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Abstract−The composite material, Ag/AgX/graphene (X=Br, Cl, I), is considered a promising photocatalyst for pho-
tocatalytic degradation of organic pollutants. Its photocatalytic activity is superior to that of the conventional TiO2 pho-
tocatalyst; the enhanced photocatalytic activity is attributed to its effective charge separation ability and wide visible
light absorption. However, the Ag/AgX/graphene composite is often prepared in the powder form, limiting its wide-
spread application. In addition, the simple fabrication of Ag/AgX/graphene composite films is highly challenging. In
this study, a simple solution-based process based on meniscus-dragging deposition is demonstrated for the fabrication
of Ag/AgI/rGO composite films. Uniform catalyst films with reasonable photocatalytic activities can be easily fabri-
cated by using this microliter-scale solution process.
Keywords: Photocatalyst, Solution Process, Graphene, Silver Nanowire, Silver Halide

INTRODUCTION

Considerable efforts have been devoted to the development of
photocatalysts for the decomposition of organic pollutants into water
and carbon dioxide, applicable in various fields such as water puri-
fication, antibacteria, deodorization, and decontamination [1-5].
Accordingly, titanium dioxide (TiO2) has been widely investigated
because of its versatility and processability, resulting from its non-
toxicity and stability. However, it has the following limitations: (1)
absorption of only ultraviolet (UV) light because of its wide band
gap energy (3.2 eV), and (2) poor quantum yield because of the
rapid recombination of photogenerated electrons and holes. Thus,
a more efficient and effective visible light photocatalyst is required
[6-9].

To develop visible-light-sensitive photocatalysts, noble metal nano-
particles, such as Au, Ag, and Pt, have been widely explored because
of their strong visible light absorption, resulting from surface plas-
mon resonance (SPR) [10-12]. Particularly, Ag/AgX (X=Cl, Br, I)
composites have received substantial attention as promising candi-
dates because of their excellent photocatalytic activities under visi-
ble light irradiation [13-15], which is attributed to the synergistic
effect of SPR of Ag nanoparticles and light-harvesting ability of
AgX [16,17]. For example, Wang et al. prepared a plasmonic pho-
tocatalyst Ag@AgX (Br, I) with high photocatalytic activity for methyl
orange (MO) decomposition under visible light irradiation by ion-
exchange between Ag2MoO4 and HBr [18].

Graphene and reduced graphene oxide (rGO) have been applied
as electron-acceptor layers, resulting in effective separation of pho-

togenerated electron-hole pairs [19-22]. Accordingly, these carbon-
based nanomaterials have been used to improve the photocata-
lytic efficiencies of Ag/AgX photocatalysts. For instance, Luo et al.
synthesized a Ag/AgCl/rGO heterostructure photocatalyst by a
hydrothermal technique; the photocatalyst exhibited a significantly
higher photocatalytic activity than Ag/AgCl (without rGO) [23].

Photocatalysts are generally fabricated in the powder form; there-
fore, an additional separation process is required after the photo-
catalytic reaction, leading to increased processing cost. Nonetheless,
the complete removal of nanosized catalyst powders from a mix-
ture of catalyst and effluent solution after the photocatalytic reac-
tion is highly challenging. A strategy to overcome this issue is to
immobilize photocatalysts in the form of films or to embed them
into matrices [24-26]. Ghosh et al. reported Ag/AgCl nanoparti-
cles with core@shell structures embedded in an agarose matrix for
organic contaminant degradation [27]. The Ag/AgCl nanoparticles
were immobilized in the agarose matrix, and, therefore, could be
recycled for repetitive decomposition of organic pollutants. Recently,
Han et al. fabricated a Ag/AgCl micro-membrane at the air-liquid
interface [24]. This photocatalyst in the membrane form effectively
degraded MO and exhibited good reproducibility for several cycles
of the photocatalytic test. However, the scalable and cost-effective
fabrication of Ag/AgX/graphene photocatalysts is challenging.

In this study, we demonstrate a simple and scalable method involv-
ing meniscus-dragging deposition (MDD) and chemical reduction
for the fabrication of Ag/AgI/rGO photocatalytic films [28-31]. First,
uniform liquid thin films containing networks of Ag nanowires
(AgNWs) on glass slides were prepared by the MDD method, result-
ing in uniformly networked AgNWs film after solvent dried. Then,
GO was coated on the AgNWs by MDD, followed by treatment with
HI vapor to reduce GO and form the Ag/AgI complex. During the
HI treatment, Ag/AgI particles floated on the surface of the rGO
films because the surface energy of the glass substrate was signifi-
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cantly higher than that of rGO. The elemental compositions, crys-
tal structures, and photo responses of the prepared Ag/AgI/rGO
composite films were determined by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and UV-visible (UV-vis) spectros-
copy, respectively. Moreover, the photocatalytic activity of the Ag/
AgI/rGO heterogeneous films toward the degradation of MO in
water was evaluated.

EXPERIMENTAL

1. Fabrication of Ag/AgI/rGO Films
Heterogeneous Ag/AgI/rGO films were prepared by a two-step

process involving (1) MDD and (2) reduction. First, the glass depo-
sition plate and substrates (25×75 mm with plain ends, Fisher Sci-
entific) were piranha-cleaned (H2O2 : H2SO4=1 : 1) for 30 min to
increase their hydrophilicity and rinsed with deionized (DI) water.
A suspension of 0.5 wt% AgNWs in isopropanol (IPA) purchased
from Sigma Aldrich (Product No. 739448) was used as the Ag source;
the average diameter and length of the AgNWs was 115 nm and
20-50µm, respectively. Typically, 20µl of the AgNW solution was
injected between two glass slides, which were in contact with each
other at an angle of 30o, and the deposition plate was moved back
and forth using a motorized stage (AL1-1515-3S, Micro Motion
Technology, Valley Center, USA) at constant speed of 20 mm s−1.
In the MDD process, the deposition number (DN) is defined as the
number of back and forth movements in one cycle, and the num-
ber of coatings (NC) is defined as the number of repeating cycles
involving solution injection, back and forth motion, and drying.
For Ag NW deposition, DN and NC were set as 3 and 12, respec-
tively. After deposition, the AgNW films were annealed on a hot

plate at 250 oC for 20min to remove the polyvinylpyrrolidone (PVP)
layer on the AgNW surface. Then, GO dispersion solution (3.325
mg ml−1; SKU-HCGO-W-175, Graphene Supermarket) was coated
by the same process (NC=1 and DN=20) using 20µl for one cycle.
Next, the resultant AgNWs/GO films were reacted with acetic acid/
HI mixture (5 :2 volume ratio) vapor at 80 oC for 30-240min. Finally,
the obtained Ag/AgI/rGO heterogeneous photocatalyst films were
gently rinsed with DI water and ethanol solution to remove the
remaining HI.
2. Evaluation of Photocatalytic Activities of Ag/AgI/rGO Films

The photocatalytic activity of the prepared Ag/AgI/rGO films
toward MO degradation under visible light irradiation was investi-
gated. A 150 W halogen lamp (FOK-100W, Fiber Optic Korea) with
a 420 nm short wave cut-off filter (PSI Trading Co., Ltd.) was used
as the visible light source. The average light intensity falling on the
film surfaces was approximately 0.015 mW cm−2. The photocata-
lytic test bath was prepared using an aqueous suspension of MO
(0.02 g l−1 in 30 ml of DI water). For the measurements, the Ag/
AgI/rGO films were immersed in the test bath. Typically, before
light irradiation, the test bath with the film was kept in the dark-
room for 1 h to attain the adsorption-desorption equilibrium. Sub-
sequently, the MO concentration was determined by UV-vis-near
infrared (NIR) spectrophotometry during the photocatalytic activ-
ity test (Fig. S2).
3. Characterization

The field-emission SEM (FE-SEM) images, energy-dispersive X-
ray spectroscopy (EDS) maps, and overall atomic composition data
of the prepared Ag/AgI/rGO films were obtained using a Carl
Zeiss SIGMA instrument. In addition, the films were characterized
by UV-vis-NIR spectrophotometry (V-670, Jasco) and XRD (D8

Fig. 1. Schematic of Ag/AgI/rGO film fabrication.



2106 S. Jang et al.

December, 2019

Advance, Bruker AXS). Surface morphology of Ag/AgI/rGO films
was investigated by atomic force microscopy (NX-10 Complete,
Park systems). The surface atomic composition was determined by
X-ray photoelectron spectroscopy (XPS; K-Alpha+, Thermo Fisher).

RESULTS AND DISCUSSION

Ag/AgI/rGO films were prepared by a two-step method: depo-
sition of AgNWs and GO flakes by the MDD method, followed
by chemical reduction of the prepared Ag/GO film with HI vapor
(Fig. 1). First, the AgNW/IPA suspension was injected between the
deposition plate and the glass substrate, and because of capillary
force, a meniscus was formed. Then, the AgNW suspension was
dragged onto the substrate by moving the deposition plate back
and forth, thereby forming a liquid thin film containing AgNWs.
Subsequently, IPA was removed from the film to obtain a network
of AgNWs aligned in the coating direction because of shear stress
(Fig. 1(a)) [32]. The resultant film was annealed to remove the PVP
capping layer on the AgNWs. Next, GO was deposited on the
AgNWs by MDD (Fig. 1(b)). Then, the Ag/GO film was reacted
with HI/acetic acid vapor (2 : 5 volume ratio) for a specific time
(30, 120, or 240 min) to obtain a Ag/AgI/rGO film (Fig. 1(c) and
1(d)). The FE-SEM images in Fig. 2 reveal the morphology of the
Ag/AgI/rGO heterostructure films. Ag/AgI particles can be ob-
served on the surface of rGO. During reaction with HI vapor, Ag/
AgI heterogeneous particles translocate with the rGO sheets, which

cover the glass slide surface, to relieve the surface energy; the sur-
face energy of glass (105 mJ m−2) is much higher than that of rGO
(28.2 mJ m−2) [33]. As can be seen in Fig. 2(a)-(d), the Ag/AgI par-
ticle size decreases with increasing reaction time. In addition, the
surface density of the particles increases with the reduction time.
The morphology of Ag/AgI/rGO composite films was investigated
using AFM and summarized in Fig. S1. The overall thickness of
Ag/AgI/rGO composite film is 412±45 nm and the particle den-
sity increases as the reaction time with HI increases, correspond-
ing to the FE-SEM image in Fig. 2.

To confirm the formation of Ag/AgI heteroparticles on rGO, the
elemental composition of the prepared Ag/AgI/rGO composite
films was determined by EDS (Fig. 3). The results show that the
particles on the rGO surface are composed of Ag and I, indicating
the formation of Ag/AgI complex particles by reduction of AgNWs
with HI vapor. The Ag and I ratios of the particles for different

Fig. 2. FE-SEM images of (a), (e) Ag/GO film and Ag/AgI/rGO films with different reduction time. (b), (f) 30 min, (c), (g) 120 min, (d), (h)
240 min.

Fig. 3. SEM and corresponding EDS mapping images of the Ag/AgI/rGO film obtained by HI reduction for 120 min.

Table 1. Summary of elemental analysis results of Ag/AgI/rGO films
obtained by HI reduction for different times

Reduction time (min)
Atomic content (at%)
Ag I

030 70.90 29.10
120 70.26 29.74
240 61.56 38.44
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reduction times are summarized in Table 1. As the reduction time
increases from 30 min to 240 min, the atomic content of I increases
from 29.10% to 38.44%. Therefore, the amount of AgI in the Ag/
AgI heterogeneous particles on rGO increases with the reduction
time.

To further confirm the reduction of GO into rGO and conver-
sion of Ag into Ag/AgI heteroparticles after reaction with HI vapor,
XRD was performed on the Ag/AgI/rGO films (Fig. 4(a)). The
XRD patterns reveal the formation of both hexagonal β-AgI (22.3o

and 23.6o; JCPDS No. 85-0801) and cubic γ-AgI (39.2o and 46.3o,
No. 09-0399). The Ag-rich particles crystallized into γ-AgI, as pre-
viously reported [27]. As the reduction reaction progressed, the Ag
phase in the Ag/AgI heterogeneous particles gradually transformed
into the AgI phase. Thus, the relative intensity of the β-AgI peak
increased and that of the γ-AgI peak decreased. Although the broad
diffraction peak at 24o corresponding to rGO is observed, it is over-
shadowed by the AgI peak at the same position. Moreover, the GO
diffraction peak at 11.07o cannot be observed for the samples ob-
tained at higher reduction times, indicating the complete reduction
of GO into rGO.

To investigate the effect of reduction time on the photorespon-
sive characteristics of the prepared Ag/AgI/rGO films, UV-vis ab-
sorption spectroscopy analysis was performed (Fig. 4(b)). Wide-range
light absorption from 300 nm to 800 nm is observed for the sam-
ples, and the absorption at around 430 nm significantly increases

as the reaction time with HI vapor increases from 30 min to 240
min. Because the characteristic absorption of AgNWs occurs at
around 345 nm and that of AgI occurs in the range from 300 nm
to 500 nm, the wide-range absorption observed for the Ag/AgI/
rGO films (300 nm to 800 nm) is attributed to electromagnetic cou-
pling between the Ag and AgI particles [34]. With increasing reduc-
tion time, the number density of the Ag/AgI particles increases (as
confirmed by the FE-SEM images in Fig. 2), resulting in an enhance-
ment of electromagnetic coupling and SPR of the Ag/AgI particles.
Therefore, among the Ag/AgI/rGO films, the one obtained by reduc-
tion for 240 min absorbs the largest amount of visible light [35-37].

The photocatalytic activity of the Ag/AgI/rGO films obtained
by reduction for different times toward MO photocatalytic decom-
position was evaluated. The reaction kinetics of heterogeneous pho-
tocatalysts can be described by using Langmuir-Hinshelwood (LH)
models [38]. The typical reaction rate equation is given below:

(1)

where ki, L−H, Ki, and Ci are the apparent rate constant, sorption rate
constant, and reactant concentration, respectively. At a low reactant
concentration, Eq. (1) can be simplified to a first-order equation:

(2)

−  ri =  − 
dCi

dt
-------- = 

ki, L−HKiCi

1+ KiCi
------------------------

− 
dC
dt
------- = kC

Fig. 4. (a) XRD patterns of Ag/AgI/rGO films obtained by HI reduction for different times and (b) UV-vis absorption spectra.

Fig. 5. (a) AgI/Ag ratio of Ag/AgI/rGO composite in the surface, determined by XPS. (b) Rate constant (k) of MO degradation by Ag/AgI/
rGO films with different AgI/Ag ratio under visible light irradiation (λ>420 nm).
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The reaction rate constant k (min−1) can be obtained from the plot
of C/C0 versus time. The rate constant values for the Ag/AgI/rGO
films were calculated according to this simplified model (Fig. 5).
Among the Ag/AgI/rGO composite films, the one obtained after
reduction for 240 min exhibits the highest photocatalytic activity
with k=0.25×10−3 min−1, which is about five times larger than that
for the Ag/AgI/rGO film obtained after reduction for 30 min. To
investigate the operation stability, the rate constant of the Ag/AgI/
rGO composite films in the second reaction cycle was measured.
The rate constant of the second cycle is k=0.26×10−3 min−1, which
is almost the same as that from the first cycle. It was also con-
firmed that the composite film was highly stable even under vig-
orous agitation, such as shaking or washing (Fig. S4). Note that the
light intensity of the 150 W halogen lamp (0.015 mW cm−2) used in
this study is a hundred times lower than those of the light sources
used in previous studies; therefore, we believe that by increasing
the light intensity, higher photocatalytic reaction rates can be achieved
[39-41]. The good photocatalytic activity of the Ag/AgI/rGO films
is attributed to the efficient electron-hole pair separation by rGO.
The provisional mechanism for photocatalytic decomposition by
the Ag/AgI/rGO film is schematically shown in Fig. 6. Electron-
hole pairs are generated on Ag by SPR upon visible light absorp-
tion and the excited electrons are transferred to the conduction band
(CB) of AgI [23,42,43]. Then, the rGO, known as an effective elec-
tron acceptor, attracts the excited electrons from AgI, resulting in
suppressing recombination of the photo-induced electron-hole pairs
[23,44,45]. For comparison, we measured the photocatalytic activ-
ity of AgNW only, and Ag/AgI only films without rGO. None of
the samples shows any measurable photocatalytic activity under the
illumination condition of this study, which confirms the impor-
tance of rGO as an electron acceptor for high photocatalytic activ-
ity (Fig. S3). Subsequently, the excited electrons transferred to rGO
reduce O2 molecules to form superoxide anion radical, while the
holes remaining on Ag oxidize water molecules to form hydroxyl
radicals. Such highly reactive radicals formed by Ag/AgI/rGO com-
posite decompose MO dye molecules. Thus, upon illumination of
visible light, the Ag/AgI/rGO film photocatalytically decompose by
forming reactive radicals, where rGO plays an important role in

efficient electron-hole pair separation and the high photocatalytic
activity of the composite film [44,46,47].

CONCLUSION

Ag/AgI/rGO heterogeneous photocatalytic films were fabricated
by a two-step process involving MDD and chemical reduction. The
SEM, EDS, and XRD data for the films confirmed that HI treat-
ment of the AgNW/GO films prepared by MDD led to Ag/AgI
complexation and GO reduction. The as-obtained Ag/AgI/rGO films
exhibited efficient photocatalytic degradation of the organic dye
MO under visible light irradiation. The Ag/AgI/rGO film obtained
after HI reduction for 240 min exhibited an MO decomposition
rate 5.56 times higher than that of the film obtained after reduction
for 30 min, because of enhanced SPR of the Ag nanostructures.
The photocatalytic activity enhancement could be attributed to the
effective separation of photogenerated charge carriers, facilitated
by Ag/AgI/rGO bandgap matching. The Ag/AgI/rGO film fabri-
cation method developed in this study is facile, scalable, and inex-
pensive. We believe that the prepared Ag/AgI/rGO films are efficient
and recyclable photocatalytic platforms for water purification and
decontamination.
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Fig. S1. AFM images of Ag/AgI/rGO composite film with reduction time of (a) 30 min, (b) 120 min, and (c) 240 min.

Fig. S3. (a) Change of UV/Vis spectrum of the aqueous solution in presence of Ag/AgI/rGO 240 min film under visible light irradiation
(λ>420 nm). (b) Comparison of MO degradation between Ag/AgI/rGO composite and Ag/AgI composite without rGO.

Fig. S2. (a) Variation in the absorbance of MO with concentration and (b) calibration curve for MO at ca. 464 nm.
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Fig. S4. FE-SEM image of Ag/AgI/rGO film (a) after recycling test and (b) after 30 min washed with D. I. water at 100 rpm on orbital shaker.
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