil-fuel depletion. Among diverse devices,
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the solar cells that harvest solar energy by photoelectric conversion have received
considerable attention. In solar cells, as well-known, the electrode material is the
determinant of photoelectric conversion efficiency. Therefore, a variety of electrode
materials, such as crystal silicon, chalcogenide, metal nanomaterial, carbon material
and organic/inorganic hybrid, have been explored.14 Graphene, an intriguing novel
two-dimensional carbon material, has become a research hotspot since discovered in
2004, because of its unique structure and excellent properties.”® By virtue of its good
optical transmittance and electrical conductivity, graphene has been used as the
electrode material of solar cells.”'? In other side, the large specific surface area of
graphene makes it a good candidate for nano-scale substrate in fabrication of flexible
composite materials. For example, by combining Au nanoparticles with graphene,
Wang and co-workers fabricated an electrochemical detection platform."> Chakrabarti
and co-workers reviewed the progress in the electrochemical modification of
graphene-based materials,' and Chowdhury and co-worker summarized the
photocatalytic property and application of graphene/semiconductor nanocomposites. '

As well-known, Ag materials with nanostructure have been widely studied because
of their photophysical and photochemical properties. For example, based on their
surface plasmon resonance (SPR) effect and strong absorption in the visible light
region, Ag nanoparticles have been proposed as visible-light-activated photocatalysts.
Recently, the Ag nanoparticles were composited with graphene, and the composites
as-formed were used in surface enhanced Raman (SER) substrates, sensors and
catalysts.'®** As a kind of dendritic materials with hierarchical structures and high
aspect ratio, Ag nanodendrites (AgNDs) attracted much attention, due to their
excellent performance in electron transport, surface enhanced Raman spectroscopy

(SERS) and catalytic sensors.” % In this work, the AgNDs were combined with
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reduced graphene oxide (RGO) by in situ electrodeposition. Significantly, the
RGO/AgNDs composite as-formed displayed an excellent photoelectric conversion.
In addition, depend on the unique catalytic property of AgNDs,26'27 the RGO/AgNDs
composite was used as electrochemical sensor for H,O, detection.

2. Experimental section

2.1. Materials and Instruments

Graphite powder (99.995%) and potassium permanganate (KMnO,) were
purchased from Shanghai Chemical Reagent Co. Ltd. Silver nitrate was obtained from
Sinopharm Chemical Reagent Co., Ltd. Potassium iodide and Sodium sulfide were
bought from Brady Bengbu Chemical Research Institute and Shanghai Tongya
Chemical Technology Development Co., Ltd, respectively. Hydrogen peroxide 30%
was obtained from Sinopharm Chemical Reagent Co.,Ltd. All reagents were of
analytical grade and used as obtained. The solutions were all prepared with ultrapure
water.

Electrochemical work station (CHI660E, Shanghai Chenhua Instruments Ltd,
China); X-ray diffractometer (XRD, Rigaku D/max-RA, graphite monochromatized
Cukal radiation, A-0.15406 nm); Scanning electron microscope (SEM, S4800,
Hitachi); Transmission electron microscopy (TEM, JEM-2100, JEOL, Japan); Xenon
lamp (PLS-SXE300/300UYV, Beijing Park Philae Science and Technology Co., Ltd).
2.2. Preparation of RGO/AgNDs composite

In advance, graphene oxide (GO) was prepared by a modified Hummers method,®
and the GO solution (1mg/mL) was prepared by dispersing 20 mg GO in 20 mL water
under sonicated. Typicallyy, RGO/AgNDs composite was prepared by
electrodeposition as follows. First, a piece of the indium tin oxide glass (ITO, 4 cm?)

was washed with acetone and ethanol respectively, and dried with nitrogen blow. The
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three-electrode system was set up by cleaned ITO slice (WE), platinum wire (CE) and
Ag/AgCl electrode (RE) against which all potentials were recorded. Then, the
electrolyte solution was prepared by adding 400 uL. 1mg/mL solution of GO into 15
mL mixture solution containing 0.01 M AgNO; and 0.1 M KNOs. Finally, with
three-electrode system, the RGO/AgNDs composite was produced on ITO slice by
electrodepositing at -1.2 V for 200 s in electrolyte solution that had been bubbled with
N, for 10 min beforehand. By similar electrodeposition as above, the RGO was
prepared in absence of AgNQO;, and the AgNDs was prepared in absence of GO,
respectively. Before electrodeposition, the cycle voltammograms of GO, AgNO; and
GO/AgNO:s; solutions had been measured respectively, for exploring their electrode
reactions.
2.3 Characterization and measurements

The products as-prepared were characterized by XRD, UV, SEM and EIS,
respectively. Using the ITO slice covered with electrodeposition product as work
electrode and a Xe lamp (100 mW/cm?) as light source, typically, the measurements
for photoelectric conversion were carried out in 0.1 M Na,S solution. Using the ITO
slice covered with RGO/AgNDs composite as sensor, the measurements for
electrochemical response to H,O, were performed in 1 M H,SO,4 solution that had
been deaerated. The Nyquist plots of electrochemical impedance spectroscopy (EIS)
were measured in 0.01 M PBS (pH=7.4) solution containing 0.002 M Fe(CN){H%
and 0.1 M KClI, using same three-electrode system as above except that the Ag/AgCl
electrode was replaced by saturated calomel electrode (SCE).
3. Results and discussion
3.1 Characterization

Fig.1A shows the cycle voltammograms of GO, AgNO; and GO/AgNOj; solutions.
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As shown on CV curve of AgNOj solution, the cathodic current at 0~-0.3 V belongs
to the reduction of silver ions to silver atoms (Ag’ +e— Ag), and then the rising
cathodic current produced over -0.4 V resulted from the reduction of dissolved
oxygen by the catalysis of fresh Ag particles. Obviously, on the CV curve of the GO
solution, there are a cathodic peak (at -1.30 V) and an anodic peak (at -0.85 V).

According to the results repoﬁed,lg’29

the cathodic peak came from the reduction of
active oxygen-containing groups on graphene sheets, and the anodic peak resulted
from the oxidation of conjugated bonds on graphene sheets. For mixture solution
containing GO and AgNOQOs, there are two cathodic peaks (at -0.81 V and -1.17 V,
respectively) on the CV curve, which is explained as follows. In aqueous solution, the
hydroxyl and carboxyl groups on the GO sheets could dissociate to negatively
charged species (GO) that combined with Ag' to form GO'Ag" complex. Therefore,
the reduction peak of the GO positively shifted from -1.30 V to -1.17 V, and the
reduction peak of free Ag™ ions negatively shifted from about -0.2 V to -0.81 V, due
to the formation of GO'Ag" complex. Furthermore, the oxidation peak (at -0.85 V) of
pure GO disappeared on the CV curve of mixture solution, which suggests that the
formation of the GO'Ag" complex restrained the re-oxidation of reduced GO.
Noteworthily, the reduction current of the mixture solution is much larger than that of
pure GO or AgNOj; solution, which may result from that the formation of GO'Ag"
complex promoted the electrode reactions.

Based on the results obtained as above, the electroreduction potential for mixture
solution of GO and AgNO; was set at -1.20 V where the RGO and AgNDs could be
synchronously electrodeposited on the surface of the ITO. The experiment results

show that when the electroreduction potential was negatively shifted (such as, to -1.4

V), the electrodeposition productivity declined and the RGO/AgNDs composite
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as-formed could not adhere on ITO firmly, since other species (such as H') in

electrolyte solution were reduced, which interfered the formation of the composite.

Fig.1 (A) The cycle voltammograms obtained in different solutions (at scan rate of 25 mVs ');
(B) XRD patterns of the products; (C) SEM image of pure Ag product (insert: enlarged part

image); (D) SEM image of RGO/AgNDs composite (insert: enlarged part image of TEM).

Fig.1B shows the XRD patterns of the products electrodeposited with different
electrolyte solutions. On the XRD pattern of the GO, there is a feature diffraction
peak (at about 11°) of GO. For the product electrodeposited with GO, however, the
diffraction peak of the GO disappeared, and there is a weak wide diffraction peak (at
about 26°) on the XRD pattern of the product, which suggests the formation of
RGO.” For the Ag product, the diffraction peaks on the XRD pattern can be indexed
to the cubic phase of Ag (JCPDS Card, 00-001-1167).***' Noticeably, on the XRD
pattern of RGO/AgNDs composite, all of the sharp diffraction peaks agree well with
that of the AgNDs, and the wide diffraction peak of RGO is very weak since the
AgNDs were embedded into RGO sheets. According to the result reported in
literature,'” the diffraction peaks marked as “A” resulted from the ITO itself. The
SEM image of pure Ag product is shown in Fig. 1C. Clearly, the product is made up
of large-area dispersed 3D dendritic structures. From insert in Fig. 1C, it is observed
that the long trunks as well as their branches are composed of many nanoparticles. As

described in the literature,32'33

the dendritic structure was formed according to
diffusion-limited aggregation (DLA) mechanism. The SEM image (Fig. 1D) of
RGO/AgNDs composite reveals the synthetic structure of RGO and AgNDs. Since the
AgNDs and RGO were synchronously produced, the Ag nanodendrites were

enwrapped with RGO sheets in the composite, as shown in insert in Fig. 1D.
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The UV-vis absorption spectra of the products are shown in Fig.2A. From curve (a),
it is observed that there is a feature absorption peak of the RGO at about 300 nm.>*>°
As shown on curve (b), typical absorption peak of the AgNDs is located at about 400
nm.”**” For the RGO/AgNDs composite, as shown on curve (c), the absorption peaks

of two ingredients are present. However, the absorption of the AgNDs was

remarkably enhanced due to the presence of the RGO.

Fig.2 (A) UV-vis absorption spectra of the products; (B) Nyquist plots of EIS for products
(at the frequency range of 0.1 Hz-100K Hz and the amplitude of 5 mV). Letters in figures: (a)

RGO; (b) AgNDs; (¢) RGO/AgNDs; (d) bare ITO.

The EIS analysis is known as an effective method to evaluate the interfacial
electrochemical property of materials.*® Our Nyquist plots of the EIS analysis are
shown in Fig.2B. Based on the semicircle-like part at high frequency region, the
electron transfer resistance (Ret) values are calculated to be 34, 40, 203 and 67 Q for
bare ITO, RGO, AgNDs and RGO/AgNDs composite, respectively. However, the
Warburg resistance (Zw) values that resulted from the ionic diffusion/transport in the
electrolyte are no significant difference for all kinds of products, since their Nyquist
plot slopes at straight line part in low frequency region are similar. From the results of
EIS analysis, it can be concluded that the introduction of the RGO decreased the
electron transfer resistance of the AgNDs.

3.2 Photoelectric conversion

The measurement results for the photoelectric conversion of the products are shown
in Fig. 3. From Fig. 3A, it is observed that the photocurrent produced by RGO is very
small, since the conductivity of reduced graphene sheets made the photoelectrons easy

to combine with holes.” Clearly, the photocurrent of AgNDs was enhanced by RGO,
7
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which will be discussed in follow section. As shown in Fig. 3B, if the electrolyte Na,S
was replaced by KI, the photocurrents produced by AgNDs and RGO/AgNDs
composite were all decreased. The phenomenon is explained that the I/I3" redox
couple is corrosive to most metals and quantum dot materials, which resulted in rapid

decrease of the photocurrent.*’

Fig.3. Photoelectric conversion curves of the products: (A) in 0.1 mol/L Na,S electrolyte
solution; (B) in 0.1 mol/L KI electrolyte solution; (C) effect of GO amount (as inset) added in

electrodeposition solution; (D) effect of electrodeposition time (as inset).

The effect factors on the photocurrent were further studied by a series of
experiments, and the results are shown in Fig.3C and 3D. According to the results in
literature,*' the amount of GO affected the structure and property of the composite
as-formed. In typical preparation, 400 pg GO was added in electrodeposition solution.
If the amount of GO added in electrodeposition solution was increased or decreased,
the photocurrents produced by the RGO/AgNDs composite as-prepared were all
decreased, as shown in Fig. 3C. The test results show that when the amount of GO
added in electrodeposition solution was increased, the AgNDs sparsely and unevenly
distributed on aggregated RGO in product, which resulted in the decrease of
photocurrent. If the amount of GO was decreased, also, the photocurrent declined
since little AgNDs were enwrapped with RGO sheets in product. In addition, the
electrodeposition time was typically set at 200 s in composite preparation. When the
electrodeposition time was increased or decreased, also, the photocurrents of the
RGO/AgNDs composite as-prepared were decreased, as shown in Fig. 3D.

Fig. 4A shows the reproducibility and stability of the photocurrent produced by

RGO/AgNDs composite. From the photoelectric conversion curve, it is seen that
8



RSC Advances

RGO/AgNDs composite has a reproducible response to irradiation, and the
photocurrent intensity produced under repeat irradiation is unchanged almost. As well
known, the voltage at zero current (namely, open-circuit voltage) means the maximum
attainable voltage and the flat band potential as well. Fig. 4B shows the change of
photocurrents corresponding to change of bias potentials applied to the work
electrodes. From the curves, it is observed that the open-circuit voltages are -0.01 V,
-0.21 V and -0.29 V for RGO, AgNDs and RGO/AgNDs composite, respectively.

Clearly, a largest open-circuit voltage was obtained with RGO/AgNDs composite.

Fig.4. (A) Photoelectric conversion curve of RGO/AgNDs composite under repeated

irradiation; (B) Photocurrents versus voltage for different products.

The excellent photoelectrical conversion of RGO/AgNDs composite is explained as
follows. First, as reported in literature,*” the AgNDs can absorb visible-light by
so-called surface plasmon resonance (SPR) effect, which facilitated the excitation of
the surface electron and interfacial electron transition. Also, the AgNDs exhibit
considerable UV light absorption caused by the interband transition (the transition of
4d electrons to the S5sp band), which resulted in much larger proportion of surface
electron transition than SPR absorption.”™ Therefore, the AgNDs produced a
goodish photocurrent under Xe lamp irradiation based on SPR visible light absorption
and interband transition UV light absorption. However, there existed the invalid
recombination of the photoexcited electron-hole pairs when photoexciting AgNDs
themselves. As well-known, the RGO has excellent electrical conductivity and can
serve as the acceptor and transporter of the photoexcited electrons. Therefore, the
introduction of the RGO decreased the invalid recombination of the photoexcited

electron-hole pairs of the AgNDs and promoted charge transfer in RGO/AgNDs
9
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composite. In addition, the Schottky barrier formed in the RGO/AgNDs interface
could hinder the recombination of photo-exited electrons with holes. Finally, the
presence of RGO enhanced photon absorption and protected the AgNDs from
oxidation due to the impermeable nature of RGO. As a result, the RGO/AgNDs
composite showed an excellent photoelectrical conversion by the function of RGO on

AgNDs.

3.3 Electrochemical sensor for H,O,

In advance, the cyclic voltammograms (CVs) of the electrode modified with
RGO/AgNDs composite were measured in absence and presence of H,O, respectively,
and the results are shown in Fig.5A. On curve (a), the peaks at +0.42 V and —-0.38 V
are attributed to the oxidation and reduction of AgNDs, respectively.4647 Clearly, the
presence of H>O, enhanced the reduction peak, as shown on curve (b), which resulted
from the catalysis of AgNDs to H,O, reduction. Referring litera‘cure,48 the reduction
reactions of H,O, are listed as follows.

2RGO-Ag(0) + H,0, — 2RGO-Ag(I)-OH (1)

2RGO-Ag(I)-OH + 2H" + 2¢" — 2RGO-Ag(0) + 2H,0 )

Fig.5. (A) Cyclic voltammograms of the electrode modified with RGO/AgNDs composite in 1
M H,SOjy solution (a) and 1 M H,SO, containing 0.3 mM H,0, (b); (B) Current-time curve
of the modified electrode towards successive addition of H,O, in 1 M H,SOj, solution (insert:

the linear relationship between current and H,O, concentration).

Based on the CVs of the modified electrode, the electrochemical response to H,O,
was determined at an applied potential -0.3 V.** From the current-time curve, as

shown in Fig. 5B, it is observed that the RGO/AgNDs composite responded to H,O,

10



RSC Advances

sensitively and rapidly, which is explained as follows. On the one hand, the Ag
nanodendrites with electrocatalytic activity have large specific surface area, which
made the sufficient contact of the electrode surface with HO, molecules. On the other
hand, the presence of the RGO with excellent electrical conductivity promoted the
electron transfer of electrode surface. From the insert in Fig.5B, it is obtained that for
electrode modified with RGO/AgNDs, the current response was proportional to the
H,0, concentration in a linear range from 0.08 mM to 2.65 mM. It has been reported
that the electrode modified with nitrogen-doped graphene-silver nanodendrites
responded to H,O, concentration in a linear range from 0.1 mM to 80 mM.?” For the
TiO, nanotube/RGO/Ag nanoparticles composite, response linear range to H,O, is
from 15.5 mM to 50 mM.*’ Clearly, the superiority of our RGO/AgNDs composite is
response to H,O,, sensitively.
4. Conclusions

In summary, this work prepared a novel RGO/AgNDs composite by one-step
electrodeposition. The preparation is fast and environment friendly since no reduction
agent and surfactant is involved. The crystallization and morphology of the
composites as-prepared were characterized by XRD and SEM respectively, and the
production mechanism of the photocurrent and its effect factors were discussed.
Based on the photosensitivity of AgNDs and the electroconductivity of RGO, the
RGO/AgNDs composite performed excellent photoelectrical conversion, which
exhibits the potential for the electrode material of solar cell. In addition, in view of the
electrocatalytic activity of AgNDs to H,0,, the electrode modified with RGO/AgNDs
composite was used to detect H,O,, and the results show that the linear range for

H,0, detection is from 0.08 mM to 2.65 mM.

11
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Fig.1 (A) The cycle voltammograms obtained in different solutions (at scan rate of 25 mVs_l);
(B) XRD patterns of the products; (C) SEM image of pure Ag product (insert: enlarged part

image); (D) SEM image of RGO/AgNDs composite (insert: enlarged part image of TEM).
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Fig.2 (A) UV-vis absorption spectra of the products; (B) Nyquist plots of EIS for products

(at the frequency range of 0.1 Hz-100K Hz and the amplitude of 5 mV). Letters in figures: (a)

RGO; (b) AgNDs; (¢) RGO/AgNDs; (d) bare ITO.
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Fig.3. Photoelectric conversion curves of the products: (A) in 0.1 mol/L Na,S electrolyte

solution; (B) in 0.1 mol/L KI electrolyte solution; (C) effect of GO amount (as inset) added in

Time/s

electrodeposition solution; (D) effect of electrodeposition time (as inset).
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Fig.4. (A) Photoelectric conversion curve of RGO/AgNDs composite under repeated

irradiation; (B) Photocurrents versus voltage for different products.
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Fig.5. (A) Cyclic voltammograms of the electrode modified with RGO/AgNDs composite in 1
M H,SOy solution (a) and 1 M H,SO, containing 0.3 mM H,0, (b); (B) Current-time curve

of the modified electrode towards successive addition of H,O, in 1 M H,SOj, solution (insert:

the linear relationship between current and H,O, concentration).
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