- QA

v
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Synthesis of Silver Nanowires Using a Polyvinylpyrrolidone-Free
Method with an Alpinia zerumbet Leaf Based on the Oriented

Attachment Mechanism

Yanling Li, Ying Wang, Junqing Wu, Yingying Pan, Huangqing Ye,* and Xiping Zeng*

Cite This: ACS Omega 2023, 8, 2237-2242

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: In this study, silver nanowires (AgNWs) were
successfully synthesized by using a polyvinylpyrrolidone (PVP)-
free hydrothermal method with an Alpinia zerumbet leaf chunk as a

reducing agent and template. Meanwhile, the mechanism of

biomass synthesis of AgNWs is also explored. The AgNWs have a
diameter of ~77 nm and a length of ~10 pm. During the
hydrothermal process, the biomass initially serves as a reducing
agent to reduce silver ions. As the reaction proceeds, the biomass
will form a pipe-shaped soft template by hydrothermal carbon-
ization. Silver ions are adsorbed and reduced along the pipe-shaped
soft templates to form silver nanorods, and adjacent nanorods are
merged to AgNWs. Thus, AgNWs are grown along the pipeline soft template based on the oriented attachment mechanism. Inspired
by this, the mechanism of the polyol method was further investigated. In the initial growth stage, AgNWs synthesized by the polyol
method have a V-shaped notch. Therefore, AgNWs synthesized by the polyol method may also grow on the basis of the oriented

attachment mechanism with PVP as a template.

Bl INTRODUCTION

Compared with bulk materials, nanomaterials have attracted
considerable attention because of their excellent physical and
chemical properties.' ® Silver nanowires (AgNWs), as a non-
negligible metal nanowire material, have been extensively
explored in electronics and photonics because of their high
electron conductivity, optical transmittance, and tunable
magnetic properties.4’7’8

AgNWs are usually synthesized by template,9 electro-
chemical,'® and wet chemical methods."' The wet chemical
method has received attention because it allows easy
adjustment of chemical reaction parameters to achieve
products with high purity and specific morphologies.'” In
general, the wet chemical method includes polyol and
hydrothermal methods."” For the polyol method, ethylene
glycol (EG) is usually used as a solvent and reducing agent to
dissolve and reduce silver ions. In addition, polyvinylpyrroli-
done (PVP) is commonly believed to selectively combine on
the Ag(100) crystal plane as a capping agent, which decreases
the surface free energy and promotes the directional growth of
silver atoms.'* Therefore, facet- spec1ﬁc capping plays a crucial
role in the final shape of silver.” The hydrothermal method
uses water as a reaction and recrystallization medium, and it
does not introduce other environmentally unfriendly materials.
Also, the hydrothermal method is a simple operation with a
possibility of mass production. Thus, the hydrothermal method
is considered a green method for the synthesis of AgNWs.'*'°
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During the past decade, many blologlcal systems have been
proven to reduce inorganic metal ions. ¢ For example, Lin et
al."” reported that ANWs with diameters of 50—60 nm were
synthe51zed using broth of a Cassia fistula leaf. Flores-Gonzalez
et al.”® synthesized AgNWs using commercial Camellia sinensis
extracts and studied their antibacterial properties. Horta-
Pifieres et al.”' constructed AgNWs decorated with silver
nanoparticles using Mangifera indica leaf extracts. However,
these methods are cumbersome, and they usually require
pretreatment of plants by drying, grinding, extracting, and
filtering.'®**

Herein, we describe a PVP-free and environmentally friendly
method to synthesize AgNWs. A piece of dried Alpinia
zerumbet (A. zerumbet) leaf is directly placed into the reaction
solution as a reducing agent and template without adding other
chemical reagents. During the hydrothermal process, the
biomass initially serves as a reducing agent to reduce silver ions
and, then hydrothermal carbonization occurs to form a pipe-
shaped soft template. Afterward, silver ions are adsorbed and
reduced along the pipeline soft template. Thus, AgNWs grow
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Figure 1. (a) XRD images of AgNWs synthesized with the biomass. (b, c) SEM images of AgNWs synthesized with the biomass; insets are the size
distribution statistics of 100 silver nanowires. (d) TEM images of AgNWs synthesized with the biomass; the inset is the SAED image. (e) HRTEM
pattern of AgNWs synthesized with the biomass; the inset is the partial enlargement image. (f) Element mapping.

in the pipeline soft template along a one-dimension orientation
based on an oriented attachment (OA) mechanism. Compared
with AgNWs synthesized using the traditional polyol method,
those synthesized using the biomass exhibit excellent thermal
stability at 200 °C. Composition analysis showed that the
biomass was rich in tea polyphenols, lactose, and chloride ions.
Subsequently, AgNWs were successfully synthesized using
active ingredients under the same hydrothermal conditions.
Furthermore, in the initial growth stage, AgNWs synthesized
using the polyol method showed a V-shaped notch. Therefore,
we speculate that, during the early stage of the polyol method,
AgNWs may also grow on the basis of the OA mechanism with
PVP as a template.

B RESULTS AND DISCUSSION

Characterizations of AgNWs. The crystallographic
structure of AgNWs synthesized with the biomass was
obtained by XRD, and the XRD curves are shown in Figure
la. Based on XRD, four strong diffraction peaks are clearly
shown at (20) 38.05°, 44.31°, 64.43°, and 77.42°, which can
be indexed as the face-centered cubic phase of silver (JCPDS
card no. 04-0783). The lattice constant obtained from XRD
was 4.084 A, which is close to that previously reported (4.086
A).>*** The morphology of AgNWs was initially observed by
SEM (Figure 1b,c). Figure 1b shows that AgNWs dominated
in the products, and a few silver nanoparticles piled up or
adhered to AgNWs. Figure lc indicates that after multiple
washes, the surface of the AgNWs still has a uniform cladding
layer. The distribution histogram of 100 AgNWs shows that
the average diameter (inset of Figure 1b) and length (inset of
Figure 1c) of AgNWs are ~77 nm and ~10 pum, respectively.
The distribution histogram shows the AgNWs synthesized with
the biomass with a narrow distribution of dimensions. In
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addition, we summarized the dimensions of AgNWs
synthesized with the biomass in the literature in Table SI.
Furthermore, TEM characterization showed that AgNWs had a
core—shell structure (Figure 1d). The inset of Figure 1d is the
selected area electron diffraction (SAED) pattern with the
zone axis [110], and marked diffraction spots also indicate the
silver crystal.l’zs’26 Based on Figure le and the inset, we
determined interplanar distances of 0.233 and 0.202 nm, which
correspond to (111) and (200) crystal planes of silver (JCPDS
card no. 04-0783), so the AgNWs grow along the direction of
(100). Element mapping (Figure 1f) displays the existence of
Ag and C. Element C is sourced from the hydrothermal
carbonization of sugar from the biomass.””*° Figure S2 shows
the XPS spectrum, and the survey (Figure S2a) displays the
peaks of Ag and C. Figure S2b is the high-resolution spectra of
Ag 2d. The binding energies of 373.41 and 367.41 eV
correspond to Ag 3d;/, and Ag 3d;,.”" Figure S2c is the core-
level spectra of C, which can be deconvoluted into four peaks.
Four peaks located at 287.97, 285.41, 284.32, and 283.70 eV
can be assi%ned to O—C=0, C-H, C-C, and C=(C,
respectively.’

We changed the biomass mass, reaction temperature, and
ratio of AgNOj; to biomass to explore the effect of different
factors. Figure 2 shows the SEM image when the biomass
quality is 0.50 g (Figure 2a), 0.75 g (Figure 2b), 1.00 g (Figure
2c), and 1.25 g (Figure 2d). The results indicate that when the
biomass quality is too low (Figure 2a) or too high (Figure 2d),
only silver nanoparticles can be observed because the quality of
the biomass initially affects the content of the reducing agent
and then the formation of pipe-shaped soft templates. When
the biomass quality is too high, the coating is too thick, and
when the biomass quality is too low, it is too low to form a
pipe-shaped soft template, so neither can generate AgNWs in a
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Figure 2. SEM images of AgNWs synthesized with a biomass quality
of (a) 0.50 g, (b) 0.75 g, (c) 1.00 g, and (d) 1.25 g

one-dimensional direction. A large amount and uniformity of
AgNWs appeared when the biomass mass was 0.75 g, making it
the suitable biomass quality. Different AgNO; and biomass
ratios (Figure S3) exhibit similar results. The reaction
temperature (Figure S4) can affect the release rate of active
ingredients in leaves, thereby affecting the morphology of the
final product.

Analysis of the Active Ingredients of the Biomass. In
exploring the active ingredients of the biomass, the supernatant
after the reaction was characterized through Fourier transform
infrared spectroscopy (FTIR), ion chromatography (IC), and
mass spectrometry (MS). Three vibration bands can be found
in the region located at 1000—4000 cm™"' (Figure S5). FTIR
spectra show very wide bands because the composition of the
biomass is complex. The peak located at 3417.33 cm™" can be
assigned to the asymmetric vibration stretchin§ of O—H,
indicating the existence of hydroxyl groups.””*** The
absorption spectra at 2122.86 cm™' can be attributed to the
vibrations caused by the scissoring and rocking of water.”> The
peak at 1650 cm™" can be assigned to the stretching vibration
of the —C=C— or C=0 band.”> An IC test (Figure S6)
indicated the presence of chloride ions,** and the MS (Figure
S7) result indicated the existence of lactose. Combined with
the result obtained by Narusaka et al,*” that is, A. zerumbet leaf
is rich in epicatechin, tea polyphenols (mainly composed of
epicatechin), lactose, and chloride ions are effective
components in the A. zerumbet leaf. The SEM results shown
in Figure 3 indicate the synthesis of products only with tea

Figure 3. SEM images of the synthesis of (a) tea polyphenols, (b)
lactose, and (c, d) tea polyphenols, lactose, and KCL.
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polyphenols (Figure 3a) or lactose (Figure 3b) or tea
polyphenols, lactose, and KCl (Figure 3c,d). Figure 3a shows
that tea polyphenols exist as a reducing agent, and lactose
(Figure 3b) will form a shell-like template; when they both
exist, AgNWSs can be observed (Figure 3¢,d).

Oriented Attachment Mechanism of AgNWs. In
exploring the growth mechanism of AgNWs synthesized
using biomass, AgNWs were sampled at different time periods
during the reaction. Figure 4a shows the initial stage at 25 min
wherein some small spherical silver nanoparticles were covered
with a gauze-like substance. This finding indicates that free
silver ions are initially adsorbed and then reduced to silver
atoms by the biomass, thereby aggregating into silver
nanoparticles covered by biomass. Afterward, the number of
silver nanoparticles increases significantly and shows a regular
arrangement (Figure 4b, S0 min). Prolonging the reaction time
to 75 min (Figure 4c), the average particle size of silver
nanoparticles increases, and the biomass layer is tightly
wrapped around the silver nanoparticles. During this time,
the organic layer is gradually hydrothermally carbonized as a
pipe-shaped soft template (inset image of Figure 4c). When
the reaction time reaches 100 min (Figure 4d), SEM images
show a pipe-shaped soft template approximately 100 nm in
width. A small amount of silver nanoparticles is adsorbed on
the pipeline soft template. Moreover, in the pipe-shaped soft
template, discontinuous silver nanorods can be observed with a
breadth of ~50 nm (pointing with a white arrow). In the inset
of Figure 4d (TEM), the continuous conduit template and
discontinuous nanorods can also be observed. The pipeline
soft template induced the growth of AgNWs along one-
dimensional orientations; therefore, PVP is not necessary.
When the reaction time reaches 150 min (Figure 4e), such
discontinuous nanorods merged to form AgNWs with a V-
shape notch (pointing with a white arrow). Finally, when the
reaction time reaches 300 min (Figure 4f), AgNWs with a well-
defined shape are obtained.

The classical nanocrystal growth theory refers to Ostwald
ripening in which the smaller nanoparticles are gradually
consumed by the larger ones.'””® In nanoscale systems,
another vital mechanism, namely, “oriented attachment”, was
found, where nanoparticles with common crystallographic
orientations directly combine to form larger ones.”® Peng et
al.*” reported that, after removing PVP on crystal facets,
AgNWs will orientationally self-attach to form longer AgNWs.
In this work, discontinuous silver nanorods appear in the
pipeline soft template during the middle stage of the reaction,
and they are not covered with a PVP layer. Lin et al."’
observed a similar phenomenon using broth of a Cassia fistula
leaf to prepare AgNWs in which, rather than forming through a
point-initiated vectorial growth, the AgNWs formed by the
recrystallization of adjacent nanoparticles in a linear
aggregation. In this paper, silver ions are first reduced to silver
atoms, which are aggregated into silver nanoparticles. Small
silver nanoparticles grow up through Ostwald ripening.
Afterward, nanoparticles met and then adhered to form short
silver nanorods by van der Waals forces.”” Finally, the
discontinuous silver nanorods merge with adjacent nanorods
to AgNWs in the limitation of the pipe-shaped soft templates.
Thus, AgNWs synthesized using the biomass are grown
through a template-dependent OA mechanism.

AgNWs are also synthesized using the polyol method to
explore the growth mechanism. AgNW5s cannot be synthesized
when the PVP molecular weight is low at 8000. The PVPg,
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Figure 4. SEM images of AgNWs synthesized for (a) 25 min, (b) S0 min, (c) 75 min, (d) 100 min, (e) 150 min, and (f) 300 min. Inset (c—f) is the

TEM images.

chain length is only ~18 nm; thus, the PVP template cannot
collect enough silver ions to form AgNWs. In addition, AgNWs
do not appear until the PVP molecular weight reaches 29,000,
and a positive correlation is observed between the length of
AgNWs and PVP molecular weights (Figure Sa). Details of
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Figure 5. (a) Curves between the length of AgNWs and the different
molecular weights of PVP. (b) SEM image of AgNWs synthesized
with polyol. (¢, d) TEM image of AgNWs synthesized with polyol.

AgNWs synthesized with different PVP molecular weights are
shown in Figure S8. When the PVP molecular weight is
1,300,000, AgNWs were sampled in the early stage of the
reaction (about 10 min after adding Ag*). The SEM images are
shown in Figure Sb, which are dominantly short AgNWs with a
length of 1 ym. Figure Sc shows the TEM image of AgNWs
with a V-shaped notch. As shown in Figure Sd, the plane
spacing values of 0.233 and 0.193 nm are consistent with the
(111) and (200) facets of silver. However, the crystal plane
angle (~113°) of (111) and (200) is smaller than the
theoretical value of 125°, which may be attributed to the
misorientation when OA forms a twin boundary (highlighted
with a dashed circle).”” Kuo et al.*" also reported that AGNWs
are grown by self-assembly with nanorods and spheres.
Therefore, the AgNWs synthesized by the polyol method
may also grow on the basis of the OA mechanism by PVP as a
template during the early stage.

Thermal Stability. Figure 6a,b shows the SEM image of
AgNWs with similar diameters synthesized with the biomass
and EG. The method synthesis of AgNWs by EG is in
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Figure 6. SEM images of AgNWs synthesized with (a) biomass and
(b) ethylene glycol. SEM image of AgNWs treated with (c) the
biomass and (d) ethylene glycol at 200 °C for 4 h.

accordance with Zhang et al.’s** work. After heating at 200 °C
for 4 h, AgNWs synthesized with the biomass basically
maintain their original form (Figure 6¢), and the control group
AgNWs are completely invalid (Figure 6d). The improvement
of thermal stability may be attributed to the biomass
carbonization layer. This provides a possibility for the
development of high-thermal-stability, flexible AgQNW trans-
parent conductive films.

Bl CONCLUSIONS

We have provided a PVP-free and environmentally friendly
method to synthesize AgNWs using an A. zerumbet leaf as a
reducing agent and template. The AgNWs have a diameter of
~77 nm and a length of ~10 um. The results of our study
show that biomass is rich in tea polyphenols, lactose, and
chloride ions and AgNWs are grown on the basis of the OA
mechanism. Exploring further, in the early stage of the polyol
method, AgNWs with a V-shaped notch are found, and
therefore, AgNWs synthesized by the polyol method may also
grow on the basis of the OA mechanism by PVP as a template.
In addition, AgNWs exhibit excellent thermal stability at 200
°C. This provides a possibility for the development of high-
thermal-stability, flexible AgNW transparent conductive films.

B MATERIALS AND METHODS

Materials. Silver nitrate (AgNO;, >99.0%, AR, Sinopharm
Group Chemical Reagent Co., Ltd., China), EG (C,HO,,
>98.0%, AR, Aladdin), potassium chloride (KCl, >99.5%, AR,
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Macklin), and PVP ((C¢H,NO),; M,, = 8000, 29,000, 40,000,
58,000, and 1,300,000; >99.0%, AR, Aladdin) were used in this
study. An A. zerumbet leaf was collected in Shenzhen,
Guangdong Province, China. All the chemical agents were
used without further purification, and deionized water was
used with 18.2 MQ cm.

Preparation of AgNWs Using Biomass and Active
Ingredients. The A. zerumbet leaf (large green leaves) was cut
into ~5 c¢m squares and cleaned with deionized water to
remove surface dust then dried at 60 °C for a week to
dehydrate it completely. First, 0.5 g of AgNO; was dissolved in
35 mL of deionized water with ultrasonic cleaning. Then, 0.75
g of dry A. zerumbet leaf chunks was added directly to the
abovementioned AgNO; solution. Finally, the mixture was
carefully transferred into a S0 mL Teflon-lined autoclave and
heated at 150 °C for 5 h. The precipitate was washed with
water and ethanol and preserved in ethanol solution.

AgNWs were also synthesized by using active ingredients.
AgNO; (0.25 g) was dissolved into 35 mL of deionized water
with ultrasonic cleaning and added with tea polyphenols (40
mg), lactose (90 mg), and KCl (S0 mg). The rest of the
operations are the same as previously mentioned.

Preparation of AgNWs by EG. An amount of 0.24 g of
KCl and 5 g of PVP were completely dissolved in 500 mL of
EG at 140 °C with magnetic stirring. Ten milliliters of 1.2 M
AgNO; solution was gradually added to the abovementioned
solution. The reaction lasted for 2 h until the liquid changed to
silver gray. Moreover, the precipitate was washed with water
and ethanol and preserved in ethanol solution.

Characterization. The AgNWs prepared using the
biomass were dried in an oven at 60 °C, and the powder
was used for the following characterization. The elemental
composition and structure of the product were collected using
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha) and X-ray diffraction (XRD, Rigaku Miniflex 600).
Surface morphologies were obtained by field-emission
scanning electron microscopy (FESEM, HITACHI Regulus
8100) and high-resolution transmission electron microscopy
(HRTEM, FEI Talos F200X G2). The surface elemental
distribution of the specimen was characterized by mapping. In
order to obtain information on the effective components of the
biomass, Fourier transform infrared spectroscopy (FTIR,
Nicolet iS 10) was done.

To explore the active ingredients of the biomass, the
supernatant after the reaction was filtered with a 0.45 um
strainer. The supernatant was used to conduct mass
spectrometry (MS, Bruker solariX FT-MS). After the super-
natant was diluted 5000 times, it was subjected to ion
chromatography (IC, ICS-1100).

B ASSOCIATED CONTENT
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