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ABSTRACT: In this study, carbon-coated silver nanoparticles (Ag@C NPs)
were synthesized with a one-pot hydrothermal method using palm leaves as a
reductant and a carbon source. SEM, TEM, XRD, Raman, and UV—vis
analyses were employed to characterize the as-prepared Ag@C NPs. Results
showed that the diameter of silver nanoparticles (Ag NPs) and the coating
thickness could be controlled by changing the amount of biomass and the
reaction temperature. The diameter ranged from 68.33 to 143.15 nm, while
the coating thickness ranged from 1.74 to 4.70 nm. As the biomass amount
and the reaction temperature increased, the diameter of Ag NPs and the
coating thickness became larger. Thus, this work provided a green, simple, and

feasible method for the preparation of metal nanocrystals.

1. INTRODUCTION

Noble metal nanoparticles, particularly Ag NPs, are being
favored by researchers because of their wide application in
various fields,' such as antibacterial,” sensing,3 nanomedicine,”
electronics,”® and so on. These applications of Ag NPs are
attributed to their unique chemical and physical properties,
which are strongly influenced by their size, distribution,
morphology, shape, and surface characteristics.” Therefore, the
investigation of the synthesis method of Ag NPs is the key to
achieving its controllable preparation and mass production.”’
At present, the common methods cover physical and chemical
methods.”'? Physical methods include magnetron sputtering,''
vacuum condensation,'” laser ablation,"® and so on, which are
commonly expensive. Meanwhile, chemical methods include
the electrochemical method,'* wet chemical method,"® micro-
wave-assisted method,'® and so on, in which the equipment
process is inexpensive but harmful to the environment.'’
Hence, increasing numbers of researchers have begun to
develop low-cost and green reductants. For example, L-cysteine
was used to synthesize supramolecular hydrogel-containing
amino acid-stabilized silver nanoparticles.'® A simple and facile
synthesis route to prepare gold and silver nanoparticles on
bacterial cellulose nanofiber films was also proposed.'” Lately,
Yao reported on the development of a mild synthesis method
for the facile fabrication of silver nanoparticles within a
confined microenvironment created by dendronized chitosan
oligosaccharides.”” Moreover, a novel approach using plant
embryos for green synthesis of silver nanoparticles was
reported.”’

As is known, silver migration is a key factor that affects the
application of Ag NPs.” The common solution is to coat Ag
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NPs with some substances, such as glutathione,22 carbonates,*
silica,** and so on. Generally, the structural characteristics of
these coatings greatly influence the properties of Ag NPs, and
an increasing number of researchers prefer to use conductive
materials as coatings because of their relatively little effect on
the conductivity of silver.

Herein, the present study proposes a simple, low-cost, and
stable one-pot synthesis of Ag@C NPs using biomass as a
reductant and a carbon source. In addition, the effects of
biomass amount and reaction temperature on the particle size
and coating thickness of the as-prepared products have been
discussed comprehensively while the possible growth mecha-
nism of carbon-coated silver is presented. This one-pot
hydrothermal method is simple, cheap, green, and scalable.
Moreover, the kind of as-prepared special-structured Ag NPs
biosynthesized with palm leaves might have great potential
application in various areas.

2. EXPERIMENTAL SECTION

2.1. Raw Materials. Silver nitrate (AgNO;, >99.0%, AR,
Sinopharm Group Chemical Reagent Co., Ltd., China) and
ethanol (C,H;OH, 99.7%, Sinopharm Chemical Reagent Co.,
Ltd,, China) were used in this study. The palm leaves were
obtained in Shenzhen, Guangdong Province, China. All
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chemical reagents were used without further purification or
treatment. Deionized Mini-Q water produced in the lab
(specific resistance above 18.0 MQ2 cm) was used throughout
the experiments.

2.2, Preparation of Ag NPs. The palm leaves (Figure S1)
were cut into ~3 cm squares and cleaned using deionized
water to remove surface dust and then dried at 60 °C for a
week to dehydrate them completely. For experimental stability,
the middle part of the dried leaves was used. First, 0.05 g of
AgNO; was dissolved in 40 mL of deionized water under
ultrasonic conditions. Then, 0.03 g of dry palm leaf chunks
were directly added to the AgNOj; solution above. Finally, the
mixture was carefully transferred into a 50 mL Teflon-lined
autoclave and heated at 150 °C for 3 h. The precipitate was
washed with water and ethanol and preserved in the ethanol
solution.

2.3. Characterization. The as-prepared Ag@C NPs were
oven-dried at 60 °C, and the powder was used for the
following characterization. Then, the elemental composition
and structure of the product were obtained using Raman
spectroscopy (Raman, Horiba LabRam HR-800) and X-ray
diffraction (XRD, Rigaku D/Max 2500, Japan). Surface
morphologies were obtained by field-emission scanning
electron microscopy (SEM, Hitachi Regulus 8100) and high-
resolution transmission electron microscopy (HRTEM, FEI
Talos F200X G2). In addition, a UV—visible spectrometer
(UV—Vis, Shimadzu, UV-2600i, Japan) was used to character-
ize the diluted reaction solution of the as-prepared products.
Thermogravimetric analysis (TGA) was conducted on a TA
Instruments Q600 analyzer with a heating rate of 10 °C min™".

3. RESULTS AND DISCUSSION

Figure 1 shows the schematic diagram of the synthesis
procedure of Ag@C NPs. The reactants were only water,

150 °C, 5h

; Hydrothermal
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Figure 1. Schematic diagram of the synthesis procedure.

silver nitrate, and dried palm leaves, and the reaction condition
was a one-pot hydrothermal method, which illustrates that the
experimental method was simple and green.

Therefore, for the effects of different reduction doses on the
morphology of products to be investigated, we, respectively,
selected six different leaf dosage reactions for comparison,
which were 10, 20, 30, 40, 50, and 100 mg. As shown in Figure
S2, the products obtained from the six reactions were all Ag@
C NPs. Thus, with the increase in blade dosage; the coating
layer became increasingly evident and the thickness of the
coating layer increased. We hypothesized that when the
biomass amount was small, the number of organic molecules in
the reaction system was also tiny; thus, the coating layer of the
as-prepared products was thin. Furthermore, as the biomass
and the amount of small organic molecules increased, the
coating layer became thicker.

Then, the morphologies of Ag@C NPs prepared at different
reaction temperatures were studied, as shown in Figure 2. The
morphologies of the as-prepared products were very different
at 120, 150, 180, and 200 °C. The diameter size distribution
and average diameter of approximately 100 Ag NPs were
calculated at each temperature. Results showed that the
average diameter of the Ag NPs increased with the increase in
temperature. This phenomenon was primarily caused by a
hydrothermal process in which leaves were used as reductants,
which was a kinetics-controlled process. As the temperature
increased, the speed of reductant release on leaves became
faster, and the amount of reductant consequently increased.
Meanwhile, as the temperature increased and the reduction
rate accelerated, the diameter of the as-prepared products
became larger.

Moreover, temperature had an important effect on hydro-
thermal carbonization. Figure S3 shows the SEM—EDS
analysis of the products prepared at four temperatures. The
carbon content of the products gradually increased with the
increase in temperature. This was because hydrolysis reactions
occurred in leaves at low temperatures, and the contribution of
the hydrothermal carbonization reaction increased with the
temperature increasing. As the signal from SEM—EDS mainly
originated on the sample surface, TGA was introduced to
determine a more accurate carbon content in each product,
shown in Figure S4. The weight change for pure silver during
TGA should be 100%, so we can roughly get the silver content
in the product, along with the carbon content. Similar to our
previous results,” it is much lower than that found via SEM—
EDS (Figure S4), which could be caused by the fact that the
carbon element is mainly on the surface of the as-prepared
product.

Subsequently, HRTEM was used to characterize their
microstructure. Figure 3 shows the HRTEM image of the
sample after the reaction at 150 °C for S h, from which we saw
that the as-prepared products had evident coating structures.
The typical area was selected for amplification observation
(Figure 3c), and the lattice spacing was approximately 0.236
nm, which exactly corresponded to the XRD diffraction peak,
thereby indicating that the silver elemental was successfully
synthesized. By further energy spectrum analysis, we found that
the as-prepared products at 150 °C for S h was primarily
composed of C and Ag, and carbon was mainly concentrated
on the surface of the particles. We preliminarily speculated that
the as-prepared products were carbon-coated Ag NPs. Figures
S5—S7 shows the HAADF-STEM and element distribution of
the reaction products at 120, 180, and 200 °C, respectively.
The thickness of the carbon coating increased with the increase
in temperature, ranging from 1.74 to 4.70 nm as compared
with the TEM magnification. By comparing the element
distribution image, we knew that the carbon coating layer
became more obvious with the increase in temperature, which
was consistent with the literature.”®

Herein, we used XRD and Raman to characterize the
samples in Figure 4 to further verify the structural character-
istics of the carbon coating. As shown in Figure 4a, the as-
prepared products had four strong peaks at 26 values of
38.116, 44.277, 64.426, and 77.472, corresponding to (111),
(200), (220), and (311) of the face-centered cubic structure of
silver, respectively, which were matched with JCPDF#04-0783.
In Figure 4b, D- and G-band signal peaks of carbon appearing
in Raman spectra also indicated that the particle had carbon

https://doi.org/10.1021/acsomega.3c01554
ACS Omega 2023, 8, 23607—-23612


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01554/suppl_file/ao3c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01554/suppl_file/ao3c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01554/suppl_file/ao3c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01554/suppl_file/ao3c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01554/suppl_file/ao3c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01554/suppl_file/ao3c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01554/suppl_file/ao3c01554_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01554/suppl_file/ao3c01554_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01554?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01554?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01554?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01554?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

68.33 nm

°C.

80 90 100 110 120 130 140 150
Diameter(nm)

500 nm

d {111}= 0.236 nm

Figure 3. (a—c) HRTEM images and (d—f) HAADF-STEM elemental mapping images of the as-prepared products at 150 °C for S h.

composition, that is carbon-coated silver nanoparticles (Ag@C
NPs).*

Therefore, SEM was introduced to characterize the samples
at the reaction time of 0 min—3 h to analyze the whole growth
mechanism of the Ag@C NPs. As shown in Figure Sa,b, the
surface of the blade was smooth at the beginning, and after 5
min, various Ag NPs started to appear. Then, the number and
diameter of the Ag NPs increased, and the coating layer on the
surface of the Ag NPs gradually became increasingly clearer
from 15 min onward. Furthermore, we used UV—vis spectra to
characterize these samples. As shown in Figure S8, the
absorbance maximum from Ag NPs increased in amplitude

with the reaction time and showed a red shift, thereby
indicating that the number and the size of the Ag NPs
increased over time, which was consistent with the SEM
results. Moreover, there was an absorbance peak at about 350
nm, which might be a signal of carbon-related substances.
The growth mechanism of Ag@C NPs is described in Figure
6 based on the above discussion. At the initial stage, the leaf
hydrolyzed under the action of water and heat, thereby slowly
releasing small organic molecules, like furfural, hydroxyme-
thylfurfural, glucose, maltose, fructose, sucrose, and some
acids.”>*”*® At this time, with these molecules serving as
reducing and capping agents, the silver ions adsorbed on the
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Figure 4. (a) XRD curves and (b) Raman curves of the as-prepared products at 150 °C for S h.

Figure S. SEM images of the as-prepared products at 150 °C for various reaction times: (a) 0 min; (b) S min; (c) 15 min; (d) 30 min; (e) 1 h; and

(f)3h.
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Figure 6. Schematic diagram of the growth mechanism of Ag@C NPs.
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leaf surface were reduced to Ag NPs. Then, an increasing
number of Ag NPs was formed over time, and their diameters
also significantly increased. When most silver ions were
reduced, the carbonization reaction’®*’ via further intermo-
lecular dehydration began to play a dominant role as compared
to the hydrolysis reaction. Eventually, the prepared Ag NPs
were carbon-coated.

Finally, a certain amplification experiment was carried out in
preparing the Ag@C NPs. The morphologies of the products
of different volume amplification reactions are shown in Figure
S9, which were similar to the products obtained by the reaction
volume of 50 mL. The products prepared by the amplification
reaction were also uniformly sized Ag@C NPs. The results
above indicated that the reaction was scalable for mass
production.

4. CONCLUSIONS

Ag@C NPs were successfully synthesized using biomass as a
reducing agent and carbon source. This one-pot hydrothermal

23610

method was simple, cheap, green, and scalable. At the same
time, with the increase of the biomass amount and reaction
temperature, the diameter of the synthesized Ag NPs and the
coating thickness became larger. This special structured Ag@C
NPs biosynthesized with palm leaves might have great
potential application in various areas.

Bl SUPPORTING INFORMATION

Digital images of fresh leaf of Palm tree used for the
synthesis; SEM images of the as-prepared products at
150 °C for various amount of leaves; HAADE-STEM
elemental mapping images of the as-prepared products
at various reaction temperatures; TGA results and
histogram of carbon content determined by SEM—
EDS and TGA of the as-prepared products; HRTEM
and HAADF-STEM elemental mapping images of the
as-prepared products at 120 °C, 180 °C, and 200 °C for
S h; UV—vis spectra of the as-prepared products at 150
°C for various reaction times; and SEM images of the as-
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prepared products for the scale-up reaction at different
volumes (PDF)
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