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ABSTRACT: In this study, we successfully synthesized well-defined polygonal
gold microplates for the first time in an aqueous phase using hydrox-
yethylcellulose (HEC) in the presence of hydrogen peroxide (H2O2). HEC
played a pivotal role during the synthesis, acting not only as a biotemplate but
also as an in situ reduction site for the nucleation and growth of gold (Au)
microplates. H2O2 played a crucial role in accelerating the growth of Au
microplates from the Au nucleus. This methodology is ecofriendly and easy to
operate and has potential applications in various fields, such as electronics,
photonics, and biotechnology.

■ INTRODUCTION
Gold (Au) nano/microplates have been extensively inves-
tigated because of their remarkable physical and chemical
properties, including high surface-to-volume ratio, surface
plasmon resonance, and superior biocompatibility.1,2 These
attributes make Au nano- and microplates highly versatile for a
wide spectrum of applications in electronics, photonics, and
biotechnology. In biotechnology, Au nano/microplates have
been employed in biomolecules and pathogen detection,3 drug
delivery,4 and photothermal therapy.5 They have emerged as
fundamental components for producing plasmonic devices6

and microelectrodes in electronics,7 whereas they have been
used to create high-efficiency solar cells and serve as
nanoantennas for light harvesting and sensing in photonics.8

Consequently, the synthesis of Au nano/microplates has
attracted significant attention in recent years owing to their
potential for diverse applications across various fields.
To date, various synthetic techniques have been employed

to produce Au nano/micrometer-sized structures, including
chemical reduction,9 seed-mediated growth,10 photochemical
methods,11 template-assisted growth,12 and green synthesis
methods.13 For instance, Yu et al. successfully synthesized Au
nanosheets by reacting HAuCl4 with branched polyethyleni-
mine (BPEI) in the presence of urea. Structural character-
ization showed that the average lateral size of the synthesized
Au nanosheets was 2−8 μm, with a thickness of approximately
40 nm.14 Miranda and co-workers synthesized triangular
nanosheets in an aqueous solution based on the reduction of
Au salt using tin(IV) porphyrin as a photocatalyst.
Cetyltrimethylammonium bromide (CTAB) served as the

stabilizer, whereas triethanolamine (TEA) acted as the final
electron donor. By changing the concentration of CTAB, the
average edge length of the triangular nanosheets could be
changed in the range of 45−250 nm.15 Kida developed a new
route to obtain two-dimensional Au nanostructures. The
author leveraged chloroaurate ions (AuCl4−) at the two-
dimensional interface between water and chloroform using an
amphiphilic polyoxometalate and dimethyloctadecylammo-
nium as a hybrid photocatalyst under UV irradiation in air at
room temperature. Large single-crystal gold nanosheets (lateral
dimension, approximately 20 μm; thickness, approximately 150
nm) were produced eventually.16 Safavi and his colleagues also
confirmed that the Au nanosheet has the potential to build a
self-assembled structure at the water/toluene interface through
the molecular dynamic simulation of the toluene/Au nano-
sheet/water system.17

As stated above, some conventional templates, reducing
agents, and solvents used for the synthesis of Au nano/
microplates have been shown to be toxic and harmful to the
environment and human health. In addition, the production of
traditional reducing agents and solvents involves expensive and
energy-intensive processes. Moreover, the use of conventional
methods can adversely affect the functionality and biocompat-
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ibility of the synthesized Au microplates. Conversely, although
the micrometer-sized Au plates offer distinct advantages in
practical applications over nanosheets within certain domains
such as electronic paste, coating, and photonics, it has become
evident that there is a scarcity of research on the synthesis and
growth mechanism of Au microplates, especially when
compared with those of Au nanoplates. Therefore, there is
an urgent need to develop sustainable and environmentally
friendly approaches for the synthesis of Au microplates to
overcome these limitations and enhance the efficiency,
functionality, and biocompatibility of Au microplates for
potential applications in diverse fields.
In this study, we present a novel achievement in the

synthesis of highly uniform polygonal Au microplates in an
aqueous phase with the aid of HEC and H2O2. In particular,
the effects of HEC and H2O2 on the synthesis of Au
microplates are systematically investigated, and a possible
nucleation and growth mechanism is proposed.

■ METHODS
Tetrachloroauric acid tetrahydrate (HAuCl4·4H2O, 47.8%)
and hydrogen peroxide (H2O2, 30% w/w) were purchased
from Sichuan Xilong Chemical Co., Ltd. Hydroxyethyl
cellulose (HE, HS 100000 YP2, viscosity= 100,000 mPa·s)
was obtained from Sansheng Chemical Co., Ltd. All chemicals
were used as received without further purification, and
deionized water with a resistivity of not less than 18.2 MΩ·
cm was used in all the aqueous phase experiments.
Synthesis of Au Microplates. Au microplates were

synthesized from HAuCl4 in the aqueous phase in the presence
of HEC and H2O2. Typically, in a 25 mL beaker were placed
HEC, tetrachloroauric acid tetrahydrate (HAuCl4·4H2O,
47.8%), and deionized water. The mixture was stirred for 45
min. Subsequently, 30% w/w H2O2 was added, and stirring
continued for 30 min. The solution was left undisturbed at
room temperature for 6 h. The yellowish micelle solution
turned into a distinctly silky-orange micelle solution, indicating
the generation of Au microplates. The Au microplates were
then washed several times with hot deionized water and stored
in an ethanol suspension.
Characterization. The morphology and microstructure

analyses of the Au microplates were conducted using scanning
electron microscopy (SEM, JEOL JSM-6510A) and trans-
mission electron microscopy (TEM, JEM-2100) under a high
vacuum of 20 kV. The phase identification of the Au
microplates was performed by X-ray diffraction (XRD, Rigaku
D/MAX-3B) with a Cu target and Kα radiation (λ = 1.54056
Å). The XRD pattern was collected across the range of 2θ
values from 35 to 90° with a scanning step size of 0.02°. A
UV−vis spectrophotometer (PERSEE Genera TU-1901) was
used to monitor the evolution of the UV−vis spectra of the
gold microplates. The solid-phase FTIR spectra of the HEC
and HEC-Au microplates obtained after drying at 303 K before
the reaction were acquired using a liquid IR pool and FTIR
beam (Bruker IFS 66 v/s). Raman spectroscopy (inVia) was
used to analyze the vibrational motion and transition of the
aqueous systems of the HEC and HEC-Au microplates. The
NMR (1H NMR) spectra of all the HEC polymer−metal
nanocomposites were acquired using a Bruker Avance Neo 600
spectrometer operating at 600 MHz for 1H NMR. To prepare
the NMR samples, the materials were dissolved in heavy water
(D2O).

■ RESULTS AND DISCUSSION
SEM was used to elucidate the morphologies of the prepared
samples, and the results are shown in Figure 1. In Figure 1a,

many micrometer-sized plate-like structures of various shapes,
such as triangles, truncated triangles, hexagons, and polygons,
are shown, located on the Si substrate. Figure 1b shows the
statistical distribution of the lateral size obtained from
nonrepetitive SEM images of 200 microplates, which reveals
that the microplates have an average diameter of 1.4 μm. With
higher magnification in Figure 1c−e, it is clear that the Au
microplates have well-defined boundaries with a thickness of
approximately 80 nm. The lattice structure is also visible,

Figure 1. (a) Low-magnification SEM image of gold microplates
synthesized at 298 K after 6 h with 3.6 mM of HAuCl4 solution, 0.8%
(w/v) of HEC solution, and 0.83 mM of H2O2 solution, respectively.
(b) Statistical histogram of the lateral size of gold microplates. (c, d)
High-magnification SEM of gold microplates. (e) HRTEM image of
single gold microplates. (f) SAED pattern of gold microplates.

Figure 2. XRD pattern of the gold microplates.
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displaying a lattice spacing of 0.2489 nm, which corresponds to
the (111) planes of face-centered cubic (fcc) gold.18

The corresponding electron diffraction patterns were then
obtained. As shown in Figure 1f, the diffraction point can be
labeled as (111) with axial diffraction. In addition, diffracted
spots attributed to reflections from the {220} (triangular box)
and 1/3 {422} (box) Bragg planes were observed in the SAED
pattern of the sample. Thus, it can be speculated that the flat
surface of the microplate was parallel to the (111) plane. In
addition, another set of weaker reflection points was observed
at 1/3 {422}, which is generally considered to be forbidden by
fcc single-crystal structures or caused by the presence of twin
boundaries.19

X-ray diffraction (XRD) was used to characterize the crystal
structures of the Au microplates. There were five diffraction
peaks at 38.18, 44.38, 64.57, 77.56, and 81.72° corresponding
to the (111), (200), (220), (311), and (222) crystal faces,
respectively (JCPDS no. 04-0784) (Figure 2). In particular, the
diffraction peak of the (111) lattice plane was significantly
more intense than the other diffraction peaks, indicating that
the (111) lattice plane was the base plane. Furthermore,
compared to the standard PDF card combined with the
diffraction spots in Figure 1f, we believe that the Au
microplates are single crystals. Additionally, there were no
other visible peaks in the XRD pattern, which proved that the
synthesized Au microplates had a high crystallinity and purity.
To investigate the development process of the Au

microplates in the current system, the evolution of the UV−

vis spectra of the samples obtained at different stages was
monitored (Figure 3). The strong absorption peak at
approximately 220 nm was assigned to the interband transition
of the conduction band electrons, which corresponds to the
absorption band of the Au3+ ions.11,20,21 The peak at
approximately 220 nm gradually decreased after 30 s and
nearly disappeared after 10 min, indicating that there were
fewer Au ions in the reaction solution. Upon further increasing
the reaction time, the baseline of the spectrum shifted from the
beginning due to Rayleigh scattering, indicating that some
particles were produced and suspended in the solution. In
addition, a broad spectral band was observed at wavelengths
greater than 500 nm.22−24 Because these plasmon bands
beyond 500 nm were not sharp or wide, this means not only
that the microstructure did have plasmon dipole oscillations
but also that its shape deviated from the spherical structure to a
large extent, and its size distribution was broad,25−28 implying
the final generation of Au microplates.
To further explore the micromorphology of various samples

obtained during the reaction process, we examined normal and
negatively stained TEM images of samples selected based on
the UV−vis results (Figures 4 and 5). Figure 4a illustrates the
morphology of pure cellulose gel, providing evidence for the
highly stable association of solvents and HEC molecules,
ensuring the stability of the HEC aqueous solution.29 From
Figure 4b,c, it is evident that the Au nanoparticles are
uniformly dispersed in the HEC matrix.
The rich hydroxyl groups on HEC molecules can combine

with Au ions, which can promote electron transfer from HEC
to Au ions, eventually reducing them to Au atoms. Over time,
the reduced Au atoms aggregated to form small, uniform
spherical Au nanoparticles. After the addition of H2O2, the Au
nanoparticles exhibited initial growth stages accompanied by
the formation of small twinned crystals (Figure 5a,b). As the
reaction time increased further, we observed typical polygonal
particles accompanied by a corresponding increase in size
(Figure 5c−e). When the reaction time reached 30 min, we
observed micrometer-sized trigonal and hexagonal Au micro-
plates (Figure 5f).
Vibrational spectroscopy is a powerful tool for investigating

the local properties of materials. To study the role of the HEC
in the current system, we utilized Fourier transform infrared
(FTIR) spectroscopy to obtain spectra. However, in infrared
absorption experiments, particularly in aqueous systems,
samples can be limited by water absorption interference. To
overcome this limitation, we prepared a HEC/Au microplate
composite in solid form by transferring the colloidal solution to
a Petri dish. After being dried overnight at 303 K, the prepared

Figure 3. UV−vis absorption spectra of the samples prepared in
different stages. The reaction conditions were the same as those
shown in Figure 1.

Figure 4. Negative staining TEM images of HEC and the HEC/HAuCl4 mixture. (a) HEC and (b, c) HEC/HAuCl4 mixture after it had been
allowed to stand overnight at 298 K.
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powder was subjected to FTIR analysis. To prevent phase
separation during the IR experiments, we carefully controlled
the heating rate to ensure that the HEC/Au microplate gel

Figure 5. TEM/HRTEM images of Au microplates prepared at different stages: (a) 5 s; (b) 10 s; (c) 20 s; (d) 30 s; (e) 10 min; and (f) 30 min.
The reaction conditions were the same as those shown in Figure 1.

Figure 6. FTIR spectra of HEC and the HEC/gold microplate gel in
the solid form. The solid form of the HEC/gold microplate gel was
acquired immediately after a 6 h reaction, without undergoing further
washing or purification. Instead, it was dried overnight at 303 K.

Figure 7. Raman spectra of the HEC/HAuCl4 mixtures. The mixture
was then incubated overnight at 298 K.

Figure 8. 1H NMR spectra of HEC and gold microplates. (a) HEC
and (b) HEC/gold microplate gel. The HEC/gold microplate gel was
obtained immediately after 6 h of reaction without further washing or
purification with deionized water.
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remained clear without any signs of turbidity. As a precaution,
we kept the drying temperature below 318 K, and we are
confident that all spectra were obtained from samples without
phase separation.30,31

Figure 6 shows the FTIR spectra of the HEC and HEC/Au
microplates. The spectrum of HEC displays distinct peaks
corresponding to various functional groups, including the
stretching of hydrogen bonds O−H and C−H at 3371 and
2919 cm−1, the carbonyl and carboxyl double bond stretching
at 1645 cm−1, and the O−H hydrogen bending at 1047 cm−1.
Additionally, peaks at 1455 and 1352 cm−1 are attributed to
the in-plane bending of C−H (wiggle of CH�CH and
CH2).

32−34 Likewise, the same characteristic peaks were
evident at 3371, 2928, 1645, and 1047 cm−1 for the HEC/
Au microplates, confirming the involvement of aldehydes and
OH groups in the production and stabilization of Au
microplates.35 The broadening of the band in the region of
wavenumbers of 3700−3000 cm−1 reveals that the hydroxyl
groups are not free and undergo a different mode of hydrogen
bonding, characterized by polymeric association, resulting in
weaker bonded OH groups.36 In addition, a broad and distinct
band in the 1222−950 cm−1 region is observed in the spectrum
of HEC, which is a characteristic of the stretching vibrations of
C−O−C. In contrast, when examining the HEC-Au micro-
plates, it was observed that the O−H stretching vibration was
weak, the absorption peak intensity of the C−H stretching
vibration was low, and the intensities of the absorption bands
at 1352 and 1047 cm−1 were significantly reduced. In addition,
the spectrum showed bands attributed to the C�O stretching
vibration in the range 1660−1560 cm−1, bands in the range
1467−1400 cm−1, and bands in the range 947−844 cm−1. The
bands of 1467−1400 cm−1 are assigned to the CH2 symmetric
bending and rocking vibrations, respectively, wheresa the
bands of 936−844 cm−1 are attributed to the CH rocking
vibration.

Raman spectroscopy offers distinct advantages when record-
ing cellulose spectra. This is because a highly polar bond
system generates intense infrared bands but has comparatively
low polarizability, thus causing water to possess a very weak
Raman spectrum that does not interfere with the cellulose
spectrum. Raman spectroscopy was used to further investigate
the aqueous system of the HEC/HAuCl4 composite and
accurately represent the vibrational motion and characteristic
vibrational transitions in our study (Figure 7). In the Raman
spectrum of HEC, the OH stretching vibration occurred in the
region 3200−3500 cm−1, with the same frequency as in the
infrared spectrum but with a significantly higher intensity. The
most intense band around 2885 cm−1 is likely due to the
methyl protons. Furthermore, the infrared band in the 1100−
1000 cm−1 range, corresponding to ring-framework vibrations
involving C−O ring stretching,37,38 shows a decrease in
intensity, indicating that the ring becomes more constrained
(or less free) in the gel state. The band intensities of the CH,
CH2, and COH groups,39,40 which correspond to the internal
deformation vibration band in the range of 1200−1700 cm−1,
decreased as gelation occurred, indicating the impact of the
gelation process on AuCl4−. However, the fact that the band
does not completely disappear in the gel state suggests that
some AuCl4− groups remain coordinated with water molecules
when the gel is formed. The most significant spectral change
between the sol and gel state is observed in the frequency
range 200−500 cm−1, with all bands in this region becoming
sharper after gelation. This spectroscopic behavior suggests
that HAuCl4 primarily interacts with the side chains of HEC
and does not significantly affect the glucose ring. These
findings are consistent with previous IR spectroscopy findings.
To identify the chemical structures of the HEC and HEC/

Au microplates, 1H NMR spectroscopy was performed. In
Figure 8a, the signals detected at 3.49−3.57 and 4.6−4.8 ppm
from the spectral data are attributed to methylene protons and
water, respectively,.32,41 In contrast, for the HEC/Au micro-

Figure 9. Schematic illustration of the possible growth mechanism of gold microplates.
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plate composite, except for the signal of aldehyde molecules at
8.08 ppm, the above-mentioned HEC signals were all present
and detected (Figure 8b).42 This result confirms the reduction
reaction between the HEC and Au ions.
As shown in Figure 9, it is known that HEC is rich in

hydroxyl functional groups in both the main cellulose chain
and hydroxyethyl side chains. Because of its high molecular
weight and the formation of hydrogen bonds with water
molecules, HEC creates a thick solution when dissolved in
water.43 This solution swells to form a porous gel-like structure
with a substantial surface area,44 which can serve as a template
for growing gold nanostructures.45 When HAuCl4 is mixed
with the HEC matrix, Au ions are captured and immobilized
on the negatively charged hydroxyl groups (−OH) on the
HEC polymer chains to form coordination bonds. Then, the
hydroxyl groups on HEC undergo oxidation, transforming into
carbonyl groups. During this process, a small portion of the
gold ions is reduced to Au+ or even elemental gold (Au0).46

Simultaneously, the addition of H2O2 facilitates the reduction
of the Au3+ or Au+ ions that are immobilized on the hydroxyl
or carbonyl groups, present both in the main cellulose chain
and in the hydroxyethyl side chain. This accelerates the
generation of Au atoms. These continuously formed Au atoms
are subsequently deposited on the surface of the Au nuclei.
Because of the anisotropic growth properties of the Au crystals
and the confinement effect of the HEC matrix structure, the
resulting elemental Au eventually self-assembles into micro-
plates characterized by their distinct flat polygonal shape.
In summary, our results suggest that HEC acts as a

nanoscale structure-directing agent and provides weak
reductive sites for Au ions, whereas H2O2 acts as a reductive
enhancer, promoting the generation of Au microplates under
mild conditions. In addition, the presence of HEC in the
system not only helps to prepare Au microplates but also
enhances their biocompatibility and water solubility. This
makes the HEC-directed synthesis of Au microplates a
potentially useful approach for various biomedical applications.

■ CONCLUSIONS
In summary, this study is the first to report a simple and
environmentally friendly method using HEC and H2O2 for the
synthesis of flat polygonal Au microplates. Based on the
experimental results, it is believed that HEC should act both as
a nanoscale structure-directing agent and as a weak reducing
site in the system, whereas H2O2 acts as a reductive enhancer
to accelerate the reaction under mild conditions. This
ultimately facilitates the self-assembly of Au nuclei into
microplates with a distinct flat polygonal shape.
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