
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
1/

29
/2

02
4 

12
:4

3:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrochemical
Department of Environmental Science and

Engineering, Xi'an Jiaotong University, Xi'a

mail.xjtu.edu.cn

Cite this: RSC Adv., 2022, 12, 21793

Received 18th April 2022
Accepted 22nd July 2022

DOI: 10.1039/d2ra02495k

rsc.li/rsc-advances

© 2022 The Author(s). Published by
deposition of flower-like
nanostructured silver particles with a PVA modified
carbon cloth cathode

Bo-An Zhao, Wen-Fang Cai, Kai-Bo Pu, Ji-Rui Bai, Jia-Yao Gao
and Yun-Hai Wang *

A novel electrochemical method for preparing flower-like nanostructured silver particles using polyvinyl

alcohol (PVA) modified carbon cloth as a cathode is reported. The method does not involve the use of

any morphological control agents in aqueous solution. The morphology of the silver nanoparticles

obtained was studied using scanning electron microscopy (SEM) and X-ray diffractometry (XRD). The

effects of the operating conditions on the deposited silver nanoparticles were investigated. It was found

that PVA concentration for carbon cloth modification had a significant effect on the deposited silver

morphology. With 1% PVA modification, current density of 10 mA cm�2 and silver nitrate concentration of

1 mM, a flower-like nanostructured silver with petal thickness of 100 nm can be prepared. With the

reaction proceeding, silver nanocrystals nucleated on the cathode in a few seconds, then the nuclei

grew and the rudimental flower-like silver started to form in 1 min. The perfect flower-like nanostructure

of silver was formed in 20 min. However overlong reaction time led to micrometer sized blocks. The

specific silver nanostructure growth might be attributed to the silver ion concentration gradient caused

by reaction and diffusion rate and the effects of PVA.
1. Introduction

In recent years, noble metal nanostructures of different
morphologies have attracted great attention due to their
prominent antibacterial,1–3 catalytic,4–6 optical and magnetic
properties.7–9 Among these noble materials, silver nano-
structures attracted lots of research interest due to their narrow
plasmon resonance and super hydrophobic surface. The
researchers have synthesized diverse shapes of silver nano-
structures, such as rods, cubes, wires, dendrites, polyhedra,
triangular plates, etc. by different approaches.10–19 Controllable
preparation of silver nanostructures is very important to obtain
high-performance products. To date numerous protocols have
been developed to synthesize various silver nanoparticles,
which include membrane-templated syntheses, solution-based
chemical reduction syntheses in micellar media or with
capping agents, step edge decoration, photo induced conver-
sion, electrochemical syntheses, etc.12–14,17–24

The electrochemical method attracted more attention
recently because it has the advantages of pure products and the
possibility of regulating the nanoparticle morphology by
controlling the current density without expensive equipment or
additional chemical agents. The key to the success of
Engineering, School of Energy and Power
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electrochemical methods is the right choice of electrodes and
the process conditions.25 In previous studies, silver crystals with
different morphologies were synthesized by using different
electrodes. Sharma et al. proposed a simple approach to the
creation of highly dispersed electrocatalytically active silver
micro-structured dendrites on indium tin oxide (ITO).26 Cher-
evko et al. synthesized Ag foam using Pt/Ti/Si electrode galva-
nostatically and the average pore size of the foam was 20–45 mm
with nanosized branches.27 Khaydarov et al. used bulk Ag metal
as anode and cathode to transform it to polyhedron-shaped Ag
particles and plates. Silver crystal growth on the cathode in the
electrochemical process was shown to result in nanostructures
consisting of agglomerated silver nanoparticles with the sizes
below 40 nm.25 Mazur et al. prepared silver nanoakes and
nanorods by potentiostatic reduction of silver ions on highly
oriented pyrolytic graphite (HOPG) electrode from acetonitrile
solution containing mercaptopropionic acid.28 Recently, broad
applicability of nanostructured silver has received researchers'
extensive attention. Molina et al. synthesized Ag nano-owers
with enhanced photocatalytic and antibacterial activities.29 It
has been widely reported nano-silver as surface enhanced
Raman scattering substrates for rapid detection of trace organic
pollutants.30–33

Carbon cloth is widely used as current collector because of
its good conductivity, excellent mechanical strength and
chemical stability, and the rough surface is also conducive to
the deposition of silver.34 Polyvinyl alcohol can change the
RSC Adv., 2022, 12, 21793–21800 | 21793
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surface energy of crystals. The surface energy can affect the
equilibrium shape of crystals and plays an important role in
faceting, roughening, and crystal growth phenomenon.35 At the
same time, it can be used as adhesive in industry.36

In addition, compared with nano-silver of other morphol-
ogies, ower-like Ag nanostructures have signicant antibacte-
rial activities,29 electrical conductivities37 and catalytic
properties.38 They exhibit strong electromagnetic enhancement
effects and amplied SERS signals.39 However, their preparation
is seldom investigated via electrochemical method.40 To the
best of the authors' knowledge, there's one paper reported the
fabrication of ower-like silver particles by electrochemical
approach using anodic aluminum oxide electrode,33 but no
reports on the ower-like silver nanoparticles preparation on
modied carbon cloth. It is still a challenge to controllable
prepare special morphology silver nanoparticles on carbon
cloth. In this article, a novel electrochemical method using
polyvinyl alcohol (PVA) modied carbon cloth as cathode to
prepare ower-like nanostructured silver particles is presented.
This methodology not only involves the synthesis of ower-like
nanostructured silver particles by electrochemical deposition
on carbon cloth electrode without template's assistance, but
also employs PVA, a commonly used adhesive as electrodes
modier to prepare controllable silver nanoparticles. This work
is aimed to gure out the appropriate electrochemical reaction
parameters to synthesize the ower-like nanostructured silver
and discuss the crystal growth's regular pattern for this
morphology.

2. Experimental section
2.1 Materials

Silver nitrate was purchased from Tianjin Tiangan Chemical
Technology Development Co., Ltd (Tianjin, China), while PVA
(alcoholysis degree 98–99%, polymerization degree 2400–2500)
and potassium nitrate were purchased from Aladdin. All
chemicals were of analytical grade and were used without
further purication. The electrochemical workstation was
CS310 (CorrTest Instruments, China). Deionized (DI) water was
used throughout the experiments.

2.2 Modication of carbon cloth

Carbon cloth was washed with acetone, ethanol and deionized
water before the modication and then cut into 2 cm � 1.5 cm
pieces. The PVA aqueous solution with a certain mass concen-
tration was prepared by mixing completely a certain amount of
PVA with DI water at 75 �C and cooling down to room temper-
ature for further use. The carbon cloth was then immersed in
the above solution for 24 h and took out and air-dried. One side
of the dried carbon cloth was encapsulated with insulating
silicone glue and the other side would expose to the electrolyte
as the working electrode.

2.3 Synthesis of silver particles by electrochemical reaction

Silver particles were synthesized in a single chamber electro-
chemical reactor with silver nitrate aqueous solution as silver
21794 | RSC Adv., 2022, 12, 21793–21800
source and electrolyte without any other supporting electrolyte
addition. Three electrode system with modied carbon cloth as
working electrode, platinum wire as counter electrode and Ag/
AgCl as reference electrode was used. In order to prevent the
interference of chloride ions in the reference electrode, an
external salt bridge lled with potassium nitrate solution was
sleeved on the reference electrode. The reactor was connected
with the electrochemical workstation and electrolysis was
carried out in constant current polarization mode.

The electrochemical reaction was carried out in the designed
reactor at room temperature. Electrochemical deposition was
performed at various applied current densities. Aer deposi-
tion, the cathode was gently taken out from the solution and
was washed with DI water and dried in air for further
characterization.

2.4 Characterization of silver products and carbon cloth

The morphology of silver products was characterized by using
a eld-emission scanning electron microscope (TESCAN MAIA3
LMH, USA) at an accelerating voltage of 10 kV. The crystal and
composition of the products were determined by X-ray diffrac-
tometry (Shimadzu XRD-6100, Japan) using Cu Ka radiation,
and data were collected over the 2q range from 20� to 80� at
a scanning step of 0.1�. Fourier transform infrared (FTIR)
spectrum of the carbon cloth under different conditions was
recorded on a FTIR spectrometer (BRUKER TENSOR II, Ger-
many) over the scan range of 400–4000 cm�1. The carbon cloth
samples to be characterized by FTIR were ground and tested by
KBr tablet pressing method. The linear sweep voltammetry
(LSV) was performed in 1 mM silver nitrate on an electro-
chemical workstation (CS310, Corrtest Instruments, China)
with a three-electrode conguration. The sweep speed is 10 mV
s�1 and scanning range is from 1.2 V to 0.6 V vs. standard
hydrogen electrode (SHE).

2.5 SERS measurement

To study the surface enhanced-Raman scattering (SERS) of the
prepared silver particles, Raman microscope (Invia QONTOR,
RENISHAW, UK) was used in the Raman shi range of 500–
1700 cm�1. The excitation light source was 532 nm, and the
exposure time was set to 10 s. The spot diameter was 1.3 mm,
and the spectral resolution was 1 cm�1. Rhodamine 6G aqueous
solution of 0.1 mM was used as the probing agent.

3. Results and discussion
3.1 Modication of carbon cloth by PVA

In order to conrm that PVA was successfully modied on
carbon cloth and did not fall off aer reaction, we studied the
infrared spectra of unmodied carbon cloth, modied carbon
cloth before and aer electrochemical deposition, as shown in
Fig. 1. The electro-deposition reaction was performed at
a current density of 10 mA cm�2 and reaction time of 20 min in
1 mM silver nitrate aqueous solution.

In Fig. 1, the curves (a)–(c) represent the infrared spectra of
unmodied carbon cloth, carbon cloth modied with 1% PVA
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of unmodified carbon cloth and modified carbon
cloth before and after electro-deposition.

Fig. 2 X-ray diffraction spectrum of the deposits on different
cathodes.
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before electro-deposition and aer 20 min electro-deposition.
There are many –OH, C–O, –CH2 and –CH groups in PVA. The
absorption peaks at 3436 cm�1 on curve (b) are caused by the
stretching vibration of –OH. The absorption peak at 1093 cm�1

is caused by the stretching vibration of C–O. The absorption
peaks at 2905 cm�1 and 2942 cm�1 belong to the stretching
vibration peak of –CH2. The absorption peak at 1435 cm�1 is
related to the in-plane bending vibration of –CH, while the
absorption peaks at 597 cm�1, 849 cm�1 and 918 cm�1 are
related to the out of plane bending vibration of –CH. The
absorption peaks at 1642 cm�1 and 1716 cm�1 are C]C and
C]O respectively, which may be related to the carbon cloth
substrate.

Comparing the curves (a) and (b) in Fig. 1, it could be found
that the carbon cloth modied with PVA had –OH absorption
peaks at 3436 cm�1, while the unmodied carbon cloth had
almost no –OH absorption peak. Therefore, PVA was success-
fully modied on the surface of carbon cloth. At the same time,
comparing the curves (a) and (c), it could be found that aer
20 min electro-deposition, the absorption peaks of –CH, –OH,
C–O and –CH2 groups could still be observed, indicating that
PVA still existed on the electrode.
3.2 Analysis of deposit and the effect of PVA modication

XRD characterization was performed on unmodied carbon
cloth and PVA modied carbon cloth, before and aer electro-
deposition. The electro-deposition current density of 10 mA
cm�2 and 1 mM silver nitrate was used. XRD results revealed
that metal silver was successfully deposited on carbon cloth and
the modication of PVA did have effects on crystal surface
growth, as shown in Fig. 2. In Fig. 2, four typical diffraction
peaks of metal silver aremarked. Before deposition, as shown in
curves (c) and (d) in Fig. 2, there is no new peaks in the XRD
patterns, which indicates that there isn't diffraction peak for
PVA. However, comparing the curves (b) and (c) in Fig. 2, it can
be found that new diffraction peaks appear aer
© 2022 The Author(s). Published by the Royal Society of Chemistry
electrochemical deposition on PVA modied carbon cloth, and
the peaks indicate that the product crystallizes well with
a structure that is in good agreement with metal silver (JCPDS
No. 89-3722).

As reported, the dominant crystal plane of silver nano-
particles is (111) because it has the highest thermodynamic
stability.28 Many experiments show that during the nano-
particles' growth, the preferred growth plane is (111) crystal
plane.26,27 This is also the case on unmodied carbon cloth as
shown in curve (a) in Fig. 2. While the growth of (111) crystal
plane is possibly limited on PVA modied carbon cloth in the
electrochemical process, and other crystal planes become active
and also grow, so as to form ower-like morphology.
3.3 Effect of PVA immersion concentration

In order to investigate the effect of PVA amount, different
concentrations of PVA were used to prepare modied carbon
cloth cathode. Then the silver deposition was performed with
these cathodes under the current density of 10 mA cm�2, silver
nitrate concentration of 1 mM and reaction time of 20 min. The
deposited silver particles were characterized by SEM and the
results were shown in Fig. 3. Aer the reaction, on the
unmodied carbon cloth electrode, the silver particles grow into
a polyhedral block structure, and there is neither ake nor
ower morphology, as shown in Fig. 3A. When PVA concentra-
tion is 0.5%, the particles are composed of blocks and akes, as
shown in Fig. 3B. The reason for this morphology may be that
the immersion concentration is too low and has limited
protection and inhibition on the crystal surface, so it is lumped
and aked but not layered, and at this time the thickness of the
ake is about 120 nm, as the inset in Fig. 3B. Then the PVA
concentration increases to 1%. The deposited silver is ower
shaped with uniform size and clear petals. The petals thickness
is about 100 nm, as shown in the inset of Fig. 3C. When PVA
concentration further increased to 2%, the morphology keeps
RSC Adv., 2022, 12, 21793–21800 | 21795
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Fig. 3 SEM images of silver particles synthesized on carbon cloth modified at different PVA immersion concentration under the current density
of 10 mA cm�2 in 20 min. (A–F) represent PVA concentration of 0%, 0.5%, 1%, 2%, 5% and 10% respectively (B, C and D's insets are their enlarged
images, respectively).
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the similar ower shape but the petals thickness increased to
about 380 nm as shown in Fig. 3D. When PVA concentration
increased to 5% and 10%, the deposits changed from ower
into block structure as shown in Fig. 3E and F. The particles size
increased to micrometer scale signicantly.

Therefore, looking at the different morphological charac-
teristics caused by changing the concentration of PVA, it can be
found that if the concentration was too low, it would form
a ake but not be layered. If the concentration was too high, it
would form a block and the size was several micrometers. When
the concentration of PVA was 1%, the deposited silver has
uniform ower-like morphology, uniform size and petals
thickness of 100 nm. The results indicated that a proper PVA
concentration can help to obtain ideal ower-like Ag
nanostructures.
Fig. 4 SEM images of the silver particles synthesized at various applied
current densities for 20 min of reaction. (A) 5 mA cm�2 (B) 10 mA cm�2

(C) 20 mA cm�2 (D) 50 mA cm�2 (A and B's insets are their enlarged
images, respectively).
3.4 Effect of current density

Current density is believed to have great impact on the
morphology of nanoparticles.41 In order to investigate the effect
of current density, silver particles were deposited under
different current densities under a reaction time of 20 min on
1% PVA modied carbon cloth cathode and the obtained
particles morphology were shown in Fig. 4. It can be found that
under lower current densities, the ower-like nanostructures
can be formed with the current density increases from 5–20 mA
cm�2 (Fig. 4A–C). While under over high current density, the
ower-like nanostructure can't be obtained (Fig. 4D). When the
current density is 5 mA cm�2, the morphology of silver is ower-
like shape which is composed of nanopetals with a thickness of
about 100 nm, as shown in Fig. 4A and its inset. As the current
increases to 10 mA cm�2, more obvious ower-like morphology
21796 | RSC Adv., 2022, 12, 21793–21800
with uniform size and clear petals can be seen in Fig. 4B. The
petals structure is still clear with the increase of current density.
But when the current density increases to 50 mA cm�2, the
dendritic silver nanoparticles are interconnected to form
a crisscross network morphology so that the ower-like nano-
structure can't be obtained, as shown in Fig. 4D. This is possibly
because the growth of silver crystals is dominated by the
diffusion of silver ions, resulting in the formation of dendritic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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structure, which is in good agreement with the diffusion-
limited aggregation (DLA) model.42,43

The ower-like structure has two morphological character-
istics of akes and owers at the same time. Through the above
analysis, it was found that the deposited silver morphology
changed from typical dendritic shape, and then to ower-like
shape with the current density decrease. In order to obtain
a uniform ower-like morphology, the optimized current
density should be around 10 mA cm�2.
3.5 Effect of silver salt concentration

To verify the inuence of the reaction and diffusion rate on the
growth of silver particles and nd out the proper initial silver
ions concentrations for regulating ower-like silver, silver
crystals were synthesized at various silver ions concentrations.
At the current density of 10 mA cm�2, the morphology of silver
particles changes from ower-like shape to spherical shape with
the increase of silver concentration within 20 min, as shown in
Fig. 5. At the concentration of 0.5 mM, the silver crystals present
the morphological characteristics of ake and block growth on
the cathode, as shown in Fig. 5A. The ake silver grows into
hexagonal crystal, which is well in line with the crystal defect
model, that is, the crystal defect theory of hexagonal seed
evolving to ake structure.44 When silver concentration
increased to 1 mM, the products are ower-like silver with
uniform size, clear petals structure and petals thickness of
about 100 nm, as shown in Fig. 5B. When the concentration
further increased to 5 mM, the morphology of silver crystal is
composed of akes and small particles with akes, as shown in
Fig. 5C. When silver concentration further increased to 20 mM,
the silver crystal presents a large spherical morphology. As
Fig. 5 SEM images of silver products synthesized at different
concentrations of silver nitrate under the current density of 10 mA
cm�2 in 20 min. (A–D) show the shapes of samples formed in silver
concentration of 0.5 mM, 1 mM, 5 mM, 20mM, respectively. (B and D's
insets are their enlarged images, respectively).

© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 5D and the inset, the spherical silver is composed
of nano sized particles.

It is known that reaction rate and diffusion rate are two
interrelated factors regulating the growth of silver crystals.
Different silver nitrate concentrations affect the concentration
gradient on the growth front by affecting the supplement of
silver ions to the surface of cathode, which can be understood
by Mullins–Sekerka model.18,45 The reaction rate determines the
consumption of reactive ions, while the diffusion rate deter-
mines the supplementation of these ions. The relative ratio of
diffusion rate and reaction rate determines whether the
concentration gradient could be formed and remained stable,
which dictates the growth and development of ower-like silver
nanostructures.41 At the same time, in order to regulate the
ower-like structures with uniform size and clear petals struc-
ture, 1 mM silver nitrate concentration is an appropriate
precursor concentration.

3.6 Effect of reaction time

To disclose the formation process of ower-like silver nano-
structures, we collect samples at various reaction times and
characterize them by scanning electron microscopy, as shown
in Fig. 6. Compared with various morphological characteristics
from 10 s to 3 h, we can obviously observe the growth process of
silver at the same scale. The overall situation can be summa-
rized as follows: rstly, the spherical like nanostructure is
formed by the stacked nanoparticles with a size of 50 nm
(Fig. 6A), and then the nanoparticles grow and fuse into a single
ake structure with a size of 100 nm (Fig. 6B and C), which is
also the rudiment of ower-like structure, and then the number
of akes increases gradually. The preliminarily formed ower-
like nanostructure can be seen in 5 min (Fig. 6D), and the
structure will be completely formed in 20 min (Fig. 6E). Finally,
with the reaction time extended to 50 min, the aked silver will
fuse and grow into blocks (Fig. 6F). Until the size of blocks
reached 10 mm aer 3 h reaction (Fig. 6G), the ower-like
structures disappeared completely. In the reaction time of
20 min, the deposited silver has uniform morphology and size,
which is an appropriate electrochemical synthesis parameter,
as shown in Fig. 6E.

In order to further understand the electro-deposition process
of ower-like silver nanoparticles, linear sweep voltammetry
was performed on 1% PVA modied carbon cloth in 0.1 mM
silver nitrate solution. It can be found that the silver ions
reduction start from 0.99 V vs. SHE from Fig. 7. The reduction
current of 10 mA cm�2 (the optimal value for ower-like silver
nanoparticles deposition) corresponds to the potential of ca.
0.95 V vs. SHE. This indicates that at relative positive potential
and lower current density, the nuclei for ower-like silver
nanoparticles can form and grow-up.

3.7 SERS activities

In order to evaluate the SERS performance of the ower-like
nanostructured silver particles synthesized above, carbon
cloth with different silver particles were tested as SERS
substrates. Sample (a) was carbon cloth deposited with ower-
RSC Adv., 2022, 12, 21793–21800 | 21797
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Fig. 6 Evolution of flower-like silver nanocrystals vs. reaction time. (A) to (G) are images for reaction time of 10 s, 30 s, 1 min, 5 min, 20 min,
50 min, 3 h, respectively. The insets in (A–C) are the enlarged, respectively.

Fig. 7 LSV of PVA modified carbon cloth in 0.1 mM silver nitrate
solution.
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like silver nano particles prepared by 1% PVA immersion, 10 mA
cm�2 current density and 1 mM silver nitrate. Sample (b) was
carbon cloth deposited with dendritic silver nano particles
21798 | RSC Adv., 2022, 12, 21793–21800
prepared by 1% PVA immersion, 20 mA cm�2 current density
and 1 mM silver nitrate. Sample (c) was unmodied carbon
cloth deposited with block silver particles prepared by 10 mA
cm�2 current density and 1 mM silver nitrate. Sample (d) was
1% PVA modied carbon cloth without silver deposition as the
blank control. The results were shown in Fig. 8.

Sharp Raman characteristic peaks of Rhodamine 6G can be
clearly observed in all curves. The peaks at 1356, 1506 and
1643 cm�1 are the stretching vibration peaks of the aromatic
ring of Rhodamine 6G, and the peak at 606 cm�1 is in-plane
deformation vibration of the ring.46 The enhancement factor
(EF) of the SERS substrate with different silver particles can be
roughly determined by the peak intensity ratio of sample to
blank at 606 cm�1 according to the method reported.47 The
carbon cloth deposited with ower-like nanostructured silver
particles had the highest Raman scattering intensity which is
3.55 times of bare carbon cloth as blank. This is possibly
resulted from the strong electromagnetic properties of petal-
like protrusions in its nanostructure and the interdigitated
nanosheets with many sharp nano edges and narrow gaps.39

Therefore, this highly anisotropic and layered silver nano-
structure can signicantly amplify the SERS signal. This inten-
sity is also higher than carbon cloth with dendritic silver and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Raman spectra of Rhodamine 6G on different substrates.
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block silver nanoparticles, which indicates the best SERS
performance among these silver nanoparticles.
4. Conclusions

In this paper, the reaction conditions effect on ower-like silver
nanoparticles were investigated. With 1% PVA modied carbon
cloth as the cathode, at a current density of 10 mA cm�2, in 1mM
silver nitrate aqueous solution, aer 20 min electro-deposition,
the ower-like nano silver had high uniformity in morphology
and size, and the petals thickness was about 100 nm. PVA plays
a key role in control the crystal growth. The growth of petal
structure may be attributed to the difference of surface energy of
crystal planes, which may be regulated by PVA modied carbon
cloth at the initial stage. As a result, aer modifying carbon
cloth with PVA, the morphology of silver crystal can be regulated
by electrochemical method without adding additional
morphology control agent. It is a new method to develop
controllable synthetic materials in subsequent research.
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