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In this paper, the Ag-doped zinc oxide nanorods embedded

reduced graphene oxide (ZnO:Ag/rGO) nanocomposite was

synthesized for photocatalytic degradation of methyl orange

(MO) in the water. The microstructural results confirmed the

successful decoration of Ag-doped ZnO nanorods on rGO

matrix. The photocatalytic properties, including photocatalytic

degradation, charge transfer kinetics and photocurrent

generation, are systematically investigated using electrochemical

impedance spectroscopy (EIS), photocurrent transient response

(PCTR) and open circuit voltage decay (OCVD). The results of

photocatalytic dye degradation measurements indicated that

ZnO:Ag/rGO nanocomposite is more effective than pristine

ZnO to degrade the MO dye, and the degradation rate reached

40.6% in 30 min. The decomposition of MO with ZnO:Ag/rGO

nanostructure followed first-order reaction kinetics with a

reaction rate constant (Ka) of 0.01746 min21. The EIS, PCTR

and OCVD measurements revealed that the Ag doping and

incorporation of rGO could suppress the recombination

probability in ZnO by the separation of photo-generated

electron–hole pairs, which leads to the enhanced photocurrent

generation and photocatalytic activity. The photocurrent

density of ZnO:Ag/rGO, ZnO/rGO and pristine ZnO are 206,

121.4 and 88.8 nA cm22, respectively.
1. Introduction
In day-to-day life, water contamination is one of the serious issues

for humankind and the environment. Water contamination occurs
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due to many factors such as wastages from industries, including organic dyes, fertilizers, hydrocarbons,

pesticides (phenols and biphenyls), plasticizer, detergents, oils, greases, pharmaceuticals, proteins,

carbohydrates, organic pollutants [1]. The photocatalytic degradation process has been extensively

used for the degradation of organic dyes in the water. Owing to the excellent physical and chemical

properties, such as low toxicity, electrochemical stability, super oxidative capacity and wide band gap,

metal oxides are the most suitable candidates for the photodegradation [2]. Among them, ZnO is a

well-known abundant inorganic wide bandgap (3.37 eV) semiconductor and it is considered as one of

the most superior metal oxides, which is playing a vital role in many applications such as

photocatalytic activity, solar cells, gas sensors, electrochemical capacitors and batteries [3–6]. Owing

to the excellent physical and chemical properties, such as high electrochemical stability, super

oxidative capacity and low toxicity, ZnO is a promising material for the application of photocatalytic

activity. Therefore, among the other metal oxides, ZnO is the first and widely used material in

heterogeneous photocatalysis [7–10]. Although it has numerous advantages in the photocatalytic

process, the fast recombination of photo-excited charge carriers in ZnO hinders the photocurrent

generation and photocatalytic efficiency. To improve the electrical and optical properties for enhancing

the photocatalytic efficiency of ZnO, elite studies are going on the modification ZnO with metal [11]

and non-metal [12] additions. In a non-metal addition, graphene is a promising choice for the

researchers, because of its unique properties like high mobility (10 000 cm2 V21), [13] high electrical

conductivity (3.49 � 102 S cm21), [14] large surface area (2000 m2 g21) [15] and high thermal

conductivity (3000–5000 W m21 K21) [16]. Owing to these fascinating properties, graphene can be

used as an electron transporting medium in photocurrent and photocatalytic process [17]. As a result,

the incorporation of graphene with ZnO leads to improve the charge separation efficiency of metal

oxide for the benefit of enhanced photocurrent and photocatalytic activity. Herring et al. have prepared

the ZnO/rGO (GZ) nanocomposite for the application of photocatalytic dye degradation [18]. The

enhanced photocatalytic activity of ZnO/rGO is ascribed to the photo-generated electron transfer from

the conduction band ZnO to graphene. Ahmad et al. investigated the photocatalytic activity of ZnO/

graphene nanocomposite and they observed approx. 100% photocatalytic dye degradation efficiency

under the visible light irradiation for 90 min [19]. Subsequently, metal ion doping and metal

nanoparticle decoration are alternative choices for changing the electrical and optical properties of ZnO

[20]. Many researchers have extensively studied the photocatalytic activity of metal-modified ZnO and

nanoparticle-decorated ZnO [21]. However, the decoration of ZnO with metals has an excellent

influence on the photocatalytic activity [22]. Basically, the incorporation of metal in the crystal lattice

leads to the native defects and oxygen vacancies in ZnO due to the mismatch in the ionic radius

carrier concentration of dopant. These defects and oxygen vacancies act as the sub-band gap donor

sites, which also generate the photo electrons during the light illumination. Besides absorbing the light,

the defects and vacancies also act as the recombination centre for photo-induced electrons, which

improves the diffusion of photo-generated electrons in ZnO, thus facilitating the charge carrier

separation and thereby reducing the recombination rate [23]. In this context, Wang et al. have reported

that the photocatalytic activity of ZnO was enhanced due to silver doping. Reports say that the silver

can effectively trap the photo-generated electrons from ZnO [24]. Furthermore, Ghosh et al. opened the

path of doped ZnO with copper and made as a copper-doped ZnO nanowire for high photocatalytic

activity and they have observed quick relaxation time due to the fast trapping of photo-generated

electrons by the dopants [25]. Debasmita Sardar et al. synthesized ZnO/Ag with different ratios of Ag

and they observed a highest photo degradation of 56% for ZnO/Ag [26]. In this study, the Ag-doped

zinc oxide nanorods embedded reduced graphene oxide (ZnO:Ag/rGO) nanocomposite was

synthesized by hydrothermal method. The microstructural studies were carried out to analyse the

properties of Ag-doped ZnO nanorods on rGO matrix. The electrochemical properties, including the

photocatalytic activity, charge transfer kinetics, photocurrent generation, are systematically investigated

from photocatalytic degradation of methyl orange (MO) dye, electrochemical impedance spectroscopy

(EIS), photocurrent transient response (PCTR) and open circuit voltage decay (OCVD).
2. Material and methods
2.1. Chemicals
Graphite powder (200 mesh) was purchased from Alfa Aesar. ZnO, zinc acetate, silver nitrate and zinc

nitrate were procured from Sigma Aldrich.
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2.2. Synthesis of ZnO:Ag nanorods

The Ag-doped zinc oxide nanorod was prepared by hydrothermal method. To synthesize the Ag-doped

ZnO nanorods, the aqueous solution of 0.5 M zinc nitrate (Zn(NO3)2
.6H2O) and 0.05 M silver nitrate

(AgNO3) were mixed under constant stirring for 1 h at ambient temperature. To maintain the pH value

of 9.5, few drops of ammonium hydroxide were slowly added into the solution. The final solution was

then transferred into Teflon-lined autoclave followed by vigorous stirring (for 30 min). Thereafter, the

autoclave was sealed and heated up to 2008C for 6 h. The final product was washed several times with

ethanol and DI water and dried at 608C in a hot air oven overnight. The EDAX and SEM analyses were

conducted to study the elemental composition and morphology of synthesized samples.
urnal/rsos
R.Soc.open

sci.6:181764
2.3. Synthesis of ZnO:Ag/rGO nanocomposite
The GO was synthesized by modified Hummer’s method which is given in the electronic supplementary

material. The nanocomposite was prepared in such a way that a 100 mg of GO was initially dispersed

in 50 ml DI water under ultra-sonication for 20 min. The solution was constantly stirred for 1 h and

ZnO:Ag solution (20 mg/40 ml) was added dropwise. Thereafter, the final solution was vigorously

stirred and subsequently transferred to the Teflon-lined autoclave which was sealed and heated up to

4008C for 4 h. The final product was collected after the centrifugation at 4000 r.p.m. for 10 min, the

obtained product was repeatedly washed with ethanol and DI water and dried at 458C for 12 h.

The structural and micro-structural, electrochemical properties of the as-prepared nanocomposite

were investigated.
2.4. Characterization
The structural analysis of the samples was carried out by using powder X-ray diffractometer (PAN

analytical X’Pert PRO) equipped with X’Celerator position sensitive detector using Cu Ka radiation of

wavelength l ¼ 1.5401 Å. Microstructural analysis of the samples was characterized by using JEOL

(SEM and TEM). The UV–vis absorption spectra were obtained between 200 and 800 nm using

Shimadzu UV-1800 spectrophotometer, equipped with quartz cuvettes with optical path lengths of

1 cm. The Raman spectra of the samples were recorded by using EZ Raman-N-785 spectrometer.

The DC I–V characteristics of samples were analysed between 25 and þ5 V using a Keithley 2636B

source meter.
2.5. Photo-electrochemical measurements
To understand the charge transportation kinetics, photocurrent generation and recombination kinetics of

the samples, the electrochemical studies such as EIS, PCTR and OCVD measurements were carried out

by using Biologic VSP-300 electrochemical workstation with the standard three-electrode configuration

(working, reference and counter electrode). The photo anode was used as a working electrode and it

was prepared by coating the nanocomposite film (an active area of 1 cm2) on the FTO substrate (sheet

resistance ¼ 7 V sq21) using doctor blade technique and dried at 3008C for 30 min. The standard

calomel electrode and platinum wire are used as the reference and counter electrode, respectively. 0.1

M of Na2SO4 was used as an electrolytic medium for the electrochemical analysis. The electrochemical

impedance spectral (EIS) properties of the samples were analysed in the frequency range from

500 mHz to 1 MHz under dark and UV light irradiation (300 W mercury lamp). The PCTR

measurements were done under UV irradiation (300 W mercury lamp) with 5 min ON/OFF cycle at

an input voltage of 0.5 V. The OCVD characteristics were measured as a function of time in which the

voltage growth was monitored under UV irradiation for 60 s and then the voltage decay was recorded

in the dark for 90 s. The photocatalytic degradation activity of ZnO:Ag/rGO, ZnO/rGO and pristine

ZnO was monitored by measuring the percentage degradation of MO dye. The photocatalytic

solutions were prepared by using a photo-reactor, in which a 300 W mercury lamp was used as a UV

source. A 50 mg of photocatalyst was dispersed in 100 ml MO solution (10 mg l21). Prior to the

UV irradiation, the suspensions were sonicated for 15 min in the dark to maintain the adsorption–

desorption equilibrium. To achieve the homogeneity during the photocatalytic measurement, the

photo-reactor was placed on a magnetic stirrer in the dark. A 3 ml of suspension was taken out from

the photo-reactor at regular time intervals and then the absorption of MO was monitored under
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Figure 1. (a) XRD spectra of GO, rGO, ZnO/rGO and ZnO:Ag/rGO, (b) Raman spectra of GO, ZnO/rGO and ZnO:Ag/rGO.
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visible light (at l ¼ 480 nm) by using Shimadzu UV-1800 spectrophotometer. The percentage of

photocatalytic degradation was calculated from the following equation [27]:

%Degradation ¼ A0 � A
A0

� 100%:

where A0 is the absorbance of MO before UV irradiation.
3. Result and discussion
The X-ray diffraction spectra of ZnO:Ag/rGO, ZnO/rGO, rGO and GO are presented in figure 1a. The

characteristic diffraction peak of graphene oxide (GO) is observed at 11.38 corresponding to the d-spacing

of 0.76 nm, which is 2.3 times larger than the d-spacing of graphite (0.33 nm). The enlarged d-spacing of

GO originated from the intercalation of oxygen-containing functional groups (discussed and given in the

electronic supplementary material, §4) between the graphitic interlayers distance due to the strong

chemical oxidation treatment on graphite. After the oxidation, a very small fraction of unreacted

graphitic phases also presents in GO, it can be clearly observed at 42.58. The thermal reduction at

4008C on GO causes large inter-planar spacing due to the elimination of oxygen-containing functional

groups from the carbon interlayers. Therefore, the diffraction peak of GO shifted from 11.38 to 25.48.
Hence from the diffraction spectra of GO and rGO, the peak shifting towards lower angle reveals the

successful modification of sp2 (graphite) into sp3 (GO) hybridized carbon structure. But, the peak

shifting towards the higher angle confirms the transformation of GO into rGO. The diffraction peaks

of ZnO are observed in ZnO/rGO and ZnO:Ag/rGO as shown in figure 1a. All these peaks are

indexed to be the hexagonal Wurtzite structure of ZnO and agreed well with standard data sheet

(JCPDS-36-1451) [28]. Figure 1b shows the Raman spectra of ZnO:Ag/rGO, ZnO/rGO and GO. There

are two prominent peaks (G-band and D-band) for all samples. The G-band observed at 1592 cm21 is

attributed to the presence of sp2 hybridized carbon structure, whereas, the D-band at 1318 cm21

occurs from the localized vibrational modes of oxygen functionalities [29,30]. Raman spectroscopy is a

useful method to characterize the degree of structural disorder in the samples by correlating the

intensity ratio (ID/IG). Therefore, the degree of disorder is proportional to the ID/IG value. The

estimated ID/IG values from the Raman spectra are 1.10, 0.99 and 1.01 respectively, it reveals that the

structural disorder of ZnO:Ag/rGO and ZnO/rGO is less than that of GO. The reason behind this is

that during the thermal reduction on ZnO:Ag/rGO and ZnO/rGO, the regeneration occurs in the

carbon structure from sp3 into sp2, which leads to regaining the order in the carbon structure, as a

result the intensity of the D-band is less than that of G-band.

The typical TEM images of ZnO:Ag/rGO are shown in figure 2a–d. It is identified from the image in

low magnification (figure 2a,b) that the zinc oxide nanorods are randomly distributed on rGO sheets. The

ZnO nanorods are observed very clearly from the high magnification images (figure 2c,d ). It has been

estimated that the diameter and the length of the nanorods are about 50+5 and 300+10 nm,

respectively. TEM images reveal that the rGO sheets are with the ZnO nanorods. Furthermore, the

rGO sheets overlap with each other and form a three-dimensional network structure on ZnO
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nanorods, which provides a fast conducting path for the photo-induced electrons of ZnO nanorods. It

leads to the better charge transportation in the photocatalytic process. The random distribution of

ZnO nanoparticles on rGO is shown in electronic supplementary material, figure S2. The surface

morphologies of ZnO:Ag/rGO are shown in figure 3. The SEM morphology shows that the ZnO:Ag/

rGO forms a flake-like structure. The EDAX analysis confirms the presence of C, O, Zn and Ag in the

composite and also the weight percentage of Ag is 0.17%. But, the existence of Ag is not found in

ZnO/rGO as shown in electronic supplementary material, figure S2. The elemental mapping of

ZnO:Ag/rGO, as shown in figure 3, confirms the coexistence of all elements of the composite. BET

surface area of the samples was reordered under N2 adsorption/desorption isotherm at 77 K. The
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Table 1. BET parameters of ZnO:Ag/rGO, ZnO/rGO and ZnO.

samples surface area (m2 g21) pore volume (cm3 g21) pore size (nm)

ZnO 2.3605 0.0385 28.27

ZnO/rGO 26.625 0.0671 8.426

ZnO:Ag/rGO 15.750 0.0422 10.726
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corresponding isotherms and multi-point fit plots of ZnO, ZnO/rGO and ZnO:Ag/rGO are shown in

figure 4. The multi-point plot reveals that the ZnO, ZnO/rGO and ZnO:Ag/rGO samples have a

surface area of 2.3605, 26.625 and 15.750 m2 g21, respectively. As observed from the BET

measurement, the ZnO has very low surface area. However, the surface area increases after the

incorporation of rGO in ZnO and ZnO:Ag. The isotherm of all the samples resembles the type IV

(IUPAC) isotherm and it indicates that the materials are mesoporous. The cumulative pore volumes of

ZnO, ZnO/rGO and ZnO:Ag/rGO are 0.0385, 0.0671 and 0.0422 cm3 g21, respectively. The calculated

BET parameters of the samples are given in table 1.

The UV–vis absorption spectra of ZnO:Ag/rGO, ZnO/rGO and pristine ZnO are presented

in figure 5a. The optical absorption maxima of all samples are observed between 372 and 377 nm,

absorption maxima of ZnO:Ag/rGO (372 nm) and ZnO/rGO (375 nm) are blue-shifted

from the pristine ZnO (377 nm). The optical bandgap of the samples is calculated by using ahn ¼
A(hn 2 Eg)1/2, where a is an absorption coefficient, hn is the energy of the photon, A is a constant, Eg

is the bandgap energy of the sample and 1/2 defines the direct allowed transition. The optical

bandgap of the samples is calculated by the extrapolation of a linear portion in the plot of (ahn)2

against hn presented in Figure 5b. The calculated band gaps of ZnO:Ag/rGO, ZnO/rGO and pristine

ZnO are 2.97, 2.90 and 2.87 eV, respectively, indicating that the bandgap of ZnO is found to increase

after the addition of rGO. This is because the thermal reduction on ZnO/GO composite can create

oxygen vacancies in ZnO [31]. After Ag doping, a blue shift is observed in the bandgap energy of

ZnO/rGO, attributed to the phenomenon called Moss–Burstein effect caused by the generation of

electrons due to oxygen vacancies [32]. The substitution of Ag2þ in Zn2þ lattice, thus creating more

oxygen vacancies and high electron density due to electronegativity and variation in the ionic radius

between Ag2þ and Zn2þ. This high electron density leads to the lifting of Fermi level into the

conduction band of the semiconductor results in widening of the bandgap in ZnO. The similar effect

has been also reported for Al-doped ZnO, Sn-doped In2O3, Cd-doped In2O4 and Mg-doped ZnO

[32–35]. The electrochemical impedance spectroscopy (EIS) measurements were carried out to

understand the electrochemical charge transportation properties of ZnO:Ag/rGO, ZnO/rGO and
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pristine ZnO. The impedance spectra of the samples were recorded under both dark and UV irradiation,

the respective Nyquist plots and its equivalent circuit are shown in figure 6a. The equivalent circuit

consists of a series resistance (Rs), a charge transfers resistance (Rct), Warburg impedance (Zw) and a

capacitor. The electrochemical charge transfer resistances of ZnO:Ag/rGO, ZnO/rGO and pristine

ZnO calculated from the semicircle of the impedance curve in the high-frequency region are 0.17, 0.38

and 0.46 MV, respectively. As observed from figure 6a, the radius of the semicircle of the impedance

curve decreases in the order of ZnO . ZnO/rGO . ZnO:Ag/rGO. The smaller the Rct of the

ZnO:Ag/rGO leads to the better charge transportation at the interface between the working electrode

(photo anode) and electrolyte. As the presence of rGO and Ag in ZnO:Ag/rGO nanocomposite

promotes the mobility of charge carriers in the working electrode, the Ohmic resistance at the

interface between the working electrode and electrolyte is reduced. In addition, the series resistance

(Rs) determined from the Nyquist curve illustrates that the intrinsic conductivity of ZnO is enhanced

by the incorporation of rGO and Ag. Figure 6b,c represents the photo-dependent electrochemical

impedance spectra of ZnO/rGO and ZnO:Ag/rGO. The photo-dependent impedance spectra were

recorded under the illumination of UV light for 1 to 5 min. It is observed from figure 6b that the

radius of the semicircle of the impedance curve is reduced when the working electrode was exposed

by the UV irradiation and the corresponding Rct is decreasing from 0.3 (dark) to 0.16 MV (UV),

indicating that the presence of rGO is enhancing the mobility of photo-generated charge carrier in the

photo anode (ZnO/rGO). The opto-electrochemical property of ZnO/rGO is further improved by the

Ag doping. The representative impedance curves of ZnO:Ag/rGO (figure 6c) show the enhanced

optical response under the UV irradiation, in which the Rct value decreases from 0.18 (dark) to

0.09 MV (UV). It emphasize that the ZnO:Ag/rGO can be used as a promising material for the opto-

electrochemical applications. The DC I–V characteristics of ZnO:Ag/rGO, ZnO/rGO and pristine

ZnO films were analysed in the dark and UV with an interval of 5 min. The measurements were

recorded between the sweep voltage of 25 and þ5 V. Figure 6d represents that the photocurrent as

well as the dark current properties of ZnO is improved due to the addition of rGO and Ag doping

with ZnO. The current density of the ZnO:Ag/rGO is found to increase from 120 to 192 mA cm22

after the illumination of UV for 5 min. Besides light absorption, the photo-induced charge carrier

transportation and separation are also considered to be the key factors, which will enhance the

photocurrent generation and photocatalytic activity of ZnO. Many researchers also reported that the

photocurrent and photocatalytic performance of ZnO can be improved by the incorporation of rGO

[36–42]. Graphene is an excellent acceptor candidate due to its unique two-dimensional p-conjugation

structure [36], it results in the fast transportation of photo-induced charge carriers from semiconductor

into graphene via percolation mechanism [43]. But, photo-electrochemical properties can also be

enriched by the addition of impurities (such as Ag, Fe, Ni and Pd) into the intrinsic ZnO via the

doping process [27,44–46]. The charge carrier concentration of doped atom (impurity) and the

interstitial defects which are caused by the doped atom will improve the photocurrent and

photocatalytic efficiency of a semiconductor material. This study reveals that the photocurrent

properties of ZnO can be markedly improved by the addition of rGO and Ag doping.

To explore the photocurrent properties of ZnO:Ag/rGO photocatalyst, the PCTR measurement was

carried out by applying 0.5 V between working and reference electrodes and the current has been

measured between working and counter electrodes. For comparison, the similar measurement was
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also carried out on the ZnO/rGO and pristine ZnO. The photocurrent density of samples was measured

as a function of time under the illumination of UV light with ON/OFF cycles at an interval of 5 min. The

PCTR curves of ZnO:Ag/rGO, ZnO/rGO and pristine ZnO are shown in figure 7a. As observed from

figure 7a, the photocurrent response rapidly increased and reached the saturation point once the light

is switched ON. It can be clearly seen that the photocurrent response of ZnO/rGO is increased due to

the addition of rGO; this result agreed well with previous works [39]. Significantly, the ZnO:Ag/rGO

shows superior photocurrent generation, compared to ZnO/rGO and pristine ZnO, indicating that the

photo-conversion efficiency of ZnO/rGO is further improved after Ag doping. The excess carrier

concentration, owing to the ionization of donor (Ag), leads to an increase in the n-type conductivity

as well as photocurrent density of ZnO/rGO. In addition to that, the lattice defects caused by the

dopant ions are also contributing to the photocurrent generation [27,46]. The photocurrent density of

ZnO:Ag/rGO is 206 nA cm22, which is approximately 2.3 times higher than that of pristine ZnO. This

enhancement in the photocurrent density of ZnO:Ag/rGO reveals that the photo-generated charge

carrier separation efficiency of the sample is promoted after Ag doping along with the addition of

rGO, resulting in a decrease in its recombination probability. The evidence for the low recombination

property of ZnO:Ag/rGO is confirmed from the OCVD measurement (figure 7c). In a semiconductor,

the photo-induced electrons in the conduction band and holes in the valence band are developing a

potential (open circuit voltage). This potential growth occurs due to the excitation of charge carriers,

whereas the potential drop occurs due to the recombination of photo-induced charge carriers.

Therefore, the magnitude of the potential drop is proportional to the lifetime of the photo-generated

charge carriers in the semiconductor. Compared to pristine ZnO and ZnO/rGO, the ZnO:Ag/rGO is

displaying a lower potential drop (DV ¼ Vgrowth 2 Vdecay) (23.63 mV). It represents that the photo-

induced charge carriers in ZnO are quickly trapped by rGO, which leads to the minimization of

potential drop via reducing the carrier recombination rate and thereby increasing the lifetime of

photo-induced charge carriers [47,48]. The improved lifetime of photo-generated charge carrier in

ZnO:Ag/rGO is calculated from the time-correlated single photon count (TCSPC) measurement. As

observed from figure 7b, the excited carrier lifetime of ZnO/rGO is found to increase up to 0.168 ns



(a) (b)

(c)

400

200 400 600 800 1000 1200 1400

0

100

200

300
J 

(n
A

 c
m

–2
)

time (s)

ZnO ZnO/rGO  ZnO:Ag/rGO

0 20 40 60 80 100

co
un

ts
 (

ar
b.

 u
ni

ts
)

decay time (ns)

ZnO
ZnO/rGO
ZnO:Ag/rGO

t = 0.168 ns

t = 0.097 ns

t = 0.018 ns

0 50 100 150

–18

0

18

36

–24

–12

0

12

–69

–46

–23

0

time (s)

 ZnO:Ag/Agop
en

 c
ir

cu
it 

vo
lta

ge
 (

m
V

)

 ZnO/rGO

 ZnO

growth decay

Figure 7. (a) PCTR, (b) TCSPC and (c) OCVD curves of ZnO:Ag/rGO, ZnO/rGO and ZnO.

royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.6:181764
9

after Ag doping. On the pristine ZnO, the photo-generated charge carriers would undergo fast

recombination, thus hindering the electron transfer from anode to cathode, which results in less

photocurrent generation. The high potential drop (DV ¼ 225.1 mV) in the open circuit voltage of

pristine ZnO also confirms its fast recombination behaviour. As presented in figure 7a, the dark

current density (current density in the absence of light) of ZnO:Ag/rGO is found to be 133 nA cm22,

which is approximately 65 times higher than that of pristine ZnO and approximately two times than

that of ZnO/rGO, thus indicating that the donor impurity (Ag) and the presence of rGO has

effectively changed the carrier concentration in ZnO and thereby increasing its electrical conductivity.

From PCTR and OCVD measurements, the calculated values of ZnO:Ag/rGO, ZnO/rGO and pristine

ZnO are shown in table 2. The average lifetime (ktl ¼ Si Aiti) of photo-induced charge carrier in

ZnO:Ag/rGO, ZnO/rGO and pristine ZnO is calculated by using third-order exponential decay fit

and the corresponding values are also shown in table 2.

The photocatalytic activity of ZnO:Ag/rGO, ZnO/rGO and pristine ZnO was evaluated by the

degradation of MO under UV irradiation. The UV absorbance spectra of the photocatalysts (ZnO,

ZnO/rGO and ZnO:Ag/rGO) are given in the electronic supplementary material, figure S4. The

normalized changes in the concentration (C/C0) of MO during photodegradation are proportional to

the normalized maximum absorbance (A/A0). As represented from figure 8a, after UV irradiation for

30 min, the degradation of MO without photocatalysts (blank) remains unchanged. The ZnO:Ag/rGO

shows a remarkable enhancement in photodegradation of MO compared with ZnO/rGO and pristine

ZnO, which took only 30 min to degrade 40.6% of MO. But, the ZnO/rGO and pristine ZnO could

degrade only 25.2% and 17.3% of MO in the same interval. This faster degradation rate of MO under

UV irradiation using ZnO:Ag/rGO is attributed to the increase in the charge density and then the
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defect sites which are caused by Ag doping, leading to an enhanced optical absorption and carrier

generation. In addition to that, the presence of rGO in the nanocomposite makes a three-dimensional

conducting network on the Ag-doped ZnO nanorods, which plays a vital role in the transportation of

photo-induced charge carrier.

Therefore, the addition of rGO and Ag induced shallow donor and acceptor states which act as an

electron or hole trap and thereby reduce the carrier recombination in ZnO. Hence, the photo-

generated electrons are involved in a reaction with O2 and form radicals such as †O2
2, †OH for the

degradation of MO. But holes in the valence band of ZnO can take part in the redox reactions in

photocatalytic process, as shown in the schematic diagram (figure 8d ). The logarithmic plot over time

of ZnO:Ag/rGO, ZnO/rGO and pristine ZnO along with corresponding linear fittings are shown in

figure 8b. The correlation coefficient (R2) of ZnO:Ag/rGO, ZnO/rGO and pristine ZnO is determined

and the values are 0.907, 0.914, 0.912, respectively, which are close to 1. It indicates that the

decomposition process of MO with ZnO:Ag/rGO, ZnO/rGO and pristine ZnO follows first-order

reaction kinetics (ln(C0/C ) ¼ Kat þ b), where Ka defines the reaction rate constant. The photocatalytic

activity can be estimated through kinetic rate constants of MO degradation. The obtained results

(figure 8b,c, inset) show that the photocatalytic degradation rate of ZnO:Ag/rGO is found to be

0.01746 min21, which is 2.7 times higher than reaction rate of pristine ZnO, suggesting that the

recombination probability of excited charge carrier in ZnO is suppressed by the incorporation of Ag

and rGO, which results in the improvement of photocatalytic efficiency. These results are in good

agreement with transient photocurrent response of ZnO:Ag/rGO, ZnO/rGO and pristine ZnO.
4. Conclusion
The facile hydrothermal method was employed for the successful preparation of ZnO:Ag/rGO

nanocomposites. The photo-electrochemical properties of ZnO:Ag/rGO were systematically

investigated and results were compared with pristine ZnO. The Ag-doped ZnO nanorods embedded

rGO composite is found to exhibit remarkable photo-electrochemical properties compared with that of
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pristine ZnO. The ZnO:Ag/rGO showed a high photocurrent generation of 206 nA cm22 and excellent

MO degradation (40.6%) under UV irradiation with the high reaction rate of 0.01746 min21, because

the addition of Ag and rGO improved the lifetime of photo-generated charge carrier by separating

the electron–hole pair, which suppressed the carrier recombination in ZnO. The evidence for the

enhanced carrier lifetime, carrier transportation and recombination was verified by time-correlated

single photon counting, electrochemical impedance spectroscopic and OCVD measurements. The

present study reveals that the ZnO:Ag/rGO nanocomposite can be used as an excellent photo anode

for the electrochemical applications.
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Enhanced photocatalytic activity of Fe doped
ZnO nanocrystals under sunlight irradiation.
Optik-Int. J. Light Electron Optics 134, 88 – 98.
(doi:10.1016/j.ijleo.2017.01.025)

7. Chen Y, Wang L, Wang W, Cao M. 2017
Synthesis of Se-doped ZnO nanoplates with
enhanced photoelectrochemical and
photocatalytic properties. Mater. Chem. Phys.
199, 416 – 423. (doi:10.1016/j.matchemphys.
2017.07.036)

8. Liu W et al. 2018 Photocatalytic composite of a
floating BiOBr@graphene oxide@melamine
foam for efficient removal of organics.
ChemCatChem 10, 2394 – 2400. (doi:10.1002/
cctc.201800140)

9. Wu M, Gu L, Wang Q, Wang C, Zhang H. 2018
Interfacial assembly of robust TiO2 nanosheets
onto silica-modified reduced graphene oxide for
highly efficient degradation of organic dyes.
ChemNanoMat 4, 387 – 393. (doi:10.1002/cnma.
201700369)

10. Jiang Y, Liu D, Yang Y, Xu R, Zhang T, Sheng K,
Song H. 2016 Photoelectrochemical detection of
alpha-fetoprotein based on ZnO inverse opals
structure electrodes modified by Ag2S
nanoparticles. Sci. Rep. 6, 38400. (doi:10.1038/
srep38400)

11. Georgekutty R, Seery MK, Pillai SC. 2008 A
highly efficient Ag-ZnO photocatalyst: synthesis,
properties, and mechanism. J. Phys.
Chem. C 112, 13 563 – 13 570. (doi:10.1021/
jp802729a)

12. Yu W, Zhang J, Peng T. 2016 New insight into
the enhanced photocatalytic activity of N-, C-
and S-doped ZnO photocatalysts. Appl. Catal. B
181, 220 – 227. (doi:10.1016/j.apcatb.2015.
07.031)

13. Novoselov KS, Geim AK, Morozov SV, Jiang D,
Zhang Y, Dubonos SV, Grigorieva IV, Firsov AA,
2004 Electric field effect in atomically thin
carbon films. Science 306, 666 – 669. (doi:10.
1126/science.1102896)

14. Gao Y, Hou F, Hu S, Wu B, Wang Y, Zhang H,
Jiang B, Fu H. 2018 Graphene quantum-dot-
modified hexagonal tubular carbon nitride for
visible-light photocatalytic hydrogen evolution.
ChemCatChem 10, 1330 – 1335. (doi:10.1002/
cctc.201701823)

15. Stoller MD, Park S, Zhu Y, An J, Ruoff RS. 2008
Graphene-based ultracapacitors. Nano Lett. 8,
3498 – 3502. (doi:10.1021/nl802558y)

16. Adnan MAM, Julkapli NM, Hamid SBA. 2016
Review on ZnO hybrid photocatalyst: impact on
photocatalytic activities of water pollutant
degradation. Rev. Inorgan. Chem. 36, 77 – 104.
17. Xiang Q, Yu J, Jaroniec M. 2012 Graphene-based
semiconductor photocatalysts. Chem. Soc. Rev.
41, 782 – 796. (doi:10.1039/C1CS15172J)

18. Herring NP, Almahoudi SH, Olson CR,
El-Shall MS. 2012 Enhanced photocatalytic
activity of ZnO – graphene nanocomposites
prepared by microwave synthesis.
J. Nanopart. Res. 14, 1277. (doi:10.1007/
s11051-012-1277-7)

19. Ahmad M, Ahmed E, Hong Z, Xu J, Khalid N,
Elhissi A, Ahmed W. 2013 A facile one-step
approach to synthesizing ZnO/graphene
composites for enhanced degradation of
methylene blue under visible light. Appl. Surf.
Sci. 274, 273 – 281. (doi:10.1016/j.apsusc.2013.
03.035)

20. Hsu M-H, Chang C-J. 2014 Ag-doped ZnO
nanorods coated metal wire meshes as
hierarchical photocatalysts with high visible-
light driven photoactivity and photostability.
J. Hazard. Mater. 278, 444 – 453. (doi:10.1016/j.
jhazmat.2014.06.038)

21. Liu W, Liu Y-Y, Do J-S, Li J. 2016 Highly
sensitive room temperature ammonia gas
sensor based on Ir-doped Pt porous ceramic
electrodes. Appl. Surf. Sci. 390, 929 – 935.
(doi:10.1016/j.apsusc.2016.08.121)

22. Cai A, Wang X, Qi Y, Ma Z. 2017 Hierarchical
ZnO/S,N:GQD composites: biotemplated
synthesis and enhanced visible-light-driven
photocatalytic activity. Appl. Surf. Sci. 391,
484 – 490. (doi:10.1016/j.apsusc.2016.06.113)

23. Deng Q, Duan X, Ng DH, Tang H, Yang Y, Kong
M, Wu Z, Cai W, Wang G. 2012 Ag nanoparticle
decorated nanoporous ZnO microrods and their
enhanced photocatalytic activities. ACS Appl.
Mater. Interfaces 4, 6030 – 6037. (doi:10.1021/
am301682g)

24. Wang H, Liu X, Wang S, Li L. 2018 Dual templating
fabrication of hierarchical porous three-
dimensional ZnO/carbon nanocomposites for
enhanced photocatalytic and photoelectrochemical

http://dx.doi.org/10.1016/j.apsusc.2018.04.045
http://dx.doi.org/10.1016/j.apsusc.2018.04.045
http://dx.doi.org/10.1016/j.jphotochemrev.2005.09.001
http://dx.doi.org/10.1016/j.jphotochemrev.2005.09.001
http://dx.doi.org/10.1016/j.materresbull.2017.08.019
http://dx.doi.org/10.1016/j.materresbull.2017.08.019
http://dx.doi.org/10.1016/j.solmat.2017.09.042
http://dx.doi.org/10.1016/j.solmat.2017.09.042
http://dx.doi.org/10.1016/j.toxrep.2015.02.004
http://dx.doi.org/10.1016/j.ijleo.2017.01.025
http://dx.doi.org/10.1016/j.matchemphys.2017.07.036
http://dx.doi.org/10.1016/j.matchemphys.2017.07.036
http://dx.doi.org/10.1002/cctc.201800140
http://dx.doi.org/10.1002/cctc.201800140
http://dx.doi.org/10.1002/cnma.201700369
http://dx.doi.org/10.1002/cnma.201700369
http://dx.doi.org/10.1038/srep38400
http://dx.doi.org/10.1038/srep38400
http://dx.doi.org/10.1021/jp802729a
http://dx.doi.org/10.1021/jp802729a
http://dx.doi.org/10.1016/j.apcatb.2015.07.031
http://dx.doi.org/10.1016/j.apcatb.2015.07.031
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1002/cctc.201701823
http://dx.doi.org/10.1002/cctc.201701823
http://dx.doi.org/10.1021/nl802558y
http://dx.doi.org/10.1039/C1CS15172J
http://dx.doi.org/10.1007/s11051-012-1277-7
http://dx.doi.org/10.1007/s11051-012-1277-7
http://dx.doi.org/10.1016/j.apsusc.2013.03.035
http://dx.doi.org/10.1016/j.apsusc.2013.03.035
http://dx.doi.org/10.1016/j.jhazmat.2014.06.038
http://dx.doi.org/10.1016/j.jhazmat.2014.06.038
http://dx.doi.org/10.1016/j.apsusc.2016.08.121
http://dx.doi.org/10.1016/j.apsusc.2016.06.113
http://dx.doi.org/10.1021/am301682g
http://dx.doi.org/10.1021/am301682g


royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.6:181764
13
activity. Appl. Catal. B 222, 209 – 218. (doi:10.

1016/j.apcatb.2017.10.012)
25. Ghosh S et al. 2017 Synthesis of copper doped

zinc oxide nanowires with enhanced ultraviolet
photoresponse behavior. IOP Conf. Ser.: Mater.
Sci. Eng. 178, 012021. (doi:10.1088/1757-899X/
178/1/012021).

26. Sardar D, Maity J, Ghosalya MK, Gopinath CS,
Bala T. 2017 Facile synthesis of ZnO – Ag
nanocomposite and its photocatalytic activity.
Mater. Res. Exp. 4, 055011. (doi:10.1088/2053-
1591/aa6df1)

27. Dinesh V, Biji P, Ashok A, Dhara S, Kamruddin
M, Tyagi A, Raj B. 2014 Plasmon-mediated,
highly enhanced photocatalytic degradation of
industrial textile dyes using hybrid ZnO@Ag
core – shell nanorods. RSC Adv. 4,
58 930 – 58 940. (doi:10.1039/C4RA09405K)

28. Jeyavelan M, Ramesh A, Kannan RR, Sonia T,
Rugunandhiri K, Hudson MSL. 2017 Facile
synthesis of uniformly dispersed ZnO
nanoparticles on a polystyrene/rGO matrix and
its superior electrical conductivity and
photocurrent generation. RSC Adv. 7,
31 272 – 31 280. (doi:10.1039/C7RA04361A)

29. Karmakar K, Sarkar A, Mandal K, Khan GG. 2018
Investigating the role of oxygen vacancies and
lattice strain defects on the enhanced
photoelectrochemical property of alkali metal
(Li, Na, and K) doped ZnO nanorod
photoanodes. ChemElectroChem 5, 1147 – 1152.
(doi:10.1002/celc.201800097)

30. Khurshid F, Jeyavelan M, Takahashi K, Hudson
MSL, Nagarajan S. 2018 Aryl fluoride
functionalized graphene oxides for excellent
room temperature ammonia sensitivity/
selectivity. RSC Adv. 8, 20 440 – 20 449. (doi:10.
1039/C8RA01818A)

31. Kavitha M, Gopinath P, John H. 2015 Reduced
graphene oxide – ZnO self-assembled films:
tailoring the visible light photoconductivity by
the intrinsic defect states in ZnO. Phys. Chem.
Chem. Phys. 17, 14 647 – 14 655. (doi:10.1039/
C5CP01318F)
32. Sernelius BE, Berggren K-F, Jin Z-C, Hamberg I,
Granqvist C. 1988 Band-gap tailoring of ZnO by
means of heavy Al doping. Phys. Rev. B 37,
10244. (doi:10.1103/PhysRevB.37.10244)

33. Vink T, Overwijk M, Walrave W. 1996 The active
dopant concentration in ion implanted indium
tin oxide thin films. J. Appl. Phys. 80,
3734 – 3738. (doi:10.1063/1.363324)

34. Sheng-rui J, Dong-liang P. 1993 Studies on
infrared and photoluminescence properties of
CdIn2O4 films deposited by rf reactive
sputtering. Acta Phys. Sin. (Overseas Ed.) 2, 464.
(doi:10.1088/1004-423X/2/6/008)

35. Etacheri V, Roshan R, Kumar V. 2012 Mg-doped
ZnO nanoparticles for efficient sunlight-driven
photocatalysis. ACS Appl. Mater. Interfaces 4,
2717 – 2725. (doi:10.1021/am300359h)

36. Liu X, Pan L, Zhao Q, Lv T, Zhu G, Chen T, Lu T,
Sun Z, Sun C. 2012 UV-assisted photocatalytic
synthesis of ZnO – reduced graphene oxide
composites with enhanced photocatalytic
activity in reduction of Cr(VI). Chem. Eng. J.
183, 238 – 243. (doi:10.1016/j.cej.2011.12.068)

37. Luo Q-P, Yu X-Y, Lei B-X, Chen H-Y, Kuang D-B,
Su C-Y. 2012 Reduced graphene oxide-
hierarchical ZnO hollow sphere composites with
enhanced photocurrent and photocatalytic
activity. J. Phys. Chem. C 116, 8111 – 8117.
(doi:10.1021/jp2113329)

38. Yousefi R, Beheshtian J, Seyed-Talebi SM, Azimi
H, Jamali-Sheini F. 2018 Experimental and
theoretical study of enhanced photocatalytic
activity of Mg-doped ZnO NPs and ZnO/rGO
nanocomposites. Chemistry – Asian J. 13,
194 – 203. (doi:10.1002/asia.201701423)

39. Yu X, Li Z, Dang K, Zhang Z, Gao L, Duan L,
Jiang Z, Fan J, Zhao P. 2018 Enhanced
photocatalytic activity of Ag – ZnO/RGO
nanocomposites for removal of methylene blue.
J. Mater. Sci. Mater. Electron. 29, 8729 – 8737.
(doi:10.1007/s10854-018-8889-3)

40. Moqbel RA, Gondal MA, Qahtan TF, Dastageer
MA. 2018 Pulsed laser synthesis in liquid of
efficient visible-light-active ZnO/rGO
nanocomposites for improved photo-catalytic
activity. Mater. Res. Exp. 5, 035050. (doi:10.
1088/2053-1591/aab6ec)

41. Marsden A, Papageorgiou D, Valles C, Liscio A,
Palermo V, Bissett MA, Young RJ, Kinloch I.
2018 Electrical percolation in graphene –
polymer composites. 2D Materials 5, 032003.
(doi:10.1088/2053-1583/aac055)

42. Qi K, Cheng B, Yu J, Ho W. 2017 Review on the
improvement of the photocatalytic and
antibacterial activities of ZnO. J. Alloys Compd.
727, 792 – 820. (doi:10.1016/j.jallcom.2017.08.
142)

43. Zhang D, Zhao Y, Chen L. 2018 Fabrication and
characterization of amino-grafted graphene
oxide modified ZnO with high photocatalytic
activity. Appl. Surf. Sci. 458, 638 – 647. (doi:10.
1016/j.apsusc.2018.07.053)

44. Saravanakumar B, Mohan R, Thiyagarajan K,
Kim S-J. 2013 Investigation of UV
photoresponse property of Al, N co-doped ZnO
film. J. Alloys Compd. 580, 538 – 543. (doi:10.
1016/j.jallcom.2013.05.014)

45. Ameen S, Akhtar MS, Seo H-K, Kim YS, Shin HS.
2012 Influence of Sn doping on ZnO
nanostructures from nanoparticles to spindle
shape and their photoelectrochemical properties
for dye sensitized solar cells. Chem. Eng. J. 187,
351 – 356. (doi:10.1016/j.cej.2012.01.097)

46. Wang W, Ai T, Yu Q. 2017 Electrical and
photocatalytic properties of boron-doped ZnO
nanostructure grown on PET – ITO flexible
substrates by hydrothermal method. Sci. Rep. 7,
42615. (doi:10.1038/srep42615)

47. Habba YG, Capochichi-Gnambodoe M, Leprince-
Wang Y. 2017 Enhanced photocatalytic activity
of iron-doped ZnO nanowires for water
purification. Appl. Sci. 7, 1185. (doi:10.3390/
app7111185)

48. Khurshid F, Jeyavelan M, Hudson MSL,
Nagarajan S. 2018 Organic semiconductor/
graphene oxide composites as a photo-anode
for photo-electrochemical applications. RSC Adv.
8, 35 959 – 35 965. (doi:10.1039/C8RA06546B)

http://dx.doi.org/10.1016/j.apcatb.2017.10.012
http://dx.doi.org/10.1016/j.apcatb.2017.10.012
http://dx.doi.org/10.1088/1757-899X/178/1/012021
http://dx.doi.org/10.1088/1757-899X/178/1/012021
http://dx.doi.org/10.1088/2053-1591/aa6df1
http://dx.doi.org/10.1088/2053-1591/aa6df1
http://dx.doi.org/10.1039/C4RA09405K
http://dx.doi.org/10.1039/C7RA04361A
http://dx.doi.org/10.1002/celc.201800097
http://dx.doi.org/10.1039/C8RA01818A
http://dx.doi.org/10.1039/C8RA01818A
http://dx.doi.org/10.1039/C5CP01318F
http://dx.doi.org/10.1039/C5CP01318F
http://dx.doi.org/10.1103/PhysRevB.37.10244
http://dx.doi.org/10.1063/1.363324
http://dx.doi.org/10.1088/1004-423X/2/6/008
http://dx.doi.org/10.1021/am300359h
http://dx.doi.org/10.1016/j.cej.2011.12.068
http://dx.doi.org/10.1021/jp2113329
http://dx.doi.org/10.1002/asia.201701423
http://dx.doi.org/10.1007/s10854-018-8889-3
http://dx.doi.org/10.1088/2053-1591/aab6ec
http://dx.doi.org/10.1088/2053-1591/aab6ec
http://dx.doi.org/10.1088/2053-1583/aac055
http://dx.doi.org/10.1016/j.jallcom.2017.08.142
http://dx.doi.org/10.1016/j.jallcom.2017.08.142
http://dx.doi.org/10.1016/j.apsusc.2018.07.053
http://dx.doi.org/10.1016/j.apsusc.2018.07.053
http://dx.doi.org/10.1016/j.jallcom.2013.05.014
http://dx.doi.org/10.1016/j.jallcom.2013.05.014
http://dx.doi.org/10.1016/j.cej.2012.01.097
http://dx.doi.org/10.1038/srep42615
http://dx.doi.org/10.3390/app7111185
http://dx.doi.org/10.3390/app7111185
http://dx.doi.org/10.1039/C8RA06546B

	Ag-doped ZnO nanorods embedded reduced graphene oxide nanocomposite for photo-electrochemical applications
	Introduction
	Material and methods
	Chemicals
	Synthesis of ZnO:Ag nanorods
	Synthesis of ZnO:Ag/rGO nanocomposite
	Characterization
	Photo-electrochemical measurements

	Result and discussion
	Conclusion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


