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In this work, a facile one-step electro-deposition approach was reported to synthesize the silver
dendritic structure through the multi-walled carbon nanotube (MWCNT) dispersed in AgNO3 solution
which was modified with graphene oxide (GO). Scanning electron microscopy was conducted, which
demonstrated that the as-synthesized silver material exhibited a well-defined dendritic structure.
Besides, according to XRD measurements, the silver was found to be in the cubic phase. GO was
demonstrated to be present in silver dendrites through UV-Vis spectroscopy, where GO was
electrochemically reduced during the process of silver-deposition. However, based on the preliminary
performance test, the pure Ag exhibited a remarkably poor photocatalytic activity, whereas a
considerable photocatalytic capacity was observed with the hydrids.

Keywords: One-step electro-deposition; Silver dendrites; Graphene oxide;Photocatalysis; Multi-
walled carbon nanotube

1. INTRODUCTION

To process the waste caused by the domestic, agricultural and industrial behaviours becomes a
significant challenge in this century. Due to the abundant sunlight resource as well as low carbon
emission, artificial photocatalytic systems are of great desirability. For the removal of the dye
pollutants, diverse ultraviolet light catalysts have been reported [1, 2]. Nevertheless, compared with the
visible light (around 50%) in the natural light, the amount of ultraviolet light (approximate 3%) is
considerably low. Hence, for the practical applications, visible-light catalyst becomes remarkably
suitable [1, 3-7]. The photocatalyst of plasmon-induced Ag@AgX (X=ClI, Br and 1) has been prepared
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through the ion exchange or the direct precipitation in prior to reduction [8, 9]. However, owing to the
low efficiency of electron transport, the application of these photocatalysts has been restricted.

Graphene, which is a two-dimensional material, has attracted extensive attention because of its
outstanding thermal and electrical properties, high surface area and enhanced charge carrier mobility.
Graphene oxide (GO), which consists of nearly flat rigidity of carbon atoms where the oxygen-based
groups are covalently bonded, has been considered as the precursor of graphene [10]. Besides, GO also
exhibits a high surface area, which could be applied to modify metal nanoparticles such as silver,
where the Ag nanoparticles could be prepared through various approaches such chemical or photo
reduction, atom beam sputtering method, electrochemical technique and the radiation-assisted
approach [11]. The in-situ synthesis of Ag NPs assisted by gamma radiation has been recognized as a
clean, facial and effective approach [12]. Recently, the reduction of GO through UV, microwave and
gamma radiation [13-17]. The nanocomposites of Ag and reduced graphene oxide could be prepared
through various approach. Hsu and Chen [18] have reported the synthesis of Ag NPs with a size of
10.3+4.6,21.4 +10.5) and 41.1 £ 12.6 nm via varying the cycle number of microwave irradiation and
the deposition of the obtained Ag NPs on RGO, which exhibited an increased surface enhanced Raman
scattering (SERS) towards 4-aminothiophenol. Li and Hai [19] have reported the modification of RGO
by Ag NPs with a size of 5-10 nm was performed with ethanol through the rapid microwave-assisted
approach, which exhibited an improved photocatalytic degradation of Rhodamine B.

Ag nanomaterials, which exhibit fractal and dendritic structures, have received remarkable
interest among diverse Ag nanostructures, because of their distinct catalytic, electrical and optical
capacities [20, 21]. For instance, silver dendrites have been demonstrated to exhibit various promising
applications including catalysis [22], biochemical sensor [23, 24], surface-enhanced Raman scattering
(SERS) detection [25]and superhydrophobic surface [26]. Besides, such materials have been
synthesized through numerous approaches such as photo reduction [27], elecro-deposition [20, 28],
templateless direct growth [29], template technique [30], microwave approach [31] and sono-
electrochemical process [32]. In particular, electro-deposition exhibits an advantage of better control
the Kkinetics of reduction and growth among these approaches. In general, this approach is related to the
manipulation of the potential of the electrode, where Ag could be reduced under the conditions far
from the thermodynamic equilibrium [33]. Moreover, varying the reaction time, the addition of a
proper surfactant, the concentration of Ag ion and the employed potential could tune the morphology
of the Ag nanostructures [34-36]. Nevertheless, the careful control of the parameters for electro-
deposition still is required to produce the desired nanostructures. Hence, to prepare well-defined Ag
dendrites, the combination of electro-deposition with the template technique is promising, because a
non-equilibrium condition could be provided by the electro-deposition while the morphology of the
hierarchical crystallization could be tuned by the template.

Herein, a simple one-step electro-deposition approach was employed to prepare Ag dendrites
with the mixed solution of GO-covered MWCNT and AgNO3. GO, which would provide negative
sites for nucleating Ag nanoparticles, could facilitate the dispersion of MWCNT in water. In this work,
we thoroughly studied the experimental conditions including the composition of the solution as well as
the parameters of the electro-deposition to form Ag dendrites. Besides, according to the obtained
results, we also proposed an appropriate mechanism. The photodegradation of Rhodamine B (RhB)
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indicated that the as-synthesized composites with this approach exhibited a promising capacity towards
the environmental purification.

2. EXPERIMENTS

2.1. Chemicals

Graphene oxide powder was commercially available in JCNANO, INC. (China). Multi-walled
carbon nanotubes (95%) with a diameter of 40-60 nm as well as a length of 1-2 mm were bought in
Shenzhen Nanotech Port Co. Ltd. (China). 3-hydroxytyramine hydrochloride (DA), L-Ascorbic acid
(AA, 99%), poly (sodium 4-styrene-sulfonate) (PSS, Mw = 70000), silver nitrate (AgNO3) and Uric
acid (UA, 99%) were purchased in Sigma-Aldrich. All the other chemicals were analytically pure and
used as received. ITO covered glasses with a Rest of 10 = 2 Q were bought in Delta Technologies
(USA). Besides, the buffer solution (PBS) was produced through mixing KH2PO4 and K2HPO4
solution and adjusting to a proper pH. Noted that all the experiments employed the Milli-Q water (18.2
MQcm).

2.2. Electrodeposition of silver nanostructures

GO (4 mg) was dispersed into water (10 ml) under ultrasonic for 1 h. Subsequently, MWCNT
(2.5 mg) was then added into the obtained dispersion, which was sonicated for 3h to form a
homogeneous black suspension. The as-prepared MWCNT covered with GO dispersion could stay
stable for several months, where no significant precipitation was observed. To prepare the electro-
deposition solutions, the AgNO3 solution (50 mM) prepared freshly was mixed with the MWCNT-GO
dispersion at different ratios. Ag was electro-deposited on the ITO electrodes through cyclic
voltammetry (CHI430A, CH Instruments, Ausin, TX, USA) combined with a three-electrode system.
In this work, a platinum wire and Ag/AgCI with KCI (3M) were utilized as the auxiliary electrode and
reference electrode, respectively. The cyclic voltammetry scan was carried out in the range of 0 to -1.6
V, where the scan rate was 20 mV/s. After that, Milli-Q water was used to rinse the ITO for twice. The
obtained Ag materials were defined as MWCNT-GO/Ag-1, MWCNT-GO/Ag-2 and MWCNT-
GO/Ag-3, while the volume ratios of MWCNT-GO to AgNO3 were 12:1 (3.8 mM AgNO;), 8:1 (5.5
mM AgNO3z) and 4:1 (10 mM AgNOs), respectively. The silver specimens of GO/Ag and
MWCNT/Ag were also produced with the solutions of GO and AgNOs; as well as MWCNT modified
PSS (MWCNT-PSS) and AgNO3 both in a volume ratio of 12:1 as references, where the preparation of
MWCNT-PSS was previously reported [21].

2.3. Characterization

The field emission scanning electron microscopy (FeSEM, ZEISS SUPRA 40VP, Germany) as
well as the X-ray diffractometer (D8-Advance XRD, Bruker, Germany) combined with Cu KI[J
radiation was employed to characterize the morphology and the structure of the as-prepared samples,
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respectively. The UV-Vis spectrophotometer (Halo RB-10, Dynamic Pty Ltd, AU) was used to
conduct the optical measurements with a wavelength ranging from 190 to 800 nm. Besides, Raman
Microprobe (Renishaw RM1000) was utilized to perform Raman spectroscopy with a laser light of 514
nm at room temperature.

2.4. Photodegradation of Rhodamine B

The degradation of RhB was used to evaluate the catalytic activity of the nanocomposite of Ag
and MWCNT-GO with the visible light. The film, which was deposited on the electrode, was
suspended into 50 mL solution of RhB (4 mg/L), where the obtained suspension was placed firstly in
dark for 30 min so that the surface of the catalyst was saturated with RhB. Subsequently, the
suspension was exposed to a mercury lamp with a high voltage of 250 W for various spans in the range
of 0 to 60 min with a interval of 10 min. Thereafter, the catalyst was centrifuged and UV-Vis
spectrometer (Optizen POP) was employed to measure the adsorption of the solution specimens at a
maximum wavelength (Amax) of 552 nm.

3. RESULTS AND DISCUSSION

Cyclic voltammetry, which is a useful method, was employed to fabricate an electro-deposition
device. The first cyclic voltammetric scanning of the ITO electrode in the solution involving the
dispersion of MWCNT-PSS/ AgNO; (curve a), GO/AgNO; (curve b) or MWCNT-GO/AgNO; (curve
c) was illustrated in Figure 1.
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Figure 1. The cyclic voltammograms of the ITO electrodes in the mixed solutions of MWCNT-PSS
and AgNQO3, GO and AgNO3 as well as MWCNT-GO and AgNOs, respectively.

A tiny reduction peak was observed in the CV profile of MWCNT-PSS/AgNO; at -0.40 V,
which was recognized as the reduction of Ag+ into the metallic Ag [35]. Besides, similar CV profiles
were obtained with GO/AgNO3; and MWCNT-GO/AgNO3, where two major reduction peaks were
observed. The peak A present at -0.75 V was ascribed to the reduction peak of Ag, which exhibited an
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obvious negative shift in comparison to the reduction peak of curve a. This might be caused by the lack
of the effective in the solutions of GO/AgNO3; and MWCNT-GO/AgNO;. However, the peak B
present in curve b and ¢ might be induced by the non-reversible electrochemical reduction of the
hydroxyl, carbonyl and carboxyl groups located at the GO surface [37, 38]. In fact, this peak was not
observed in the curve a, which also demonstrated that this process was relevant to GO.

Subsequently, the as-formed Ag with dendritic structure was removed from the electrode and
transferred into deionized water. UV-Vis spectroscopy was then carried out to measure the Ag-
containing aqueous dispersion, and results were illustrated in Figure 2A. As shown, Curve (a) is the
spectrum of MWCNT modified by GO. A sharp peak emerges at 231 nm. It can be ascribed to the
n—m transition of aromatic C=C bonds in GO [39]. However, for the electro-synthesis of
MWCNT/GO/Ag-1, this peak shifts to 257 nm accompanying with the decrease of peak intensity. This
indicates that GO in the nanocomposite was reduced [40]. Moreover, a single broad absorption peak at
380 nm which was corresponded to the surface plasmon resonance (SPR) absorption of Ag is clearly
observed. This result further confirms the formation of Ag. The peak intensity and peak position of Ag
SPR band are highly related to the size and shape of nanocrystals. The asymmetric peak with long tail
in the curve reveals that a supermolecular structure may be formed [35]. Raman spectroscopy was also
used to further confirm the reduction of GO. As can be seen from Figure 2B, two peaks at 1600 cm™
and 1350 cm™ are observed in the Raman spectra of both GO and GO/Ag. The peak emerges at higher
wavenumber can be ascribed to the graphite (G) bands, while the lower one is corresponded to the
diamondoid (D) bands. It is worth noting that, the peak intensity ratio of D to G (Ip/lg) increases from
0.89 to 1.07. This suggests that defect-rich graphite were produced through the reduction process [41].
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Figure 2. (A) UV-Vis absorption spectra of MWCNT/GO and MWCNT-GO/Ag-1 aqueous
dispersion; (B) Raman spectra of GO and GO/Ag.

Structural analysis of MWCNT-GO/Ag with different Ag ratio was measured by XRD, and
results were shown in Figure 3. As can be seen from Figure 3A, a characteristic peak corresponding to
the pristine GO powder at 11.1° can be clearly observed. It is responded to the (001) plane of GO with
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an inter-planar space of 0.82 nm [42]. In contrast, this peak does not emerge in the other XRD patterns
of prepared MWCNT-GO/Ag samples. This further demonstrates that a process of GO reduction was
happened through the electro-deposition. In addition, the cubic phase of Ag (JCPDS file No. 04-0783)
can also be observed in the XRD patterns of the samples of MWCNT-GO/Ag. The peak with a high
intensity at 36.50° is assigned to the (111) plane of Ag cubic phase. This suggests that (111) plane is
preferably formed through the Ag deposition process under the experimental conditions. With the rise
of Ag proportion, intensity of these peaks at 42.67°, 62.92°, 75.90° and 79.83°gradually increase.
Those peaks are related to the (200), (220), (311) and (222) plane of Ag fcc (face-centered-cube)
crystal, respectively.
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Figure 3. XRD patterns of MWCNT-GO/Ag with different Ag proportion: GO powder, MWCNT-
GO/Ag-1, MWCNT-GO/Ag-2 and MWCNT-GO/Ag-3 coated ITO.

MWCNT-GO/Ag samples were prepared using electro-deposition in a solution containing
MWCNT, GO and AgNOs. Surface morphology of prepared MWCNT-GO/Ag samples were
performed by SEM, and images of were listed in Figure 4. As shown, spherical-shaped Ag with an
average diameter of 50 nm were observed in Figure 4A, while no dendrite structure was constructed
(Inset of Figure 4A). In Figure 4B, two different types of Ag are observed in the sample of MWCNT-
PSS/AgNOs. One is Ag with spherical structure, and the other is Ag with dendrite structure which is
only in the early formation stage. However, in the specimen of MWCNT-GO/Ag, well-defined Ag
with dendritic structure was formed, and the length of central stem is approximately 5 um. Under the
experimental condition, a high negative potential vs. the real reduction potential of Ag can be regarded
as the non-equilibrium condition which is available for the formation of dendritic fractals [43]. It is
worth noting that, with the absence of MWCNT, dendritic structure did not form indicating that the
existence of MWCNT is remarkably important towards the construction of the dendritic structure. This
may be caused by the linear structure and negatively charged surface of MWCNT. Normally,
MWCNT is electric neutrality. However, negatively charged PSS and GO coat on the MWCNT
surface on which positively charged silver ions can be easily trapped and then form nucleation sites for
the formation of Ag nanoparticles. The electric field gradient which was formed around the Ag
nanoparticles on the MWCNT surface is significantly larger compared with that on the surface of ITO.
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Therefore, Ag with a dendritic structure was constructed as a result of this electric field. This fractal
growth could be illustrated by a so-called diffusion-limited-aggregation (DLA) model which elucidates
the cluster growth from particle adhesion to seed formation on the contact surface after the reduction
process [44, 45]. In this study, Ag ions on the surface of ITO are exhausted after the initial reduction
process, and thus the potential drops immediately due to the absence of supporting electrolyte. In
contrast, with a supporting electrolyte Ag ions can migrate from the solution of bulk to the top of the
preformed Ag dendrites as a result of higher electric field gradient [46]. Subsequently, Ag ions
combine successively with the preformed Ag nanoparticles to construct the stems of dendrites.
Therefore, for the growth procedure of Ag with dendritic structure, the diffusion of Ag ions is of
crucial importance [47]. In addition, the size of Ag dendrites in MWCNT-rGO/Ag is much larger than
that of MWCNT/Ag, which may be caused by the non-conductive PSS coated on the surface of
MWOCNT, where the conductivity of MWCNT decreased, and then the formation of Ag dendrites was
hindered. However, the existence of GO as well as MWCNT are contributed to the generation of Ag
dendrites. In the former case, a number of functional groups on the GO surface are present under
electrochemical conditions.
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Figure 4. SEM images of electrodepositions of GO/Ag (A). Inset: high magnification; MWCNT-
PSS/Ag(B); MWCNT-GO/Ag-1 (C); MWCNT-GO/Ag-2 (D); MWCNT-GO/Ag-3 (E). EDS of
MWCNT-GO/Ag-1 (F).

Those groups facilitate the nucleation of Ag particles in the reduction process as the active
sites. In the latter case, surface defects of MWCNT like the kinked structure can also serve as
nucleation sites. Therefore, adding both GO and MWCNT could accelerate the Ag dendrites formation
under the experimental condition. After the process depended on concentration, the multi-branched
structure has been prepared [48]. The relationships between the growth rate of Ag dendrites and the
concentration of Ag ions were investigated, where various samples with different volume ratios of
MWCNT-GO to AgNO3 were measured. As shown in the Figures 4C and 4D, the surface density and
coverage of the Ag dendrites both increased with a rise of AQNO3 concentration to 5.5 mM from 3.8
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mM. For MWCNT-GO/Ag-2, single Ag particles and Ag dendrites both can be observed on the ITO
surface. This suggests that the dendrites have not grown completely. When concentration of Ag was
increased further to 10 mM, a large number of well-defined Ag dendrites are formed on the electrode.
Owing to those dendrites, the active surface area of electrode was significantly enhanced (Figure 4E).
In addition, EDS was also carried out. The results further confirm that the obtained products are
primarily consist of metallic Ag, reduced GO and MWCNT.

As-prepared MWCNT-GO/Ag nanocomposites were applied to photodegradation of RhB under
visible light irradiation, and RhB concentration as a function of irradiation time was investigated. The
results were listed in Figure 5. In order to achieve an equilibrium adsorption state, a dark adsorption
procedure was carried out for 30 min before the irradiation of visible light. As shown, the MWCNT-
GO/Ag nanocomposite possesses extraordinary catalytic activity for the degradation of RhB which is
much higher than that of GO catalyst. Obviously, the photodegradation of RhB over MWCNT-GO/Ag
nanocomposite is strongly affected by the microwave cyclic time. This may be related to the reduced
GO, since it can effectively promote the transfer of photo-generated electron. However, continuously
rising the microwave cyclic time, performance of photodegradation decreases obviously. This can be
ascribed to re-oxidation of reduced GO. The catalytic performance of MWCNT-GO/Ag nanocomposite
was compared with other catalysts in the literature in Table 1. Results indicate that our proposed
MWCNT-GO/Ag nanocomposite is a competitive catalyst with excellent catalytic performance.

1.0
0.8+
S 0.6'-
S 0.4
] —-—GOo
0.2+ I QI%NCNG—G()/AE
0.0 5 %0 40 @

40 20 0 20 40 60

Time (min)

Figure 5. Degradation of RhB over GO, Ag, and MWCNT-GO/Ag nanocomposite under visible light
condition. C is concentration at time t, and Co is the RhB concentration in initial solution.

Table 1 Performance comparison of the proposed MWCNT-GO/Ag nanocomposite and other reported
catalysts towards the reduction of RhB.

Catalyst Rate constant (min~") Reference
Bimetallic Pt—-Cu 2.7 [49]
Ag-Fes;0,4 0.42 [50]
Polydopamine microparticles 0.228 [51]
Sm-doped CeO, 0.161 [52]

MWCNT-GO/Ag 0.273 This work
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4. CONCLUSIONS

In the present work, a one-step electrochemical deposition method for synthesizing Ag with
dendritic structure was introduced. During the process of electro-deposition, GO was reduced, which
further was confirmed by UV-Vis and Raman spectroscopy. XRD and SEM characterizations show
that the as-formed silver is cubic phase with dendritic structure. The presence of MWCNT is of critical
importance towards the production of the dendritic structures. As-prepared MWCNT-GO/Ag
nanocomposites were applied to photodegradation of RhB under visible light irradiation, and results
show that the nanocomposites have considerable photocatalytic activity which is much higher than that
of pure Ag.
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