FULL PAPER
Multicolored Silver Film

www.advmatinterfaces.de

Electrochemical Fabrication and Sensing Application
of Multicolored Silver Films
Na Li,* Linan Yu, Pingping Wei, Junyi Ji, Jiupeng Zhao, Qiao Zhang, Yao Li,*
and Yadong Yin*
plasmon resonance (LSPR).[1] The LSPR
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nanoparticles with anisotropic quasi-flat structures on solid substrates to form
well as their surroundings, which make
thin films with tunable plasmonic bands covering the full visible range (from
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450 to 780 nm). By manipulating the electrodeposition conditions (such as the
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metal ions are reduced and then directly deposited onto the
desired substrate. Compared with traditional methods, it features
unique advantages, such as the simple and rapid fabrication process, as well as better adhesion of noble metal nanoparticles to
the substrate. However, it also faces challenges in controlling the
size, morphology, and plasmonic property of the as-synthesized
nanostructures. In this study, by combining the surfactantdirected colloidal synthesis and electrochemical process, we demonstrate a highly controllable route to the fabrication of silver
nanostructured films on substrates. It inherits the time effectiveness of electrochemical synthesis: the whole fabrication process only takes several seconds. The silver nanoparticles feature
an overall anisotropic quasi-flat shape, as they grow directly on
the substrates. Their size, aspect ratio (width/height), and density can be controlled by the amount and ratio of the surfactants,
as well as the electric field strength, allowing for wide and precise tuning of the plasmonic property of the as-fabricated films.
The plasmon resonance of these silver nanostructured films is
highly sensitive to changes in their surroundings. When the
nanostructured film is immersed in solvents of different dielectric constants, it displays instant color changes that can be easily
recognized by naked eyes. The nanostructured film is highly
stable, and its plasmonic property shows no change after repetitive rinsing with different solvents, or even after ultrasonication.

2. Results and Discussion
A double-pulse deposition (voltage-step) method has been used
to prepare the multicolored silver nanostructured films. Indium
tin oxide (ITO) substrate was selected for the deposition thanks
to its high optical transmittance and electrical conductivity. In a
standard process, AgNO3, citric acid, H2O2, and poly (vinyl pyrrolidone) (PVP) were mixed and dissolved in water and then used
as the electrolyte for electrodeposition. An electric pulse of −4.0 V
was first applied for a very short period (0.005 s) to allow for the
formation of a high density of silver seeds on the substrate. Then
a relatively weaker electric pulse −0.3 V was applied for a longer
time (20–40 s) to induce continued growth of the seeds into
larger nanostructures. A color change of the ITO substrate from
colorless to various different colors could be observed after the
electrochemical treatment, indicating the reduction of Ag+ and
the formation of anisotropic Ag nanoislands. Neither lacuna nor
strong scattering has been observed, suggesting that no large particles have been formed and the distribution of the particles on
the film is also very homogeneous. It is worth noting that the
optical property of the film can be easily tailored with this electrodeposition process by tuning experimental parameters, such
as the concentration of reagents, electrodeposition voltage, and
pulse time. To systematic study the effect of these factors, we
have varied the parameters individually while keeping other experiental parameters identical to those in the standard procedure.

2.1. Effect of Citric Acid
Citric acid plays an important role in the successful preparation of the multicolored Ag nanostructured films. Owing to its
strong affinity to the (111) facet of silver, citric acid can attach
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to the surface of silver seeds and prevent them from growing
into irregular bulky particles.[19] In the absence of citric acid,
while the other parameters were kept the same, only a gray
color can be observed, and strong light scattering can be identified, as shown in Figure S1 (Supporting Information), which
can be attributed to the formation of large Ag particles. The
concentration of citric acid also plays an important role in controlling the size and plasmonic property of silver nanoislands.
To reveal the possible role of citric acid, we carried out a systematic study by varying the concentration of citric acid while
keeping all other experimental parameters identical. As shown
in Figure 1a, when the concentration of citric acid was varied
from 0.5 × 10−3 m to 37.5 × 10−3 m, the color of the film could
be tuned from transparent to cyan, blue, purple, pink, orange,
and eventually yellow. The color changes were confirmed by the
UV–vis spectra. Again, no strong light scattering was observed,
suggesting the absence of large particles. Figure 1b shows the
gradual change of plasmonic peak position from 780 to 450 nm
in response to the increase in the concentration of citric acid. It
is worth noting that the plasmonic bands are not significantly
broadened at higher concentrations of the citric acid, suggesting the formation of uniform Ag nanoparticles. Figure 1c
plots the change of plasmonic peak position as a function of the
concentration of citric acid. It is clear that the plasmonic peak
blueshifts with the increased concentration of citric acid. When
the concentration of citric acid was 0.5 × 10−3 m, the plasmonic
peak was located at 780 nm, which blueshifted to 450 nm when
the concentration of citric acid was increased to 4.5 × 10−3 m.
The inset in Figure 1c highlights the sharp blueshift of the plasmonic peak position when the concentration of citric acid was
low, suggesting the important role of citric acid in the uniform
deposition of the nanoparticles. When the concentration of
citric acid was further increased, the slope became flat.
To further study the mechanism of the color change, the
products were carefully characterized by microscopy methods.
In the absence of citric acid, a very broad peak can be observed
in the long wavelength range (Figure S1a, Supporting Information). Scanning electron microscopy (SEM) characterization shows that large 2D aggregates (over 400 nm in size)
were obtained (Figure S1b, Supporting Information). When
citric acid was introduced into the reaction system, a clear
shape change can be identified. As shown in Figure 2a–e,
the lateral width of the product was reduced obviously to
≈35 nm on average, along with an improved uniformity and an
increased number density from ≈2.1 to ≈85.2 particles per µm2
(Figure S2, Supporting Information). The increased number
density suggests that the citric acid can enhance the seed formation, most possibly due to its reductive nature. The product
was also characterized using atomic force microscopy (AFM),
which suggests a quasi-flat anisotropic morphology of the
nanoislands. As shown in Figure S3 (Supporting Information),
an increase in the height of the nanoislands can be identified
with the increased concentration of citric acid. It is well known
that the plasmonic property of silver nanoparticles is highly
dependent on their aspect ratio. Combining both the SEM
and AFM results, we find that the aspect ratio of the product
dropped rapidly with the addition of citric acid. The change
of aspect ratio as a function of the concentration of citric acid
is plotted in Figure 2f. The same trend in the plasmonic peak
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2.2. Effect of H2O2
Our group previously reported that H2O2 is a critical reagent in
the colloidal synthesis of Ag nanoplates. It acts as a mild oxidative agent that can help to produce monodisperse Ag nanoplates
by removing nonplate-like seeds.[20] In this work, H2O2 is also
playing a critical role. In the absence of H2O2, while the other
parameters were kept identical, only a yellowish film could be
obtained (Figure 3a), and the corresponding plasmonic peak
was located at around 445 nm. As shown in the SEM images
in Figure S4 (Supporting Information), there are a lot more
irregular nanoparticles in the films produced without H2O2,
compared with those prepared in the presence of H2O2. With
an increase in the concentration of H2O2, an evident redshift
in the plasmonic peak position can be observed (Figure 3b).
For example, in the presence of 35 × 10−3 m H2O2, a reddish
film was obtained on the ITO substrate (Figure 3a). The corresponding plasmonic peak was redshifted to about 495 nm.
Further increasing the concentration of H2O2 to 140 × 10−3 m
led to an apparent redshift. Figure S5 (Supporting Information)
shows the corresponding AFM images of the product obtained
in the presence of H2O2 with different concentrations. With the
increased concentration of H2O2, the height of the Ag nanoparticles increased obviously. The aspect ratio change is plotted
in Figure S5f (Supporting Information), from which one can
clearly see an increase in the aspect ratio with increased concentration of H2O2. Correspondingly, the plasmonic peak redshifted with an increased aspect ratio of the nanostructures.
From the above results, we can confirm the importance of H2O2
in this deposition process as it can promote the anisotropic
growth of the nanostructures. Although additional effort is
required to reveal the exact mechanism, we suspect that H2O2
may act as a mild etchant, similar to the case we reported previously in the synthesis of colloidal Ag nanoplates, by removing
nonplate-like seeds at the early stage and promoting the 2D
growth of the nanoislands along the substrates.

2.3. Effect of PVP

Figure 1. a) Photographs and b) UV–vis spectra of silver nanostructured
films prepared with various concentrations of citric acid. c) A plot showing
the position of the surface plasmon band of the prepared films as a function of the concentration of citric acid. The scale bar in (a) is 1 mm. The
photographs in (a) (from left to right and top to bottom) and the spectra
in (b) (from left to right) correspond to concentrations of 37.5 × 10−3 m,
22.5 × 10−3 m, 15 × 10−3 m, 11.25 × 10−3 m, 4.5 × 10−3 m, 3 × 10−3 m,
1.5 × 10−3 m, 1.125 × 10−3 m, 0.938 × 10−3 m, and 0.5 × 10−3 m. The inset in
(c) shows the change of band position at lower concentrations.

position has also been observed (red line in Figure 2f), further confirming that the color change is determined by the
morphology change. On the other hand, the reduced width
at higher concentrations of citric acid seems to suggest that
the sides of the quasi-flat nanostructures are mainly covered
by (111) facets, so the lateral growth is more limited, and the
vertical growth is subsequently promoted when the sides are
covered by more citric acid.
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It has been widely recognized that PVP is an important capping ligand in the colloidal synthesis of silver nanoparticles
as it can preferentially bind to Ag (100) facets.[20b,21] In this
electrochemical process, we find that PVP also plays a significant role. In the absence of PVP, a plasmonic band with
a peak position at around 500 nm was observed (Figure S4b,
Supporting Information). When PVP was introduced into
this reaction system, a redshift of the plasmonic band could
be observed (Figure S4c, Supporting Information). As shown
in Figure 4a, when the concentration of PVP was increased
from 18 × 10−3 m to 45 × 10−3 m, the band position redshifted
slightly from 501 to 550 nm. Accordingly, the color of the film
changed gradually from reddish to cyan. Figure 4c–f shows the
corresponding AFM images, from which one can clearly see
the change in the number density and the aspect ratio of the
nanoislands. The reduced number density of the nanoislands
in the presence of a higher concentration of PVP suggests
the formation of less seeds on the substrates, which could be
attributed to the enhanced surface passivation. Accordingly,
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Figure 2. a–e) SEM images of silver nanostructured films obtained in the presence of various concentrations of citric acid: a) 1 × 10−3 m, b) 2 × 10−3 m,
c) 3.75 × 10−3 m, d) 11.25 × 10−3 m, and e) 22.5 × 10−3 m. The scale bars are 500 nm. f) The change of aspect ratio (black) and plasmonic peak position
(red) of silver nanostructured films as a function of the concentration of citric acid.

the overall size of the deposited nanoparticles increases. The
aspect ratio change is summarized and plotted in Figure 4b.
With the increased concentration of PVP, the aspect ratio of
Ag nanoparticles increased gradually, which together with the

increased size leads to the redshift of plasmonic band position to a longer wavelength range. From our results, we can
conclude that PVP plays two functions. It can help to improve
the uniformity of product, which can be confirmed by both
AFM images and UV–vis spectra. It may also limit the vertical
growth of the Ag, which, consequently, will drive the enhanced
lateral growth and increase the aspect ratio of deposited particles. As we mentioned previously, PVP has been believed to
bind preferentially to the Ag (100) facets. The limited vertical
growth in the presence of more PVP suggests the top surface
of quasi-flat nanostructures might be dominated by (100)
facets.

2.4. Growth Process and Mechanism

Figure 3. a) Photographs and b) UV–vis spectra of silver nanostructured
films synthesized in the presence of H2O2 with increasing concentrations.
The scale bar is 1 mm. From left to right: The concentrations of H2O2 in
(a) are 0 × 10−3 m, 35 × 10−3 m, 70 × 10−3 m, 105 × 10−3 m, and 140 × 10−3 m.
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As Ag+ is electrochemically reduced to Ag0 in the deposition
reaction, it is easy to understand that the applied voltage can
control the growth kinetics of the Ag nanoparticles. To obtain
detailed information on the effect of pulse parameters, we
tuned different voltages in the first and second steps. First, the
voltage of the first pulse was varied from −2.5 to −4.5 V, which
was used to promote the formation of Ag seeds. As shown
in Figure 5a, the higher voltage in the first step did not have
a significant influence on the plasmonic position. Instead,
the intensity of the extinction increased with the increased
voltage. It can be understood as a higher voltage leads to the
reduction of more Ag+ during the same time period, more
Ag nanoparticles are formed in the first seeding step. This
assumption has been verified by the SEM measurements.
As shown in Figure S6 (Supporting Information), when the
pulse voltage increased from −2.5 to −4.5 V, the particle size
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Figure 4. a) UV–vis spectra with corresponding photographs (from left to right) in the inset and c–f) AFM images of silver nanostructured films
prepared in the presence of PVP with increased concentrations: c) 18 × 10−3 m, d) 27 × 10−3 m, e) 36 × 10−3 m, and f) 45 × 10−3 m. b) Aspect ratio and
plasmonic band position of silver nanostructured films plotted as a function of the concentration of PVP.

decreased dramatically, and the density of Ag nanoparticles
increased accordingly. After the first step, a growth process
was then conducted by applying a voltage of −0.3 V for 40 s.
As plotted in Figure 5a, when the Ag nanoparticles obtained
at −2.5 V were used as the seed, a broad plasmonic band with
a peak position at 555 nm can be obtained (black dashed line).
In contrast, when Ag nanoparticles obtained at higher voltages were used as seeds, a blueshift in the plasmonic band was
achieved. When the first step was conducted at −4.0 V, the plasmonic peak was located at 500 nm (red dashed line). Further
increasing the voltage to −4.5 V did not show much difference
in the final product. The inset photographs in Figure 5a display
the final products correspondingly, from which one can clearly
see the tunable color. The results can be interpreted by the fact
that the nucleation rate at higher negative potential is higher,
resulting in the formation of more but smaller sized nuclei of

nanocrystals. Therefore, the size of the final product is smaller,
leading to the blueshift of plasmonic peak position. The voltage
in the first step is therefore fixed at −4.0 V in our experiments.
The influence of the voltage in the second step has also been
studied. The voltage in the first step was fixed at −4.0 V, while
the voltage in the second step was varied from −0.3 to −0.9 V.
The duration in the second step was kept at 40 s for all the
cases. With the increased voltage from −0.3 to −0.9 V, a significant blueshift of the plasmonic peak can be detected, as shown
in Figure 5b. To reveal the possible mechanism of the blueshift,
we conducted SEM characterizations. As shown in Figure S7
(Supporting Information), the morphologies of silver nanoparticle are similar. However, a distinct increase in the nanoparticle density and decrease in particle size can be observed
when the voltage was increased to −0.7 and −0.9 V. This phenomenon might be attributed to the additional nucleation of

Figure 5. a) UV–vis spectra monitoring the nucleation and growth processes of the silver nanostructured films deposited on ITO electrodes at a step
voltage of −2.5, −3.0, −3.5, −4.0, and −4.5 V for 0.005 s for seeding and then at −0.3 V, for 40 s for growth. b) UV–vis spectra and Ag nanostructured
films prepared by applying different step voltages in the second step.
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Figure 6. Evolution of the UV–vis spectra during the growth of silver nanostructured films a) in the first 10 s and b) in 40 s.

Ag nanoparticles under high voltage. As a result, Ag film with
higher particle density, smaller particle size, and plasmonic
band in short-wavelength range can be obtained.
To investigate the detailed growth process of the multicolored
silver films, we studied the evolution process in situ using a
UV–vis spectrometer. The reaction was conducted under a
standard reaction condition, in which AgNO3 was used as the
silver source, citric acid and PVP as the capping ligands, and
H2O2 as the additive. Because the first step at a higher voltage
(−4.0 V) is only 0.005 s, we were not able to catch the seeding
process. Instead, we monitored the growth process during the
second step at −0.3 V. After the first step, a weak peak at 510 nm
emerged, suggesting the formation of anisotropic Ag particles.
With the starting of the growth process, a rapid increase in the
intensity was observed, indicating the reduction of Ag+ and
growth of Ag nanoparticles. Meanwhile, a slight redshift of the
plasmonic was detected (Figure 6a). After 10 s, the plasmonic
peak redshifted to 573 nm. When the reaction time was further
prolonged, no redshift could be observed. Instead, the intensity
increased gradually (Figure 6b) and reached the highest point
after about 40 s.
Based on the above-mentioned results, we can conclude
with a plausible mechanism, in which the first high-voltage
pulse led to a rapid reduction of Ag+ and a nucleation of tiny
Ag particles on the ITO substrate, followed by a growth process
using lower voltage pulse. Both citric acid and PVP act as the
capping ligand, which can not only help to prevent the formation of large aggregates but also preferentially to bind to (111)
and (100) facets, respectively. As discussed earlier, a higher
concentration of citric acid limits the lateral growth (and consequently promotes the vertical growth) while a higher concentration of PVP limits the vertical growth (and consequently promotes the lateral growth), so the aspect ratio of the quasi-flat
nanostructures as well as the plasmonic band position can be
fully tuned in the visible spectrum by manipulating the concentrations of these two capping ligands. The opposing effect
of these two capping ligands to the growth also suggests that
the quasi-flat nanostructures may be dominated by (100) facets
on their top surface and (111) on their side surfaces, which is
consistent with our previous understanding in the growth of
single crystal colloidal nanoplates.[22] The detailed crystallographic studies are beyond our current analytical capability as
it is difficult to remove nanoislands from the substrate without
deformation. In this electrodeposition process, H2O2 also plays
Adv. Mater. Interfaces 2018, 1800277

an important role in inducing the anisotropic growth of silver
nanostructures, probably by oxidative etching of the nonplatelike seeds as reported previously.[20] As a result, quasi-flat Ag
nanostructures were formed on the substrate. The electrochemical parameters, on the other hand, mainly control the kinetics
of the reduction reaction and subsequently the particle size
and their areal density. Thanks to the electrochemical process,
the as-prepared Ag nanoislands adhere tightly to the ITO surface, and they do not fall off the substrate upon washing with
solvents such as water for a number of times or even under
ultrasonication for 15 min, making it an excellent candidate for
sensing applications (Figure S8, Supporting Information).

2.5. Sensing Application
According to the Mie theory, the extinction of metallic nanocrystals can be significantly affected by the dielectric constants of
the surroundings. By taking advantage of this unique optical
property, the as-prepared Ag films can be directly used as sensors for detecting the dielectric constant of the solvents. For
Ag nanoparticles prepared conventionally in the form of a colloidal dispersion, they may aggregate when they are dispersed
in different solvents, leading to an uncontrollable interparticle
coupling, which affects the plasmonic property in addition to
the effect of the dielectric constant of the solvents. In contrast,
the silver nanoislands electrodeposited on ITO substrates do
not subject to the aggregation problem so that their plasmonic
response is solely determined by the dielectric constant of the
solvents, making them more appropriate for sensing applications. We therefore investigated the refractive index sensor
application by immersing the Ag films into solvents with various refractive indices, including methanol (n = 1.329), water
(n = 1.333), ethanol (n = 1.360), n-hexane (n = 1.375), 2-propanol
(n = 1.377), N,N-dimethylformamide (DMF) (n = 1.431), ethy
lene glycol (EG) (n = 1.433), PEG400 (n = 1.469), and benzyl
alcohol (n = 1.540). As shown in Figure 7a, a clear shift in the
plasmonic peak position is observed when the solvents were
changed. For example, the plasmonic peak originally located at
484 nm in air shifted to 550 nm when benzyl alcohol was used.
The measured peak values redshifted as the refractive index
of the solvents increased. We also fabricated silver films containing nanoislands of various aspect ratios on the substrates,
and further tested their plasmonic responses to the change of
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Figure 7. a) UV–vis spectra of silver nanostructured films exhibiting redshifts of the plasmonic band in different solvents. b) Plots depicting the linear
relationship between the solvent refractive index and the plasmon band wavelength for silver nanostructured films with different absorbance in air.
c) UV–vis extinction spectra of a silver nanofilm in mixed solutions of methanol-benzyl alcohol with various volume fractions of methanol. The silver film
displays a plasmonic band at 484 nm in air. d) The relationship between the plasmon band position and volume fraction of methanol in its mixture with
benzyl alcohol, with a black line for experimental results and a red line for theoretical prediction of refractive index by using Lorentz–Lorenz equation.

solvents, as shown in Figures S9–S13 (Supporting Information).
The plasmon position was plotted as a function of the refractive
index, as shown in Figure 7b, and the refractive index sensitivity was determined by linear fitting. The peak position in air,
linear fitting equation, refractive index sensitivity (the slopes
of the lines), and goodness of fit (R2) for each film are summarized in Table S1 (Supporting Information). From Table S1
(Supporting Information), we found that the silver films with
plasmonic bands at longer wavelengths showed more sensitive responses to changes in the dielectric environment than
those with shorter ones, possibly due to the large aspect ratios
of nanoparticles on the films. For example, the silver film with
a plasmonic peak at 466 nm displayed a 95 nm shift per refractive index unit (RIU), while that at 589 nm shifted 273 nm per
RIU. Nevertheless, the goodness of fit (R2) of films with longer
plasmonic wavelength is smaller than the short ones, because
the films of longer wavelength have a larger aspect ratio and the
morphology is less uniform. In summary, there are both merits
and drawbacks when using the films with different plasmonic
peaks for detecting the surrounding medium, so a combination of sensitivity and goodness of fit may give a more precise
result. Therefore, the film with a plasmonic peak of 484 nm in
air is more suitable for the precise measurement of the change
in refractive index of the surrounding medium.
Since the plasmonic peak can be clearly observed when the
refractive index of the surrounding medium changes, the plasmonic property can be used to determine the refractive index

Adv. Mater. Interfaces 2018, 1800277

and, as a result, the composition of a mixed solvent. To evaluate the practical use of the silver films, we used the film with
a plasmonic peak at 484 nm in air to predict the mixture of
binary systems. Herein, methanol-benzyl alcohol mixtures with
varying volume ratios of methanol were employed to tune the
refractive index of the surrounding medium. Figure 7c shows
the extinction spectra of silver film immersing in methanolbenzyl alcohol mixtures of varying volume ratios. The volume
percentage of methanol in the mixture was varied from 0%
to 100% at a step of 25%. As expected, when the volume percentage of methanol was increased, the plasmon peaks of the
film shifted to a shorter wavelength. The experimental refractive index of the liquid mixture as a function of the volume percentage of methanol can be fitted well by a linear relationship
(Figure 7d, black line). In order to illustrate the predictive abilities of this sensor, the rules of Lorentz–Lorenz[23] are employed
to calculate the refractive index of the mixture. As shown in
Figure 7d (red line), the refractive indices calculated based on
the experimental measurements agree very well with the theoretical values according to the Lorentz–Lorenz equation.
Stability is also an important factor that affects the application of Ag films. As we stated above, the as-prepared silver
films adhere tightly to the substrate because of the electrodeposition process, which makes it very mechanically stable.
Figure 8 shows the corresponding dramatic color change and
the stable performance of the refractive index sensing of silver
nanostructured films in air and ethanol. Silver nanostructured
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lateral growth and the latter the vertical growth. As a result, a
wide range of spectral tuning can be achieved by controlling
the concentration and ratio of these two capping ligands. The
deposited Ag nanoparticles appeared to be uniform, relatively
small in size, and adhere tightly to the ITO substrate, producing
transparent, colorful, and stable films. Unlike the colloidal
form of nanoparticles, the electrodeposited Ag nanoparticles
adhere to the substrate strongly, making it possible to use the
films as effective refractive-index sensors for detecting solvents
and their mixtures with a high sensitivity and excellent stability.
This electrochemical method allows for rapid preparation of
plasmonic thin films with controllable nanoparticle morphologies and desired optical properties, and therefore enables many
practical applications such as high-sensitivity sensors.

4. Experimental Section

Figure 8. Color switching and stable refractive index sensing of silver
nanostructured films. a) Photographs of silver nanostructured films
showing a color change when exposed to an ethanol solution. b) The
plasmon band position of silver nanostructured films recorded in
100 cycles of switching between air and EtOH conditions.

films with colors, such as yellow, purple, and blue, were used as
the model systems. After wetting in ethanol, the sample color
changed to red, modena, and navy blue, respectively. Upon
drying in air, the color of Ag films recovered. The extinction
spectra indicate that the plasmon wavelength of the silver film
shifted from ≈476 to ≈500 nm during the wetting process. The
optical changes in air and ethanol can be attributed to the high
sensitivity of the resonance for silver nanoparticles to the dielectric medium with different refractive indices. This color change
cycle can be repeated over 100 times, as shown in Figure 8b,
clearly suggesting an excellent reversibility.

3. Conclusion
In summary, we have demonstrated an electrochemical deposition process for the direct fabrication of substrate-supported
Ag nanostructured films with tunable optical properties. By
manipulating the concentration of capping ligands (citric acid
and PVP), the oxidative etchant H2O2, and the pulse voltage,
we were able to control the size and aspect ratio of the deposited silver nanostructures and subsequently tune the plasmonic
band of the Ag films in the full visible range (from 450 to
780 nm). The capping ligands of citric acid and PVP were found
to play opposing roles in determining the anisotropic growth
of the deposited nanostructures, with the former limiting the
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Chemicals: Silver nitrate (AgNO3 ≥ 99%, A.R.), poly (vinyl pyrrolidone,
Mw ≈ 45 000), hydrogen peroxide (H2O2, 30 wt%), and citric acid were
obtained from Aladdin Reagent. The solutions, including methanol
(99%), ethanol (98%), n-hexane (99.8%), 2-propanol (98%), DMF
(99.8%), EG, PEG400, benzyl alcohol (98%), and toluene (99.8%), were
purchased from Sinopharm Chemical Reagent. All chemicals were used
as received without any further purification.
Preparation of Multicolored Silver Nanostructured Films: ITO substrates
(≈17 Ω cm−2, 1 cm × 4 cm) were ultrasonically cleaned in acetone,
methanol, and distilled water for 15 min and dried using a nitrogen flow.
The ITO substrate was used as the working electrode, while a 1 cm × 4 cm
platinum sheet and a silver wire were used as the counter electrode and
reference electrode, respectively. All the electrodeposition processes were
performed with an electrochemistry workstation (Chenhua, CHI660E). In
a standard process, AgNO3 (1 × 10−3 m, 2 mL), citric acid (0.75 m, 30 µL),
PVP (Mw ≈ 45 000, 0.18 m, 200 µL), and H2O2 (30 wt%, 4 µL) were mixed
together and used as electrolyte. The pulse parameters were set as:
the deposition voltage was −4 V for 0.005 s for nucleation and then at
0.3 V for 20–40 s for growth. After deposition, the working electrode was
washed with distilled water and dried in air before use.
Refractive Index Sensitivity Measurement: Methanol, water, ethanol,
n-hexane, 2-propanol, DMF, EG, PEG400, and benzyl alcohol were used
to change the refractive index of the surrounding medium of as-prepared
silver nanostructured films with varying optical properties. The silver
nanostructured films with different colors and plasmonic bands were
dipped into various solvents. Extinction spectra of the films were
measured in the above solvents.
Characterization: A Hitachi S-4800 SEM was employed to characterize
the morphology of the silver nanostructured films. A Bruker, Dimension
FastScan AFM was utilized to characterize the aspect ratio of the silver
nanoparticles on the multicolor films through the tapping mode. An
Ocean Optics MAYA 2000-Pro spectrometer was used to measure the
UV–vis spectra of the films and get the real-time spectra change of the
reaction system. A PerkinElmer 950 spectrometer was used to measure
the near-infrared spectra of the film.
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