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sheets produced by UV irradiation
of a Ag nanoparticle monolayer at the air–water
interface
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Ke-Hsuan Wang and Takeshi Kawai *

In a previous study, we demonstrated that conductive Au nanosheets can be prepared by UV irradiation of

an Au nanoparticle monolayer spreading on water. In this study, we applied this UV irradiation technique to

inexpensive Ag nanoparticles (NPs) to expand their versatility. UV irradiation of Ag NPs on water resulted in

the formation of large Ag NPs and was ineffective for preparing conductive Ag films. The solubilization of

additives in the water phase, however, resulted in the conversion of the large Ag NPs into a nanosheet,

and the solubilization method was highly effective for preparing transparent conductive Ag films with an

optical transmittance of above 70%.
1. Introduction

Transparent conductive lms are essential for manufacturing
advanced optical and electronic devices.1–7 Fluorine-doped tin
oxide and indium-doped tin oxide lms deposited via high-
temperature processes are the most widely used transparent
conductive lms, although they are brittle against bending.8,9

Recently, noble metal nanoparticles (NPs) or one-dimensional
ultrathin nanowires (NWs)10–12 have become the focus of
research attention as fundamental materials for promising
conductive lms.2–4,13 Researchers have reported that metal NP
or NW arrays with grid pattern structures on proper substrates
give rise to transparent conductive lms.3,4,14 To afford a high
conductivity to such systems, however, the insulating organic
compounds that cover them must be removed by O2 plasma
treatment or high-temperature annealing.2,3,14 Furthermore, the
area between the grid lines of the metal NPs is non-conductive.
This area can be reduced by increasing the density of the grid
lines; however, this comes with some disadvantages such as
lower transparency and increased metal consumption.

Although thermal evaporation or electron beam deposition
techniques are an alternative means of depositing ultrathin
metal nanosheets on substrates, the manufacturing of homog-
enous ultrathin lms of several nanometers in thickness is still
a challenging task.15 Furthermore, separating ultrathin metal
lms from the deposition substrates is generally difficult
because of the strong adhesive force between the two, which
practically prevents the transfer of the lms to other suitable
substrates.
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The grid-pattern technique, as described above, has the
inevitable disadvantage of requiring post-treatment to achieve
electrical connection between the metal NPs; however, the devel-
opment of metal NP-based fabrication methods for transparent
conductive lms still constitutes a viable pathway as we can easily
access various synthesis protocols ofmetal NPs of desired sizes. An
alternative candidate for the metal NP-based method is the
transformation of metal NPs into nanosheets, which exhibit elec-
trical conductivity in addition to sufficiently high transparency,
exibility, and a weak plasmonic band in the visible region.

In a previous study,16we proposed a newmethod for fabricating
ultrathin Au nanosheets by UV irradiation of Au NP monolayers at
the air–water interface. UV irradiation facilitated the decomposi-
tion and detachment of ligandmolecules covering the Au NPs and
promoted the transformation of the Au NPs into a nanosheet. We
also demonstrated that the Au nanosheets can serve as ultrathin
conductive lms with high exibility and transparency. In this
work, to demonstrate the versatility of the UV irradiation method,
we apply this technique to inexpensive Ag NPs covered with
different ligand molecules. Furthermore, we demonstrate that the
solubilization of additives in the water phase is highly effective for
the morphological control of UV-irradiated objects produced from
the original Ag NPs, and it leads to the transformation of Ag NPs
into conductive Ag nanosheets.
2. Materials and methods
2.1 Materials

Sodium acetate (NaAc), silver nitrate, and oleylamine (OAm) were
obtained from Kanto Chemical Co., Inc. Myristic acid (MyA), eth-
ylenediamine tetraacetic acid disodium dihydrate (EDTA), tet-
raoctylammonium bromide (TOAB), and polyvinylpyrrolidone
(PVP, molecular weight: 40 000 Da) were purchased from Tokyo
RSC Adv., 2021, 11, 9693–9697 | 9693
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Fig. 1 TEM images of DDT-capped Ag NPs (a) before and after UV
irradiation for (b) 1 min, (c) 10 min, and (d) 20 min.

Fig. 2 FT-IR spectra of a DDT-capped Ag NP monolayer in the C–H
stretching region before and after UV irradiation for 5, 10, and 20 min.
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Chemical Industry Co., Ltd. Sodium oxalate (NaOx) was obtained
from Wako Pure Chemical Industries, Ltd., and dodecanethiol
(DDT) was obtained from Sigma-Aldrich. Prior to use, chloroform
was distilled once to remove any impurities.

2.2 Preparation of DDT-, MyA- and OAm-capped Ag NP

Ag NPs capped with DDT were prepared according to a previ-
ously reported method with some modications.17 A 0.27 mmol
AgNO3 aqueous solution (9.0 mL) was added to 2.0 mmol of
phase-transfer reagent, (C8H17)4NBr (TOAB), dissolved in CCl4
(8.9 mL), and themixture was stirred for 15min. The CCl4 phase
was subsequently collected, and 0.25 mmol DDT was added.
Aer stirring for 15 min, a 3.1 mmol solution of sodium boro-
hydride in water (7 mL) was added to reduce the Ag ions. The
reaction mixture was vigorously stirred for 12 h to allow the
formation of the Ag NPs. To remove excess DDT and TOAB, the
as-prepared Ag NPs were washed thoroughly several times with
acetone through centrifugal separation. The puried Ag NPs
were dispersed in chloroform (5 mL).

MyA-capped and OAm-capped Ag NPs were then synthesized
according to previous reports.18,19 To remove excess MyA or
OAm, the as-prepared Ag NPs were washed thoroughly with
ethanol through several centrifugal separation cycles. The
puried Ag NPs were dispersed in chloroform (5 mL).

2.3 Preparation of ultrathin Ag nanosheets

The suspension of puried Ag NPs in chloroform was spread on
the surface of water or an aqueous solution of NaAc, NaOx,
EDTA, or PVP, and compressed using a Teon barrier up to
a close-packed structure of Ag NPs. The sample was then irra-
diated with 248 nm UV light at an intensity of �60 mW cm�2

using an optical ber. The UV light source was a 250 Wmercury
lamp (REX-250, Asahi Spectra Co., Ltd.), and the wavelength of
248 nm was selected by narrow-band optical lters.

2.4 Characterization

The Ag nanosheets prepared at the air–water interface were
gathered using various substrates: a copper grid coated with an
elastic carbon lm for transmission electron microscopy (TEM)
observations; a CaF2 substrate for Fourier transform infrared
(FT-IR) spectroscopy measurements; and a quartz plate for UV-
vis measurements. TEM was performed using a JEOL JEM-1011
microscope operating at 100 kV, while high-resolution TEM
(HRTEM) and selected area electron diffraction (SAED) images
were obtained with a JEM-2100 (JEOL) operated at 200 kV. UV-
vis and FT-IR spectra were acquired using a UV-vis spectrom-
eter (JASCO, V-570) and an FT-IR spectrophotometer (Thermo
Scientic, Nicolet 6700), respectively. The electrical resistances
of the Ag nanosheets deposited on SiO2 plates were measured
using the four-probe method with a Keithley 2400 source meter;
the spacing between the adjacent probes was 1 mm.

3. Results and discussion

Amonolayer of DDT-capped Ag NPs (6.0� 3.0 nm) was prepared
by spreading the chloroform dispersion on water. The NP
9694 | RSC Adv., 2021, 11, 9693–9697
monolayer was irradiated with 248 nm UV light (60 mW cm�2)
through an opticalber. Fig. 1 shows themorphological changes as
a function of the duration of UV irradiation: a short irradiation time
(1min) resulted in the fusion of a few original NPs, and continuous
irradiation for 20 min advanced the fusion and resulted in the
formation of larger NPs. The mechanism promoting NP fusion lies
in the decomposition of the DDT covering the Ag NPs.16,20–22 More
precisely, DDT decomposition may produce energetically unstable
Ag NP bare surfaces, leading to NP agglomeration.23 The decom-
position is conrmed by the FT-IR spectra in Fig. 2, where the
absorbance of the C–H stretching bands of DDT on Ag NPs clearly
decreases with increasing irradiation time.

Fig. 3a and b show the HRTEM images of large Ag NPs
produced by UV irradiation times of 1 and 20 min, respectively.
The rst, in Fig. 3a, exhibited periodical fringes with different
growth directions, indicating a polycrystalline structure con-
sisting of an aggregate of several original Ag NPs. On the other
hand, the sample irradiated for 20 min (Fig. 3b) showed
a single-direction periodical fringe. To gather more detailed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HRTEM images of DDT-capped Ag NPs after UV irradiation for
(a) 1 min and (b) 20 min; (c) SAED pattern of 20 min UV irradiated Ag
NP.

Fig. 4 TEM images of (a and b) MyA- and (c and d) OAm-capped Ag
NPs (a and c) before and (b and d) after UV irradiation for 10 min.
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data on the fringe, the SAED pattern of the Ag NP was then
observed: Fig. 3c clearly shows diffraction spots originating
from a single crystal domain, which correspond to the fringe
spacings of 0.14, 0.20 and 0.24 nm, assigned to the (220), (200),
and (111) reections of metallic Ag, respectively.24,25 Accord-
ingly, we can conclude that UV irradiation determined the
fusion of the original Ag NPs. In addition, as no spots in Fig. 3c
could be assigned to silver oxide, we can deduce that the Ag NPs
were not oxidized by UV irradiation.

Unfortunately, the large NP aggregates in Fig. 1d did not
exhibit any electrical conductivity, which was in contrast with
previously reported Au nanosheets prepared from Au NPs using
the same UV irradiation method.16 The absence of conductivity
is most likely correlated with the morphology of the aggregates.
The reason why large Ag NPs, instead of a nanosheet, are
formed following UV irradiation is not sufficiently understood
so far, but the difference between Au NPs and Ag NPs is possibly
related to the difference in wettability or solid-state de-wetting
behavior.26–28 The evaluation of the differences in the proper-
ties and behaviors of the two systems is not straightforward
owing to the absence of data on the precise surface structure,
adsorbed species, and compositions of the NPs.

In view of these ndings, one could hypothesize that the
surface modication of Ag NPs may allow control of the
morphology of UV-irradiated Ag nanocrystals. The simplest way
to modify the Ag NP surface is the use of different ligand
molecules. Thus, MyA-capped Ag NPs (5.6 � 0.7 nm) and OAm-
capped Ag NPs (5.8 � 1.4 nm) were synthesized, and the parti-
cles were spread on water (Fig. 4a and c) and subjected to UV
irradiation. Contrary to our expectations, in both instances
large NPs were obtained (Fig. 4b and d), similar to the product
obtained from DDT-capped Ag NPs.

Evidently, the ligand molecules had little inuence on the
morphology of the nal products. A possible reasonmight be an
incomplete capping of the NP surface; during the
© 2021 The Author(s). Published by the Royal Society of Chemistry
transformation from the original NP into nanocrystals of
different shapes and/or in the process of decomposition of
ligand molecules by UV irradiation, sufficient ligand molecules
were not present to cover the newly emerged crystal surfaces.
One way to overcome this problem is to add silver-absorbable
compounds into the water phase. NaAc, NaOx, and EDTA were
selected as the additives because the carboxylate group is pref-
erentially adsorbed on the (111) facet of Ag.29 Furthermore, PVP
was also used as an additive because PVP binds strongly to
Ag(100).24,30 Next, DDT-capped Ag NPmonolayers were prepared
on the surface of aqueous solutions of these additives and then
subjected to UV irradiation. Fig. 5 shows TEM images of Ag NP
monolayers on (a) NaAc (50 mM), (b) NaOx (26 mM), (c) EDTA
(27 mM), and (d) PVP (0.15 wt%) solutions aer UV irradiation.
The products formed on NaOx, EDTA, and PVP solutions
exhibited mesh-like structures, whereas those on the NaAc
solution were large Ag NPs similar to the product obtained on
pure water. Fig. 5e shows HRTEM image of DDT-capped Ag NPs
on PVP aer UV irradiation. Periodical fringes with different
directions prove that the mesh-like nanosheets have a poly-
crystalline structure, indicating that the fusion of Ag NPs
progresses gently. Since the spacing of the periodical fringes
was 0.24 nm corresponding to the lattice spacing of Ag(111), the
mesh-like products were metallic Ag.

Fig. 6 depicts a schematic illustration of the possible
mechanism for the effect of the additives on the morphology of
Ag NPs. Without the additives (Fig. 6a–c), the photodecompo-
sition of the ligand molecules covering Ag NPs causes aggre-
gation and fusion of Ag NPs. Prolonged UV irradiation results in
a considerable decomposition of the ligand molecules depos-
ited on the whole surface of Ag NPs. Since the bare surface of Ag
NPs is energetically unstable, the aggregation and fusion of Ag
NPs may occur in all directions, leading to a formation of large
Ag NPs (Fig. 6c).

In case of the aqueous solutions of silver-absorbable addi-
tives (Fig. 6d–f), when the ligand molecules covering Ag NPs are
RSC Adv., 2021, 11, 9693–9697 | 9695
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Fig. 5 TEM images of DDT-capped Ag NPs on (a) NaAc, (b) NaOx, (c)
EDTA, and (d) PVP, and (e) HRTEM image of DDT-capped Ag NPs on
PVP after UV irradiation.
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decomposed by UV irradiation, the additives should be adsorb
on the bottom surface of Ag NPs (Fig. 6e). Aggregation and
fusion between the additive-adsorbed surfaces are likely
Fig. 6 A schematic illustration of the effect of the additives on the mor

9696 | RSC Adv., 2021, 11, 9693–9697
suppressed due to the electrostatic repulsion between COO�

groups of EDTA and NaOx or steric repulsion between adsorbed
PVP polymer chains. On the other hand, ligand-free side faces of
Ag NPs, which are energetically unstable bare surface, promote
connections between the Ag NPs, resulting in the formation of
percolated network structure of Ag NPs. Here, the adsorbed
additives may be decomposed by UV irradiation, but new
additive molecules are plentifully supplied from the bulk water
phase. Consequently, the adsorption layer of the additives on
the bottom of Ag NPs effectively prevents three dimensional
aggregation of the Ag NPs.

As anticipated, the addition of suitable additives to water is
a highly effective means for changing the morphology of Ag
nanocrystals. The as-prepared Ag lms were transferred on SiO2

plates, and their electrical resistances were measured using the
four-probe method. The measured electrical resistances were
104 kU for NaOx, 0.37 kU for EDTA, and 1.6 kU for PVP, indi-
cating that the mesh-like lms had a percolated network
structure extending across the entire area of the monolayer
exposed to UV light (several tens of mm2). Here, the deviation in
the electrical resistances of the NaOx lms was large, ranging
from several hundred to several thousand U. This was possibly
because of themany disconnections in the network structure, as
shown in Fig. 5b.

Fig. 7 presents the UV-vis spectra of the original Ag NPs and
the highest conductive Ag nanosheet produced on EDTA. UV
irradiation resulted in the weakening of the plasmon band of Ag
NPs at �500 nm, and the transmittance of the nanosheet was
above 70% in the visible region. Because the previously reported
Au nanosheets had an electrical resistance of 0.15 kU and an
optical transmittance of �80%,16 the performance of the
present Ag nanosheet was roughly comparable to that of Au
nanosheets, suggesting that the combination of the present UV
irradiation method and additives in the water phase is generally
effective for fabricating metal nanosheets from the corre-
sponding NPs. Since the present performance was surely a little
phology of Ag NPs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Transmittance of Ag NP monolayer and UV-irradiated Ag
nanosheet. The irradiation time of UV light was 10 min. Photograph of
Ag NP monolayer deposited on SiO2 after irradiation. The center and
surrounding areas are the irradiated and non-irradiated parts,
respectively.
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lower than that of the Au nanosheet, to achieve the best
performance, further investigation of the effects of the Ag NP
diameter, other additives, and their concentrations is required,
which might be the object of future work.
4. Conclusions

In summary, the UV irradiation method was applied to inex-
pensive Ag NP monolayers at the air–water interface. The
method was sufficiently promising for producing electrically
conductive Ag nanosheets, even though some modications are
required to improve their conductivity. The morphology of UV-
irradiated Ag nanocrystals was practically independent of the
type of ligand covering the Ag NPs, whereas it was inuenced by
additives in the water phase. The additives EDTA, PVP, and
NaOx in water were highly effective for preparing conductive Ag
nanosheets.
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