
Received: 28 October 2021 - Revised: 14 January 2022 - Accepted: 25 January 2022 - IET Nanobiotechnology
DOI: 10.1049/nbt2.12077

O R I G I N A L R E S E A R C H

Synthesis of silver leaves and their potential application for
analysis and degradation of phenolic pollutants

Jianan Sun | Xianhui Gao | Wei Wei

Department of Basic Medicine, Jinzhou Medical
University, Jinzhou, China

Correspondence

Wei Wei, Department of Basic Medicine, Jinzhou
Medical University, NO 40 Songpo Road, Linghe
District, Jinzhou, China.
Email: weiwei@jzmu.edu.cn

Funding information

Entrepreneurship Project for College Students of
Jinzhou Medical University “Construction of DNA
origami sensor and its electrochemiluminescence
detection of aflatoxin B1”; National University
Student Innovation and Entrepreneurship Training
Project, Grant/Award Number: 201910160028

Abstract
A one‐pot bottom‐up synthesis method was used to synthesise multi‐level leaf‐like nano‐
silver (silver leaf) by simply mixing AgNO3, L‐ascorbic acid, Sodium sodium citrate, and
polyvinylpyrrolidone (PVP) in the ethanol‐water mixed solvents. Scanning electron mi-
croscopy (SEM) characterisations show that the silver leaves have tertiary structures and
their sizes are controllable. In addition, silver leaves exhibit excellent Raman enhancement
effect (SERS) and chemical catalytic activities for phenolic molecules. Interestingly, the
SERS and catalytic activities increase as the size of the silver leaves decrease within a
certain range, but when the size is too small, both of these performances weaken. The
nanometre size and interstitial structure have a common amplification effect and influ-
ence on these activities. The present work not only showed a new method for the syn-
thesis of silver leaves but also could be generalised to find other metallic leaves that could
be used as promising heterogeneous catalysts for various reactions. The production of
such small‐sized silver leaves will facilitate the analysis of phenolic pollutants through
Raman enhancement and treat these pollutants through catalytic degradation.

K E Y WO R D S
catalysis, electrocatalysis, leaf, SERS, silver leaves

1 | INTRODUCTION

Phenolic organic pollutants are common in industrial, agri-
cultural wastes and biological wastewater. The existence of
these pollutants has caused great hidden dangers to human
health and biosafety. Effectively analysing and removing these
pollutants is essential to protect the aqueous environment.
Catalytic/electrocatalytic oxidation and reduction are the
most effective methods to remove phenolic pollutants. At the
same time, sensitive detection of such pollutants has become
a prerequisite for the removal of these pollutants. Nano-
materials analysis and treatment of organic pollutants have
attracted broad research interest [1]. For example, silver
nanomaterials have been investigated in optical detection and
pollutant treatment [2]. The pollution treatment efficiency
and the sensitivity of the detection are closely related to the
structure, size, and shape of the nanomaterials [3]. Until now,

researchers have synthesised various forms of silver and gold
nanomaterials, such as cubic [4] and triangular sheet [5], for
SERS detection [6], catalysis etc. [4, 7]. Some methods can
direct the nanostructure and size, such as template method
[8], photochemistry [9] and electrochemistry [10] and other
technologies. However, these methods tend to use relatively
large amounts of precursors. For example, the template
method often brings some foreign products during the syn-
thesis of silver nanomaterials. Although some photochemical
and electrochemical methods are relatively simple, the in-
struments used are relatively expensive, and the energy
consumed may cause environmental pollution, which limits
the preparation of silver nanomaterials. At the same time, the
products may not be well controllable due to the involvement
of various conditions [11]. Therefore, it is necessary to
further study controllable methods to fabricate silver nano-
materials and have repeatable products.
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The chemical reduction method is normally without
requiring complicated conditions. Herein, we use poly-
vinylpyrrolidone (PVP) and L‐ascorbic acid as the capping
agent and reducing agent, sodium citrate for shape adjustment,
and a one‐pot bottom‐up synthesis method to obtain silver
leaves with controllable sizes for the first time. Although
previous studies have reported on silver nanoflowers [12], the
size and shape are different, and the degree of controllability is
not high. The shapes and sizes of the silver leaves designed in
this work can be well controlled. Using the phenolic pollutant
rhodamine 6G (R6G) as a typical analyte, it is found that the
silver leaves have remarkable SERS effects, which can effec-
tively determine R6G. At the same time, the catalytic activity of
this material is significantly higher than that of ordinary silver
nanoparticles by the reduction of 4‐nitrophenol (4‐NP). In the
presence of only reducing agents (sodium borohydride,
NaBH4), 4‐NP cannot be fastly reduced to 4‐nitroaniline
(4‐AP) in the presence of sphere shape silver nanoparticles
(AgNPs). On the other hand, when silver leaves were added,
4‐NP was effectively reduced to 4‐AP. We also found both the
catalytic activities and the SERS performance are depending
on the structure of silver nanomaterials. Especially, the catalytic
activity shows significant differences when the structure
changes, though the silver nanomaterials have similar surface
ligands and valence states. This study presents a simple new
way to use silver leaves as catalysts to detect and remove
phenolic pollutants from wastewater.

2 | RESULTS AND DISCUSSION

In the presence of polyvinylpyrrolidone (PVP), L‐ascorbic acid
(L‐AA) can reduce Ag+ through the following reactions:

C6H8O6 þ 2Agþ→ C6H6O6 þ 2Ag þ 2Hþ

Figure 1 shows the UV‐vis spectra of the silver leaves. A
strong light absorption peak is located at about 295 nm. This
reveals that the silver leaves are covered by the oxidation state
of L‐AA. On the other hand, because the material has a 3D
structure and the overall size is relatively large, almost no

absorption peak of the sample is observed in the visible light
region.

First, AgNPs were prepared (Figure 1, right) as a control for
comparison, which was spherical, solid, and had no hierarchical
structure. Figure 2 shows the SEM images of silver leaves of
different sizes. All silver leaves have a tertiary structure, and
each level has a different substructure. It can be seen that the
silver leaves are uniformly dispersed. It is worth noting that the
size of the particles is very sensitive to the concentration of
AgNO3. The size of the sample size increases with the increase
of the silver concentration (Leaf2>Leaf3>Leaf4). On the other
hand, it can be seen that the petals of Leaf4 are compact and
have poor looseness compared with other samples (Leaf2 and
Leaf3). The internal petals of Leaf2, Leaf3, and Leaf4 are all
flaky structures. Only Leaf1 was synthesised without sodium
citrate, which showed a thick dendritic internal structure. It can
be seen that the concentration of AgNO3 can guide the size of
silver leaves, and sodium citrate can adjust the thickness of the
inner petals. Only in the presence of sodium citrate, the petals
will become plate‐like structures.

Rhodamine 6G (R6G) (10−4 M) was selected as a typical
target probe. The performance of the above‐mentioned four
silver leaves for SERS was evaluated (Figure 3). Figure 3a

F I GURE 1 The UV‐vis spectrum of silver leaves (Leaf1 (green line), Leaf2 (blue line), Leaf3 (red line), and Leaf4 (black line) in size from small to large) (the
left figure); SEM image of the silver nanoparticles (AgNPs) for comparison

F I GURE 2 SEM images of Leaf4 (top left), Leaf3 (top right), Leaf2
(bottom left), Leaf1 (bottom right). It should be noted only Leaf 1 is
synthesised without citrate
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depicts the Raman spectra of the SERS effect of AgNPs, and a
relatively weak Raman signal of R6G is observed. Although
spherical AgNPs can also have been used for SERS in some
references, an aggregate form is required. This means signifi-
cant SERS enhancement is obtained when an accelerator such
as KCl is used to make the nanoparticles tightly arranged on
the surface of the silicon wafer [13]. Under non‐aggregation
conditions, the spherical AgNPs may be randomly scattered,
so that the silicon wafer is partially exposed. When R6G is
attached to a silicon wafer coated with spherical AgNPs, the
molecules cannot be evenly distributed. Therefore, it is difficult
to find the accumulation point where Raman is significantly
enhanced. On the other hand, the silver leaf is closely con-
nected. For the surface of the silicon wafer coated with silver
leaves, several strong peaks can be seen. The peaks at
1645 cm−1, 1592 cm−1, 1511 cm−1, and 1354 cm−1 are C‐C
tensile vibrations. The band at 1197 cm−1 is an aromatic
C‐H bond. The Raman signal intensity of R6G obtained on the
surface of the smaller‐size silver leaf (Leaf3) is higher than the
Raman intensity on the surface of the larger‐size Leaf1 and
Leaf2 samples. It can be seen that compared with Leaf1 at
1645 cm−1, Leaf3 has a considerable impact on SERS, with an
increase of more than three times. Leaf4 is smaller in size, but
its Raman signal is relatively weak compared to Leaf3. This
may be due to the dense petal structure or even the approxi-
mate spherical surface. Therefore, SERS is not only sensitive to
the size of nanomaterials, but the structural gap is also crucial.
When more molecules are adsorbed to the multi‐level and

multi‐interstitial surface, it is more conducive to the SERS
effect. Then, different concentrations (10−5 M, 10−6 M,
10−7 M, and 10−8 M) of R6G solutions were used to study the
SERS effect of Leaf3 deposited on the silicon wafer substrate,
as shown in Figure 3. At 10−8 M, the number of probe mol-
ecules adsorbed on the substrate decreases, resulting in low
Raman signal intensity. However, when the concentration of
R6G increases, the Raman signal is significantly enhanced. This
indicates that the SERS phenomenon varies with the concen-
tration of organic dyes and can be applied to its detection.

Since the silver leaves have the potential to detect phenol
pollutants in some way, it is also worth wondering whether they
can be used to detect the phenol pollutants. Next, we studied
the degradation of 4‐nitrophenol (4‐NP) by NaBH4 in an
aqueous solution. The 4‐NP reduction reaction can be selected
as a model reaction for evaluating the catalytic activity of
various nanomaterials [14]. When 4‐NP was combined with
NaBH4, the colour of the solution was yellow; a maximum
absorbance peak at 380–430 nm could be observed due to the
presence of 4‐NP anions, which might be red or blue shift;
hence, the concentration of 4‐NP is higher or lower. Herein,
the UV‐vis of a mixture of 4‐NP and NaBH4 has a maximum
absorption at 381 nm. If no catalyst or only AgNPs is added,
the reduction will not proceed fastly, the maximum absorption
peak change is not obvious with a certain time, and the mixture
will remain yellow. This means that there was no significant
catalytic activity for the sphere shape AgNPs. Figure 4 shows
the UV‐vis spectrum of 4‐NP in the presence of Leaf3 and

F I GURE 3 (a) Raman spectrum obtained on the surface of spherical silver nanoparticles (AgNPs) on a silicon wafer when 10−4 M R6G is in ethanol
solution. (b) Raman spectra of R6G on silicon wafers coated with different silver nano‐leaves. (c) Raman spectra of different concentrations of R6G on leaf3.
(d) A mechanism scheme for the detection of R6G by silver leaf‐assisted SERS. It should be noted the Raman intensity for Y‐Axis is relative intensity for
comparison of different materials
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Leaf4. Figure 4b shows that the absorption peak at 381 nm
continuously decreases with time and finally disappears within
600 s. The disappearance of the peak represents that 4‐NP was
converted to the reducing species. When Leaf3 is present, the
absorption peak of the sample decreases faster, which indicates
that both Leaf3 and Leaf4 have catalytic activity for NaBH4

reduction of 4‐NP, but Leaf3 has higher catalytic activity.
The UV‐vis spectra for AgNPs in the presence of 4‐NP

and NaBH4 were shown in Figure 5. The absorbance
changes insignificantly as a function of time (Figure 5a,b). This
further confirms that the ternary structure of silver leaves plays
an important role in catalytic activities. Since Leaf3 shows the
highest catalytic activities compared to other silver nano-
materials, the reusability of Leaf 3 is investigated (Figure 5c,d).
Initially, a random 4‐NP solution was reduced by NaBH4.
Because a relatively high concentration might be present, the
peak red shift to 420 nm, but this peak decreases as a function
of time once Leaf3 was added (Figure 5c). Instead, another
peak at about 310 nm increases, indicating the formation of 4‐
AP [15]. After the peak completely disappeared, 4‐NP was also
completely reduced. Furthermore, the solution was used
another time and more amounts of 4‐NP and NaBH4 were
added. Based on the end of the initial catalytic reaction, the
peak at 420 nm continues to decrease, while the absorption
peak at 310 nm continues to grow (Figure 5d), indicating more
of 4‐AP was formed by the reduction of 4‐AP. This reaction
can repeatedly happen without adding additional catalysts,
which indicate Leaf3 can be reused even though they have
already been used as a catalyst.

This rapid catalytic degradation of 4‐NP provided by this
research uses silver leaves as a catalyst to achieve the rapid
degradation of toxic 4‐NP as less toxic 4‐AP. These silver
leaves can be loaded on the filter membrane for easy recycling,
to avoid external pollution to the environment. Compared with
the nanomaterials that have been used in 4‐NP degradation
(Table 1), the catalytic degradation efficiency of silver leaves is
not the highest. However, it is completed by the one‐pot
method, does not require complicated facilities, is convenient
to produce, and has convenient and feasible practical applica-
tion value. At the same time, insignificant ion release was
found when the silver leaves were cultured in water, indicating
the raw materials used have the characteristics of low toxicity
and do not cause secondary pollution to the aqueous
environment.

X‐ray diffraction pattern was used to understand the
sample we used for the catalytic study (Figure 6a). 100 μL of 25
ppm Leaf3, Leaf4, and AgNPs were dropped on a sliding glass
and dried. The peak (2θ) at about 38° and 44° corresponds to
the (111) plane and 220 faces, indicating that the leaves are
predominantly composed of Ag single crystals. However, since
small amounts of the catalysts were used, the peaks were not
remarkable. On the other hand, X‐ray photoelectron spec-
troscopy (XPS) is very sensitive to detecting trace amounts of
samples. Thus, XPS is investigated to make a clear under-
standing of the composition of the silver nanomaterials
(Figure 6b–f). The atoms of C, N, O from the surface ligand
(PVP), and Ag were found in all three samples, indicating the
successful formation of silver nanomaterials. No significant

F I GURE 4 The UV‐vis spectra of 4‐NP were reduced by NaBH4 as 4‐AP in the presence of Leaf3 (a) and Leaf4 (b); the comparison of absorbance changes
using Leaf3 and Leaf4 as catalysts (c), and the proposed mechanism (d)
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differences were found for the binding energies from C1s, O1s,
N1s, and Ag3d, respectively (Figure 6b–f). The narrow width
of the Ag3d peaks suggested that only a sharp metallic element
silver was present in the Leaf3, Leaf4, and AgNPs, representing
the zero valence Ag. The results of XPS indicate that the
valence state of all the samples is similar. Thus, the difference
of catalytic activities between AgNPs and silver leaves is
attributed to the structure difference rather than the compo-
sition, surface ligand, or valence difference. The ternary
structure of silver leaves facilitates the electron transfer be-
tween 4‐NP and silver leaf, which was possibly mediated by the
gap of the leaf.

3 | CONCLUSION

Through a simple one‐pot bottom‐up synthesis method, sil-
ver leaves of controllable size were obtained. Silver leaves
show a stronger SERS effect and catalytic activity than

spherical silver nanoparticles. Among them, Leaf3 has the
best performance, which is related to its 3D structure with
smaller size and looser multiple gaps compared to other silver
leaves. Taking typical phenolic pollutants as an example, this
material shows the detection potential of small phenolic
pollutants in the field of SERS. At the same time, according
to the catalytic principle, silver leaves are likely to play an
important role in the degradation of phenolic pollutants in
the aqueous environment.

4 | EXPERIMENTAL SECTION

Material: Tannic acid (TA), Ethanol (94.5%), AgNO3 (99.9%),
L‐AA (L‐ascorbic acid) (99%), NaOH (sodium hydroxide),
PVP (MW ≈ 55,000), rhodamine 6G (R6G), NaBH4 (Sodium
borohydride), and 4‐nitroaniline (4‐NP) were purchased from
Sigma‐Aldrich. The water used in the experiment was
deionised.

F I GURE 5 UV‐vis spectra (a) and
absorbance change as a function of time (b) of
4‐NP in the presence of NaBH4 and AgNPs;
the UV‐vis spectra of 4‐NP were reduced by
NaBH4 as 4‐AP in the presence of Leaf3 for
the use of the first time (c) and the third time (d)

TABLE 1 Nanomaterials used in the catalytic reduction of pollutant 4‐NP

Catalyst Materials Reaction conditions Time Pollutant amounts Ref.

Fe3C/Au@NG Ferric chloride, glucose, urea, chloroauric acid,
sodium citrate, and nitrogen

Multiple steps; >24h; 800°C 90 s Large [16]

CoMn2O4 NPs Tetraethyl silicate, tripolyphosphate, cyclohexane,
1‐pentanol, aminopropyltriethoxysilane, cobalt
nitrate, manganese nitrate, citric acid etc.

Multiple steps; >48h; 60°C 100 s Large [17]

Gold NPs Chloroauric acid, sodium citrate, PVP, sodium
borohydride, and ethanol

Magnetron sputtering
(including expensive
equipment), 900°C

1000 s Small [18]

Silver leaves Silver nitrate, sodium citrate, PVP, sodium
borohydride, and ethanol

One‐pot method; <7h; 70°C 500 s Small This work
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Synthesis of silver nanomaterials: In a typical one‐pot
synthesis, different amounts of PVP were dissolved in a vial
containing 22 ml of the water‐ethanol mixture (V/V = 1:1),
and 1.26 ml of 100 mM L‐AA was added. Subsequently, 3.0 ml
of sodium citrate (10 mM) was combined with the mixture.
Next, different volumes of AgNO3 (10 mM) aqueous solution
were added while stirring. The silver leaves named Leaf1–Leaf4
used 500 μL (Leaf2), 1 ml (Leaf3), 1.5 ml (Leaf4), and 1.5 ml of
AgNO3 following the same procedure. However, no sodium
citrate was used for Leaf 1. For comparison, spherical AgNPs
were synthesised according to the literature at the same time
[5]. A 100 ml aqueous solution containing sodium citrate
(5 mM) and tannic acid (TA) was heated in a three‐necked
round bottom flask with a heating mantle and heated under
vigorous stirring for 15 min. A condenser is used to prevent
evaporation of the solvent. After the mixture boils, 1 ml
AgNO3 (25 mM) is injected into the solution. The solution
immediately turned bright yellow. The size of silver is
controlled by adjusting the concentration of TA. By increasing
the TA concentration from 0.025 mM to 0.1 mM, 0.25 mM,
1 mM and 5 mM, the size of silver nanoparticles can be
adjusted from 10 nm to about 50 nm. We selected nano-
particles with a size close to that of silver leaves for research.

Characterisation and SERS study: After digesting the
sample with HNO3, the original concentration of silver in the
prepared sample was determined by Inductively Coupled Plasma
Mass Spectroscopy (ICP‐MS) (Thermo Scientific). XPS was
investigated on an ESCALab 220i‐XL electron spectrometer
(VG Scientific) using 300 WAl Kα radiation. X‐ray diffraction

analysiswas studied usingNi filteredCuKR (λ) (1.54Å) radiation
with X'pert PRO (Pan Analytica) X‐ray diffraction unit. For
Raman and catalysis studies, the sample is appropriately diluted
to 25 ppm. 100 μL of the sample was dropped on the silicon
wafer and dried. SEM confirms the morphology of the silver
nanostructures. After that, the sample was immersed in a diluted
ethanol solution of R6G for 30 min. The sample was then taken
out, rinsed three times with ethanol, and dried in the air. A
Renishaw inVia Raman spectrometer coupled with a Leica
DMIRB inverted optical microscope was used to obtain SERS
from the substrate coatedwith the research sample. A diode laser
was used with an excitation wavelength of 785 nm.

Catalytic research: To study the catalytic activity, 100 μL
of 25 ppm silver leaves were added to 2 ml of 4‐nitroaniline
(6 � 10−5 M) solution. Then, the freshly prepared NaBH4

aqueous solution (0.20 ml, 100 mM) was added. The mixture
was shaken thoroughly, then transferred to a quartz cuvette
with a light path length of 1 cm, and the UV‐Vis absorption
spectrum (UV‐Vis) was recorded to monitor the changes in the
reaction mixture. For analysis of the byproduct of silver leaves,
the samples were dialysed against a dialysis tube (Thermo
Scientific SnakeSkin Dialysis Tubing, 3.5 K MWCOAcknowl-
edgements). The released ions outside the tube were analysed
by ICP‐MS.
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