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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
Keshab Karmakar,[a] Ayan Sarkar,[b] Kalyan Mandal,[a] and Gobinda Gopal Khan*[c]

This work demonstrates the significance of defect engineering

in tuning the visible-light-driven photoelectrochemical property

of alkali metal (Li, Na, and K) doped ZnO nanorods. The large

concentration of oxygen vacancies introduced into the sub-

bandgap, because of alkali metal doping, serve as the light-

absorbing donor sites and also photoelectron recombination

centers, resulting in the enhanced photocurrent and hole

separation in the valance band. The lattice strain developed in

the nanorods, owing to doping, contributes to the easy electron

transportation and mobility. Defect engineering also tunes the

electronic structure of photoanodes, resulting in bandgap

modification and band edge engineering, boosting charge-

carrier migration and reduced electron�hole pair recombina-

tion for enhanced oxygen evolution.

1. Introduction

Generation of solar fuels and direct conversion of solar energy

into electricity by photoelectrochemical (PEC) cell are the

remarkable green approaches to harvest renewable energy.[1,2]

The naturally abundant metal oxide semiconductors have

shown immense potential for energy conversion in PEC cell.

Among various oxide semiconductors, ZnO has been exten-

sively investigated as photoanode for PEC water splitting

because of its favorable band-edge positions, superior chemical

and thermal stability, relatively higher exciton binding energy

of ~60 meV which is higher than the room temperature

thermal energy (kT), non-toxicity and low cost.[3–11] Still, the

overall photoconversion efficiency of ZnO is considerably

inadequate because of its large band gap energy, poor visible

light absorption, low carrier separation efficiency, higher

recombination rate of the photogenerated electron-hole pairs

and sluggish carrier transport.[5,8,12–15] Proper defect engineering

can provide a suitable solution to overcome these limitations.

Recently, tuning of oxygen-vacancy defects present in various

oxide semiconductors like In2O3, Fe2O3, BiVO4, WO3 and TiO2

have been found to have a dominating role in enhancing their

photoelectrochemical properties.[16–21] Oxygen-vacancies in ox-

ides, reportedly improve the solar light harvesting efficiency

through narrowing the bandgap and enhancing the electron

conductivity.[16,18,20,22] The surface oxygen-vacancies present

within the bandgap can also contribute in photocurrent,

providing photogenerated carriers to the conduction band

under illumination[4,21,23–25] and also increase the carrier lifetime

serving as the active sites for electron trapping to improve the

carrier separation and transportation.[16,17,20,26,27] Furthermore, it

is also reported that the introduction of lattice strain defects in

oxides matrix can tune their electronic structure, favoring fast

charge/ion transportation and mobility.[28] Therefore, it is

obvious that the defect engineering has a crucial role in

tailoring the PEC property of oxides.

In this backdrop, key focus of this work is to investigate the

role of oxygen-vacancies and lattice strain defects on the

improved photoelectrochemical properties of the alkali metal

(Li, Na and K) doped ZnO NRs . It has already been reported by

our group that the group-IA alkali metals such as Li, Na and K

effectively create sub-bandgap defect sates in ZnO and their

solubility in ZnO host lattice varies significantly with their ionic

radii.[29] The density functional theory (DFT) study also indicates

that the electronic properties of ZnO nanotubes are highly

sensitive to the group-IA alkali metal doping and it increases

the work function of ZnO nanotubes.[30] Hence, various intrinsic

properties of ZnO, such as electronic, optoelectronic and

magnetic properties, which depend on the defect states, can

be easily manipulated by the proper doping of these alkali

metals. Although the defect mediated physical and chemical

properties of ZnO have been studied for a long time, still the

role of oxygen-vacancies on its photoelectrochemical properties

have not been investigated properly, to the best of our

knowledge. Recently, it has been reported that the incorpo-

ration of lower valance ions replacing Zn ions introduces holes

in ZnO matrix and therefore, oxygen vacancies are formed
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spontaneously leaving two electrons to compensate the hole

formation.[31–37] Following this, here monovalent alkali metal

doped 1D ZnO NRs are fabricated by easy, scalable and

economic wet chemical route, expecting tuning of the oxygen-

vacancies in ZnO. Moreover, the lattice strain developed in ZnO

because of the dopants is also expected to modify the

electronic structure of the material. Here, the as prepared

ultrathin 1D nanostructures also provide large surface area for

enhanced light absorption because of light scattering by

nanostructures resulting in the enhanced PEC reactions. More-

over, the NRs are also expected to offer large surface oxygen-

vacancies and short diffusion path for the photogenerated

holes for water oxidation.[21] Here, alkali metal doping is found

to increase the oxygen-vacancies in ZnO NRs remarkably; where

the oxygen-vacancies act as absorption sites for the visible

light, boosting the photo-induced carrier generation and

enhanced PEC property. Furthermore, oxygen-vacancies also

serve as the active sites for charge trapping, preventing

recombination of the photogenerated electron-hole pairs in the

valance band; oxygen-vacancies result in an enhanced hole

migration for the water oxidation. This study demonstrates that

incorporation of the alkali metal ions also promote the

interfacial band bending of the electrodes resulting in the

efficient electron transportation required for the enhanced

photoelectrochemical activity.

2. Results and Discussion

The top view FESEM micrographs of the dense arrays of pristine

ZnO, Li-ZnO, Na-ZnO and K-ZnO NRs grown on the FTO

substrate by a facile two-step aqueous chemical process are

shown in Figure 1a, b, c and d, respectively. All the as prepared

NRs have hexagonal structure with diameter varying in

between ~80–90 nm. However, the perfect hexagonal morphol-

ogy of the ZnO NRs is found to get slightly deformed because

of the doping. XRD pattern (Figure 1e) clearly indicates that

(002) is the preferred growth direction of the NRs having the

hexagonal wurtzite structure. The similar diffraction patterns for

pristine and doped NRs indicate that no additional phase was

introduced because of the doping. However, magnified view of

the (002) diffraction peaks (Figure 1f) for all the samples shows

shifts in the peak positions for the doped ZnO NRs compared

to the pristine ZnO NRs, which indicate insertion of alkali metal

ions in the ZnO host. The micro-strain developed in the host

material because of the mismatch in the ionic radii of the host

and dopants, is calculated based on the Williamson�Hall (W�H)

method,[38,39] which indicates that the lattice strain in the ZnO

NRs increases because of alkali metal doping (see Figure 1f),

where K-ZnO NRs develops the largest lattice strain.

The chemical composition and the defect profile of the

alkali metal doped ZnO NRs and pristine ZnO NRs are further

investigated by XPS. The core level Zn 2p spectrum (Figure 2a)

with two peaks located at 1044.67 and 1021.55 eV correspond-

Figure 1. FESEM images of a) ZnO, b) Na-ZnO, c) Li-ZnO, and d) K-ZnO NRs. e) XRD patterns of pristine ZnO NRs and Li, Na, and K doped ZnO NRs. f) Magnified
view of the (002) diffraction peaks for all the samples and the plot of estimated lattice strain (inset).

Figure 2. High-resolution XPS spectra of a) Zn 2p, b) Li 1s, c) Na 1s, d) K 2p, and e) O 1s for the doped ZnO NRs. f) The peak area ratios of peak-I and peak-II to
the total area. g) Room-temperature PL emission spectra of the alkali metal doped ZnO NRs.
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ing to Zn 2p1/2 and Zn 2p3/2, respectively, with a spin orbit

splitting energy difference of 23.1 eV, demonstrates the + 2

oxidation state of Zn.[40,41] Figure 2b shows the Li 1s core level

spectrum, where the sharp peak located at 55.9 eV corresponds

to the Li�O bond formation through the substitution of the

Zn2 + ion by the Li+ ion. [42] The Na 1s core level XPS spectrum

(see Figure 2c) exhibits a hump around 1071.1 eV, which

represents the Na�O bond formation because of the substitu-

tion of Na+ at the Zn2 + sites.[43] The deconvoluted core level

spectrum (Figure 2d) of K 2p shows two major peaks around

293.9 and 295.8 eV corresponding to the K 2p3/2 and K 2p1/2,

respectively, which indicates the substitution of K+ at Zn2 +

sites.[29] It is evident from the XPS studies that the dopant ions

will mostly incorporate within the ZnO host by substituting the

Zn2 + ions. Each of the O 1s core level spectra (see Figure 2e) of

the doped ZnO NRs exhibits a broad peak (compared to

pristine ZnO NRs, Supporting Information), which can be

deconvoluted into two peaks located at 531.6 (peak-I) and

529.9 (peak-II) eV. Here the lower energy peak (529.9 eV) is

attributed to the O2� ions, bonded mostly with Zn2 + ions (also

with dopant ions); whereas the higher binding energy peak at

531.6 eV (peak-I) can be related to the oxygen-vacancy defects

in doped ZnO NRs.[44–47] Therefore, the change in the intensity

of ‘peak-I’ should have a direct relation with the concentration

variation of oxygen-vacancies, present in doped ZnO NRs.[47,48]

The higher intensities of ‘peak-I’ for both the Li and Na-ZnO

NRs compared to K-ZnO NRs indicate that the concentrations of

oxygen-vacancies are higher in Li and Na-ZnO NRs than that in

the K-ZnO NRs. The O 1s peak area ratios (Ax/Atotal) of peak ‘x’ to

the total area (Atotal) of the doped ZnO NRs are shown in

Figure 2f, where ‘x’ stands for peak-‘I’ or ‘II’. The values for

AI : Atotal are estimated as 0.85, 0.83 and 0.67 for the Li, Na and K-

ZnO NRs, respectively. These results indicate that Li and Na-ZnO

NRs have nearly equal concentration of oxygen-vacancies,

which is considerably higher than that of K-ZnO NRs.

Furthermore, the room temperature PL emission spectra (Fig-

ure 2g) of the as prepared NRs are also recorded to probe the

defect profile of the as prepared materials. It is evident that the

weak PL emission of pristine ZnO NRs significantly improves

after the alkali metal doping. The NRs exhibit a near band edge

(NBE) emission in the UV region and defect emission at the

higher wavelength visible light region. Each of Li-ZnO and Na-

ZnO NRs samples shows quite a sharp NBE emission peak,

whereas the same emission peak for K-ZnO NRs is found to be

widen, indicating the presence of many new NBE states in K-

ZnO NWs. The appearance of higher intensity NBE emission

peak in K-ZnO NRs also suggests that they are enriched with

NBE defects, which are most probably generated because of

the large lattice strain in the sample. Doped ZnO NRs also

exhibit a sharp sub-bandgap defect emission around 490 nm

and this controversial deep level emission (DLE) of ZnO NWs is

generally ascribed to the oxygen-vacancy defects.[49–51] The

higher intensity DLE peaks in the Na and Li-ZnO NRs compared

to K-ZnO NRs again indicate that the concentration of oxygen-

vacancies is significantly higher in Na and Li-ZnO NRs compared

to K-ZnO NRs. Moreover, the higher intensity of the DLE peak

than the UV-emission peak for each of the Na and Li-ZnO NRs

samples compared to that of K-ZnO NRs sample, indicates that

the oxygen-vacancies also act as the trapping sites for electrons

during photoemission, where the photogenerated electrons

mostly recombine through oxygen-vacancies when large con-

centration of oxygen-vacancy is present in the material. In

support of this, recent studies have shown that the substitu-

tional doping of alkali metal ions in the wide bandgap oxides

generates hole in the neighboring lattice points of oxygen

atoms, which promotes the removal of the oxygen, releasing

two electrons to compensate the holes created in the matrix.[31]

The creation of the oxygen-vacancy also boosts the formation

of further oxygen-vacancies in the matrix.[31] Simultaneously, the

doping of lower valence elements in oxide semiconductors is

also found to induce the spontaneous oxygen-vacancy forma-

tion[32–37] and here also, we have evidenced the formation of

large concentration of oxygen-vacancies because of alkali metal

doping in ZnO NRs. Furthermore, the 1D arrays of nano-

structure having large surface area will offer huge platform for

the formation of surface oxygen-vacancies also.

Photoelectrochemical performance of the as prepared NRs

have been investigated by linear sweep voltametry (LSV),

recorded under chopped visible light illumination (wavelength

>400 nm, 10 mW cm�2) (Figure 3a). Pristine ZnO NRs show very

weak photoresponse with significantly low photocurrent.

Among the doped NRs, Na-ZnO and Li-ZnO NRs exhibit

significantly enhanced photocurrent, where the photoresponse

of K-ZnO NRs is the weakest one. Notably, K-ZnO NRs exhibit

the highest dark current density, followed by the Na-ZnO and

Li-ZnO NRs. It has already been found that the K-doping

introduces the maximum lattice strain in the ZnO matrix

whereas Li doping introduces the minimum lattice strain. It is

reported that the favorable lattice strain can tune the electronic

structure of the materials and consequently boost the

Figure 3. a) Photoinduced current density versus potential curves (LSV
curves) for ZnO and doped ZnO NRs. b) Photoswitching and photocurrent
stability plots of the doped ZnO NRs recorded at 0.5 V vs Ag/AgCl. c) UV/Vis
absorption spectra and d) photoconversion efficiency plots for the as
prepared NRs electrodes.
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electronic/ionic transportation and mobility.[37] Therefore, it is

believed that the lattice strain developed in ZnO because of the

alkali metal doping is favoring better electronic transportation,

resulting in high dark currents. Moreover, here, K-ZnO NRs also

contain large concentration of NBE defects compared to the

other doped ZnO NRs, which would most expectedly change

the near conduction band electronic structure of K-ZnO NRs

resulting in a large electron concentration in the conduction

band, boosting the dark current density.[26,27] On the other hand,

Li-ZnO NRs, which develop the lowest amount of lattice strain

defects among the doped NRs, are found to exhibit the lowest

dark current also. Therefore, it is evident form the experimental

results that the lattice strain have a crucial role in changing the

electronic structure, favoring the improved charge transfer and

mobility in alkali metal doped ZnO NRs.[28]

Photoswitching and stability of photocurrent of the doped

NRs are shown in Figure 3b, recorded at 0.5 V vs. Ag/AgCl.

Figure 3b shows that the Na-ZnO NRs exhibit the best photo-

current stability among the NRs. Photocurrent densities of Na-

ZnO, Li-ZnO and K-ZnO NWs are found to increase by 152 %,

135 % and 10 %, respectively, with respect to their correspond-

ing dark current densities. For a better understanding of the

photoresponse of the NRs, the photo absorption characteristics

of NRs are studied and Figure 3c shows the UV-vis absorption

spectra of the NRs. It is evident that the Na-ZnO and Li-ZnO

NRs exhibit superior visible light absorption, whereas the K-ZnO

NRs show the weakest visible light absorption among the

doped NRs. All the NRs also exhibit sharp absorption in the UV

region, which corresponds to the band edge absorption.

Bandgap energies estimated from the absorption edges

indicate that the bandgap of ZnO NRs decreases because of the

alkali metal doping (see Supporting Information). The enhanced

visible light absorption of the doped NRs is because of the

introduction of new sub-bandgap defect states due to doping.

Now, the earlier XPS and PL studies have confirmed that

oxygen-vacancies are the major defects present in the sub-

bandgap of doped ZnO NRs. Therefore, the superior visible

light absorption by Na-ZnO and Li-ZnO NRs is resulted because

of the presence of large concentration of oxygen-vacancies;

mainly, as the surface oxygen-vacancies present in the sub-

bandgap have been demonstrated as the deep donor in ZnO,

which can absorb visible light and contribute to the increase in

the donor densities of ZnO for enhanced conductivity after

illumination.[18,20,52,53] Here, earlier PL study also indicates that

the oxygen-vacancies in doped ZnO NRs are also deep level

defects. Therefore, the best photoresponse of the Na-ZnO NRs

is because of its superior visible light absorption due to the

presence of large concentration of oxygen-vacancies and

favorable electron transportation and mobility because of the

moderate lattice strain in Na-ZnO NRs. On the other hand, the

poor visible light response of K-ZnO NRs is because of the low

concentration of oxygen-vacancies, although the highest

amount of lattice strain defects makes K-ZnO NRs a good

conductor because the lattice strain is found to be favorable for

electronic transportation and mobility only. Therefore, the

experimental results reveal that the oxygen-vacancies are

responsible for visible light absorption and enhanced photo-

current in alkali metal doped ZnO NRs, whereas the lattice

strain developed because of doping mainly tunes the electronic

structure of the material, improving the electronic transporta-

tion and mobility.

The photoconversion efficiency (h %) of the NRs photo-

anodes as a function of the applied voltage (See Supporting

Information) is plotted in Figure 3d. It is found that the Na-ZnO,

Li-ZnO and K-ZnO NRs exhibit the maximum efficiency of

0.73 %, 0.69 % and 0.70 %, respectively, at 0.3 V vs Ag/AgCl,

which is found to increase remarkably compared to the as

prepared pristine ZnO NRs (0.015 % @ bias voltage of 0.7 V vs

Ag/AgCl, Supporting Information). The h% values of the doped

NRs are also found to be significantly large compared to the

recently reported values for different doped ZnO nanostruc-

tures based photoanodes (Table S1, Supporting Information).

However, study of the electronic band position, charge

separation and transportation of the doped ZnO NRs are also

very important to understand their enhanced PEC performance.

The flat-band potentials (Efb) of the photoanodes are estimated

from the Mott-Schottky plots (Figure 4a) obtained from the

impedance measurement studies conducted in 0.5 M Na2SO4

aqueous solution (pH 6.5). The estimated Efb of the pristine ZnO

NRs electrode (�0.23 V NHE, Supporting Information) is found to

be shifted towards the negative potential because of alkali metal

doping. The schematic of the band edge positions of the

photoelectrodes obtained based on the calculated values of Efb

and bandgap energies are shown in Figure 4b. It is evident from

Figure 4b that the shift of the conduction band edges towards

the more negative energy will induce an efficient band bending

at the doped NRs/FTO interface leading to an easy separation

and transportation of the photogenerated electrons and reduced

electron-hole pair recombination, resulting in the enhanced

photoelectrochemical activity of the alkali doped NRs. Here, the

band bending at Na-ZnO NRs/FTO interface is maximum, which

suggests better transportation of photogenerated electrons in

Na-ZnO NRs than the other doped NRs. Moreover, previous PL

study also suggests that the photogenerated electron-hole pairs

mostly recombine through the sub-bandgap oxygen-vacancies.

Therefore, as the oxygen-vacancies act as the trapping sites/

recombination centers for the photogenerated electrons, the

photogenerated minority carries in the valance band of the

doped ZnO NRs will have enough time to reach the surface of

Figure 4. a) Mott-Schottky plots for the alkali metal doped ZnO NRs. b)
Schematic of band positions of the FTO, ZnO and alkali metal doped ZnO
NRs.
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the NRs for oxygen evaluation reaction because of the electrode/

electrolyte band bending (see Supporting Information). There-

fore, the excellent PEC property of the Na-ZnO NRs is because of

its excellent visible light absorption due to the presence of large

concentration of oxygen-vacancies, better electron transporta-

tion due to large Na-ZnO NRs/FTO interfacial band bending and

reduced photo generated charge carrier recombination because

of oxygen-vacancy trapping. Similarly, the interfacial band align-

ment between K-ZnO NRs/FTO allows fast transportation of the

photogenerated electron but because of its poor light absorp-

tion and carrier separation, K-ZnO NRs exhibit comparatively

poor photoelectrochemical property among the doped NRs.

3. Conclusions

A facile wet chemical method was successfully employed to

fabricate highly dense arrays of alkali metal (Li, Na and K) doped

ZnO NRs. The alkali metal doped ZnO NRs are found to exhibit

remarkable photoelectrochemical property with enhanced oxy-

gen evolution reaction. The alkali metal doping introduces

significant lattice strain and large concentration of oxygen-

vacancy defects in ZnO host. Lower valance alkali metal doping

introduces holes in the matrix and therefore the neighboring

oxygen leaves the site, leaving behind two electrons to

compensate the holes created in the system, creating oxygen-

vacancies. The oxygen-vacancies act as the sub-bandgap donor

sites, which generate photoelectrons during light illumination,

resulting in the enhanced photocurrent. Along with the light

absorption, the oxygen-vacancies also act as the recombination

center for the photogenerated electrons, which helps in the

diffusion of the photogenerated minority carriers in valance

band, facilitating the charge separation and thus reduce

electron-hole recombination. Here, the lattice strain is found to

tailor the electronic structure of the NRs, favoring enhanced

electronic/ionic transportation and mobility only. Alkali metal

doping also reduces the effective band gap energy of the NRs

and also shift the conduction/valence band edges towards

more negative energy. Thus the alkali metal doping also alters

the NRs/FTO interfacial band alignment, resulting in the easy

transportation and separation of photo carriers and thereby

resulting in the enhanced photoelectrochemical property. These

findings demonstrate in depth understanding on the defect

mediated photoelectrochemical property of alkali metal doped

ZnO NRs for its application in water splitting.

Experimental Section

Chemicals and Materials

FTO (fluorine doped tin oxide, Sigma Aldrich) substrate having
surface sheet resistance value ~7 W/cm2, zinc acetate dihydrate
(Zn(CH3COO)2 · 2H2O, Loba Chemie), hexamethylenetetramine
((CH2)6N4, Loba Chemie), ethyl alcohol (C2H5OH, Tedia), sodium
acetate (CH3COONa, Merck), potassium acetate (CH3COOK, Merck),
lithium acetate (CH3COOLi, Merck). All the chemicals are of
analytical grade and were used without further purification.

ZnO NRs Synthesis

ZnO NRs array was synthesized on the conducting surface of FTO
glass substrate by a simple two-step wet chemical deposition
process.[5,6] First the FTO substrate (1.5 cm � 1 cm � 2.2 mm) was
cleaned thoroughly by double de-ionized water, ethanol and
acetone, respectively. In the first step, a seed layer of ZnO was
deposited on the conducting surface of the FTO substrate by spin
coating method, followed by an annealing in air at 350 8C. The spin
coating was executed at 2000 rpm for 60 s and 0.1 M ethanolic
solution of zinc acetate was drop casted on the conducting FTO
surface. After this, the FTO surface was dried carefully under the IR
lamp for 60 s. This method was repeated for five times and each
time the deposited layer was dried under the IR lamp for 60 s. Later
the so-treated FTO substrate was annealed in air at 350 8C for 2 h
to produce the ZnO seed layer on the FTO substrate. In the second
step, vertically aligned arrays of ZnO NRs were grown on the
conducting FTO substrate by dipping the FTO substrate; having the
ZnO seed layer on it, in an aqueous solution of 20 mM zinc acetate
and 20 mM hexamethylenetetramine at 90 8C for 2 h under
continuous magnetic stirring. Thereafter, the sample was separately
rinsed in ethyl alcohol and DI water for 20 min to remove the
residuals and dried under the IR irradiation.

Doped ZnO NRs Synthesis

For the synthesis of Li, Na and K doped ZnO NRs, their respective
precursors, 20 mM lithium acetate, 20 mM sodium acetate and
20 mM potassium acetate were added to the aqueous solution of
20 mM zinc acetate and 20 mM hexamethylenetetramine. The
same chemical bath process was carried out at 90 8C for 2 h under
continuous magnetic stirring to fabricate the alkali metal doped
ZnO NRs on the conducting face of the FTO substrate having ZnO
seed layer on it. Finally, all these samples were rinsed in ethanol
and DI water separately for 20 min to remove the residuals from
the samples and dried under the IR irradiation. Finally the samples
were separately annealed at 600 8C for 2 h in air.

Material Characterization

The crystal structure of the samples was investigated by gazing
incidence X-Ray diffraction pattern (GIXRD, Panalytical X’pert Pro
diffractometer), obtained using a Cu Ka line (l=1.54 Å) with step
size 0.158. The morphology and geometrical dimension of the
samples were investigated by field emission scanning electron
microscopy (FESEM, FEI Quanta 200) and elemental composition
were found by analyzing energy dispersive X-ray spectroscopy (EDS),
equipped with the FESEM. Finally the ionic states of the constituent
elements were found by the X-ray photoelectron spectroscopy (XPS,
Omicron Multiprobe Electron Spectroscopy System XM 500, X-ray
source: monochromatic Al Ka line and vacuum level 2.5 � 10�10 mbar).
Room temperature photoluminescence (PL) emission spectra of the
samples were collected from Horiba Flurolog-3 spectrofluorimeter
and the absorption edges of the samples were determined from the
room temperature UV-Vis-NIR absorption study (Perkin Elmer,
Lambda 1050 UV/Vis spectrometer).

Photoelectrochemical Studies

For the photoelectrochemical measurements, a software controlled
three-electrode electrochemical workstation (CH Instruments,
CHI660E) was used. The as prepared NRs samples were used as the
working electrode, while a highly pure platinum wire and an Ag/
AgCl were used as the counter and the reference electrode,
respectively. All the electrochemical and photoelectrochemical
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measurements were carried out with an aqueous electrolytic
solution of 0.5 M Na2SO4, having pH 6.5. The linear sweep
voltametry (LSV) measurement for each of the as prepared NRs
samples was performed within a voltage range of 1.4 to 0 V vs. Ag/
AgCl, at a scan rate of 100 mV s�1 with chopped visible light
illumination (wavelength >420 nm and intensity 10 mW cm�2).
Each photoswitching activity was measured at an applied bias of
0.5 V vs. Ag/AgCl. The Mott-Schottky (MS) measurements were
performed in a potential range of �0.8 V to 0.2 V vs. NHE at the
frequency of 1 kHz and 5 kHz.
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