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photoelectrochemical water oxidation†

Neeraj Kumar Biswas, abc Anupam Srivastav,b Sakshi Saxena,bd Anuradha Verma,b
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Harnessing solar energy for clean and sustainable fuel production by photoelectrochemical water oxidation

over different timescales has been extensively investigated. However, the light-driven

photoelectrochemical water oxidation reaction for artificial photosynthesis suffers from poor photon-to-

current efficiency. Herein, we demonstrate an experimental analysis of electrolytic pH on

photoelectrochemical syngas production by varying the pH of the KOH and NaOH electrolytes using the

N–ZnO photoelectrode and analyzing all variables. A maximum photocurrent of 13.80 mA cm−2 at 1.23

V vs. RHE with a 43.51% photon-to-current conversion efficiency was obtained at pH 13 in the aqueous

NaOH electrolyte.
Introduction

The global demand for sustainable energy and related envi-
ronmental crises have motivated scientists worldwide to nd
eco-friendly and renewable energy sources.1,2 Photo-
electrochemical water splitting, popularly known as articial
photosynthesis, produces green and sustainable fuel for envi-
ronmental remediation.3 The photoelectrochemical (PEC)
system is an attractive way for solar energy conversion (via water
splitting) toward generating green hydrogen fuel.4 Water split-
ting is a thermodynamically difficult and kinetically sluggish
reaction, which requires 1.23 V to evolve O2 and H2 molecules.
Efforts have been made to improve the PEC performance of
semiconductor materials (ZnO, a-Fe2O3, BiVO4, and TiO2) for
hydrogen production like doping, heterojunctions, plasmons,
etc.5–11 However, as part of these modication strategies devel-
oped to improve PEC response for water splitting, the band edge
position and charge carrier, solution conductivity, etc. are some
of the issues that need more attention.
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The band edge position at the semiconductor/electrolyte
interface and the charge density of the electrolyte are the most
fundamental properties that affect PEC performance. Zinc oxide
(ZnO) is a non-toxic n-type semiconductor with an appropriate
band edge position and stability and has emerged as one of the
most promising PEC candidates.12–22 ZnO occurs in the form of
three crystal systems: wurtzite, zinc blend, and rock salt. The
wurtzite crystal structure shows photocatalytic activity and
thermodynamic stability and is easy to synthesize.23 However,
the band edge position of ZnO and the search for suitable
electrolytes remain as obstacles to producing scalable efficiency
in solar syngas production. Previous studies on ZnO-based PEC
systems have focused on nanostructuring, metal or non-metal
doping, heterojunctions, surface modication with plasmon
modication, quantum dot modication, etc.24–28 Nitrogen
incorporation in ZnO reduces the optical band gap and
improves absorption in the solar spectrum for better PEC
efficiency.29–37 However, the effect of pH on electrolytes and their
effect on PEC activity have not been reported. Acidic electrolytes
increase corrosion, while KOH and NaOH are basic electrolytes
that provide a stable medium for metal oxides in PEC water
splitting towards solar hydrogen production.29

The positions of the valence band energy (Evb) and conduc-
tion band energy (Ecb) of N–ZnO straddle well with the water
redox potential. In this study, we have attempted to explain the
effect of pH of electrolytes on the band edge positions at the
semiconductor/electrolyte interface using different electrolytes.
In addition to this, the effect of NaOH and KOH in terms of the
charge density of metal ions present in the electrolytes is also
investigated.

Here, we demonstrate the pH effect on PEC water-splitting
performance based on results obtained at different pH, viz. 9,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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10, 11, 12, 13, and 14 of the electrolytes (KOH and NaOH) using
N–ZnO thin lms. The study reveals that the band edge position
is upshied at the electrolyte/semiconductor interface with
rising pH, reducing the photocurrent onset potential. In addi-
tion, the Na+ ion in NaOH contains a higher charge density than
the K+ ion in KOH, which facilitates more polarization in water.
This polarity prole in the PEC solvent induces binding energy,
which improves charge transfer efficiency. PEC characterization
in the present study conrms that the rise in electrolyte pH
improves photoelectrochemical activity.

Experimental section
Structural characterization

The XRD patterns were recorded on a Bruker AXS D8 X-ray
Diffractometer operated at 40 mA and 40 kV using a Cu Ka
source. Field emission scanning electron microscopy (FESEM)
was carried out using a JEOL JSM-7610F Plus Field Emission
SEM. The diameter distributions of the particles in the samples
were measured using Image J soware. The atomic composition
of the samples was analysed using energy dispersive X-ray
(EDAX) analysis (Peltier cooled, Octane plus model (30 mm2

and 127 eV resolution)). The Brunauer–Emmett–Teller (BET)
surface area analysis was carried out using a BET Surface Area
Analyzer Model/Supplier: Autosorb I; Quantachrome Corp. The
photoluminescence (PL) lifetime was calculated using FLS920,
Edinburgh Instruments, Scotland.

Preparation of the photoelectrode

The nanostructured N–ZnO photoelectrode was prepared
according to a previously reported method.38 Briey, 1.5 g zinc
acetate dihydrate (Zn(CH3COO)2$2H2O, 98% pure, Sigma-
Aldrich) and 5 mL diethanolamine (HN(CH2CH2OH)2, 98%
pure, Merck) were added to 20 mL ethanol (C2H5OH, 97% pure,
Sigma-Aldrich), and the solution was stirred for sol preparation.
The precursor sol was spin-coated using a spin NXG-P2 instru-
ment at 3000 rpm for 30 s on 1.1 × 1.1 cm−2 pattern ITO glass
(8–12 U sq−1, SPI Supplies). The samples were sintered at 773 K
for 2 hours to form nanostructured thin lms. Aer the calci-
nation process, N–ZnO/ITO was developed into a photo-
electrode with an effective surface area of 1 × 1 cm−2 connected
by a copper wire and silver paste, and sealed with epoxy resin
(Hysol, Singapore). The best photoresponse was observed for N–
ZnO having a thickness of 327 nm. Further, the PEC system was
fabricated using the N–ZnO thin lms of 327 nm thickness.

Photoelectrochemical measurements

All PEC water splitting experiments were performed using
a potentiostat (Zehner Zenium, Germany) in the three-electrode
conguration between at −1 V and 1 V vs. RHE (20 mV s−1 scan
rate) in the potential range using of electrolytes (KOH and
NaOH) at pH 9–14. The standard calomel electrode and plat-
inum electrode were used as the counter and reference elec-
trodes, respectively. The photoelectrode was irradiated with
a 300 W xenon–mercury arc lamp (Newport Oriel) with a 139
mW cm−2 power density. 1 × 1 cm−2 was the area of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
working electrode. The at band potential (V) was extracted
from the slope using the following equation:

1

Csc
2
¼
�

2

e33oND

��
Vapp � Vfb � kbT

e

�
(1)

where Csc is the interfacial capacitance, e is the elementary
charge, 3= 8.5 was used as the relative permittivity of N–ZnO, 3o
is the vacuum permittivity, ND is the donor density, V is the at
band potential, kb is the Boltzmann constant, and T is the
absolute temperature.39

ND was analyzed using eqn (2):

S ¼
�

2

e33oND

�
(2)

where S is the slope of the Mott–Schottky curve.40

The Fermi level was measured by using the following theo-
retical equation:

Ef ¼ 1

2
ðEc þ EvÞ þ kT ln

 
m*

p

m*
e

!3
2

þ kT ln
ND

ni
(3)

Ef is the Fermi level, Ev is the energy of the valence band, Ec is
the energy of the conduction band, m*

e is the effective mass of
the negative charge carriers (electron), m*

p is the effective mass
of the positive charge carriers (holes), T is the temperature, and
ni is the number of electrons per unit volume in an intrinsic
semiconductor.

The conduction band (Ecb) was measured from the following
theoretical equation:

n ¼ 2

�
2pm*

ekT

h2

�3
2

e�ðEcb�EfÞ=kT (4)

where n is the concentration of free electrons in Ecb
The valence band (Evb) was calculated from the following

theoretical equation:

p ¼ 2

�
2pm*

hkT

h2

�3
2

e�ðEf�EvbÞ=kT (5)

where p is the concentration of free holes in Evb.41

The External Quantum Efficiency (EQE) or incident photon-
to-current conversion efficiency (IPCE) was calculated using
the following equation:

EQE ¼ 1240 � Jph

l� P
(6)

where Jph is the photocurrent density, P is the intensity of the
incident light, and l is the wavelength of the incident light.42

The uorescence lifetime was calculated for nanostructured
N–ZnO at an excitation wavelength of 490 nm using the
following formula:

IðtÞ ¼
X3
i¼1

fi exp

�
� t

si

�
(7)

where I(t) is the uorescence intensity at time t, si is the uo-
rescence lifetime, and fi is the amplitude when the sum of all f
values is unity.
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Results and discussion

The X-ray diffraction (XRD) pattern of N–ZnO showed three
peaks for the (100), (002), and (101) planes (Fig. S1†), conrm-
ing that the as-grown thin lm had the wurtzite phase (hexag-
onal system, JCPDS database le 36-1457). FESEM imaging of
the photoelectrodes (Fig. S2†) conrmed successful photo-
catalyst deposition, with an average particle size of 47 nm
(Fig. S3†). The chemical composition of the lm based on EDAX
conrmed the deposition of nanostructured N–ZnO on the ITO
glass substrate (Fig. S4, and Table S1†). The photoluminescence
(PL) lifetime was measured for nanostructured N–ZnO as
4.46 nm (Fig. S5†). The Brunauer–Emmett–Teller (BET) analysis
of nanostructured N–ZnO was performed for the calculation of
surface area (Fig. S6†), and a value of 1.853 × 10−4 m2 g−1 was
observed.

The photoelectrode made of nanostructured N–ZnO thin
lms with 327 nm thickness exhibited the maximum
Fig. 1 The schematic view of the study of effect of varying pH on PEC
performance in various electrolytes.

Fig. 2 (a and b) The photocurrent density of nanostructured N–ZnO at
circuit voltage. (d and e) The dark current density of N–ZnO at pH 9–14

4326 | RSC Adv., 2023, 13, 4324–4330
photocurrent due to its better light-harvesting performance and
improved charge transfer rate, and was selected for the inves-
tigation of the effect of varying pH on PEC performance in
different electrolytes. The schematic view of this study is shown
in Fig. 1. The PEC properties of the N–ZnO electrode were
investigated at ve different pH using two different electrolytes,
viz. KOH and NaOH.

Solar-driven PEC water-splitting was studied at six different
pH in two electrolytes viz. KOH and NaOH using nanostructured
N–ZnO photoelectrode under 139 mW cm−2 illumination, as
shown in Fig. 1. The maximum photocurrent density of 13.80
mA cm−2 was achieved at pH 13 in the NaOH electrolyte, and
11.30 mA cm−2 was obtained in the KOH electrolyte (see Fig. 2(a
and b)). With a reduction in pH, i.e., from pH 12 to 9, a decline
in photocurrent density could be seen (Table 1). The molar ratio
of the electrolytes increased with the rise in pH, as shown in
Table S2,† and the literature shows that the viscosity of the
aqueous NaOH solution is more than that of the KOH electro-
lytes (as shown in Fig. S7†).43 We measured the photocurrent
density in the range of 0.02–0.08 mA cm−2 at the lower pH
values 9–11 in both the electrolytes due to the low concentration
of electrolytes (i.e. 0.00001M to 0.01 M). The values presented in
Table 1 indicate that photocurrent density increased up to an
optimum pH (pH 13) and then started decreasing, whichmay be
attributed to the increasing photoexcited carrier recombination
rate and slower ionic movement under illumination at higher
pH.44 The current density under dark conditions was approxi-
mately zero at different pH due to the insulating nature of N–
ZnO in the dark (see Fig. 2(c and d)). The higher charge density
of the Na+ ions facilitates the higher polarization of hydronium
and hydroxyl ions, thus improving the photoresponse in NaOH
in comparison with KOH. This is responsible for the reduction
in the overpotential requirement for water splitting to take
place.44,45
pH 9–14 in aqueous NaOH and KOH electrolytes. (c and f) The open-
in aqueous NaOH and KOH electrolytes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photocurrent density of 327 nm thick N–ZnO thin film electrode in aqueous NaOH and KOH electrolytes at different pH

pH

Photocurrent density (mA cm−2) Values of open-circuit voltage (Voc vs. RHE)

KOH electrolyte NaOH electrolyte KOH electrolyte NaOH electrolyte

9 0.02 0.04 0.62 0.58
10 0.05 0.06 0.61 0.57
11 0.06 0.08 0.57 0.55
12 1.24 3.51 0.49 0.45
13 11.30 13.80 0.46 0.42
14 7.60 7.50 0.35 0.34

Fig. 3 (a–l) The Mott–Schottky plots of nanostructured N–ZnO at pH 9–14 in the NaOH and KOH electrolytes.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 4324–4330 | 4327
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Table 2 The flat band potential (Vfb vs. RHE) and donor density (cm−3) of N–ZnO at different pH in aqueous NaOH and KOH electrolytes

pH

Flat band potential (V vs. RHE) Donor density (cm−3)

KOH electrolyte NaOH electrolyte KOH electrolyte NaOH electrolyte

9 — — 2.40 × 1016 4.18 × 1016

10 — — 8.66 × 1016 2.14 × 1017

11 — — 2.40 × 1017 3.03 × 1017

12 — — 3.26 × 1017 7.08 × 1018

13 0.24 0.16 9.82 × 1018 7.28 × 1018

14 0.12 0.05 1.07 × 1019 8.24 × 1018
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The decrease in open-circuit voltage (Voc vs. RHE) was
observed with an increase in pH, as shown in Fig. 2(c and f),
which corroborate with the Mott–Schottky and EIS analyses.
The least Voc value in N–ZnO at higher pH conrms the
decreased rate of photogenerated charge recombination. The
values of Voc vs. RHEmeasured for nanostructured N–ZnO at pH
9–14 in the KOH and NaOH electrolytes are given in Table 1.

Fig. 3(a–h) reveal noisy readings for nanostructured N–ZnO
during the Mott–Schottky analysis on account of the low pH (9–
Fig. 4 (a and b) The Nyquist plots and (c and d) band edge positions of na
the external quantum efficiency (EQE) of nanostructured N–ZnO at pH

Table 3 The band edge positions of nanostructured N–ZnO at differen

pH

Band edge position of nanostructured N–ZnO

KOH electrolyte

Ecb Ef Evb

9 −4.424 eV −5.087 eV −7.524 eV
10 −4.391 eV −5.054 eV −7.491 eV
11 −4.365 eV −5.028 eV −7.465 eV
12 −4.357 eV −5.020 eV −7.457 eV
13 −4.270 eV −4.933 eV −7.370 eV
14 −4.268 eV −4.931 eV −7.368 eV

4328 | RSC Adv., 2023, 13, 4324–4330
12) of the KOH and NaOH electrolytes. The Mott–Schottky plot
of the N–ZnO electrode exhibited a positive slope, characteristic
of an n-type semiconductor. The at band potential at pH 14 of
NaOH was estimated as 0.05 V versus the reversible hydrogen
electrode, which is lesser in comparison with the KOH electro-
lyte (as shown in Table 2 and Fig. 3(i–l)), conrming better
charge separation at the semiconductor/NaOH electrolyte
interface. From these analyses, it can be concluded that at
band potential depends on the pH of the electrolyte. An
nostructured N–ZnO pH at 9–14 in the NaOH and KOH electrolytes; (e)
13 in aqueous (a) NaOH and (b) KOH electrolytes.

t pH in aqueous KOH electrolytes

KOH electrolyte

Ecb Ef Evb

−4.410 eV −5.073 eV −7.510 eV
−4.368 eV −5.031 eV −7.468 eV
−4.359 eV −5.022 eV −7.459 eV
−4.278 eV −4.941 eV −7.378 eV
−4.277 eV −4.940 eV −7.377 eV
−4.274 eV −4.937 eV −7.374 eV

© 2023 The Author(s). Published by the Royal Society of Chemistry
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increment in donor density was observed with rising pH in both
KOH and NaOH electrolytes (as shown in Table 2).

Fig. 4(a and b) exhibit the charge transfer resistance prop-
erties of the N–ZnO photoelectrode at different pH values, as
obtained by analyzing the Nyquist plots. At pH 14, a le shi in
the semicircle was seen in both KOH and NaOH electrolytes,
conrming the least solution resistance at the higher pH.
Fig. 4(c and d) exhibit the band edge positions calculated using
eqn (3)–(5). Table 3 shows the values of the band edge positions,
viz. conduction band energy (Ecb), valency band energy (Evb),
and Fermi level energy (Ef).

It is visible from the ndings that the downward shi of the
conduction band is responsible for better charge separation at
the semiconductor/electrolyte interface, which in turn corre-
sponds with the better charge transfer rate. Fig. 4(e) presents
the external quantum efficiency (EQE) values at pH 13 in the
KOH and NaOH electrolytes. N–ZnO offers a 43.51% efficiency
in the NaOH electrolyte and a 38.26% efficiency in KOH
electrolyte.

Conclusions

In summary, nanostructured N–ZnO was deposited on the ITO
glass substrate, and its PEC performance was studied using
KOH and NaOH electrolytes in the pH range of 9–14. The
maximum photoresponse was observed in the case of the NaOH
electrolyte because Na+ is more electropositive and has a high
charge density than K+, thus polarizing the water molecules
more and lowering the energy requirement, as evident from the
lower applied voltage required for water splitting in the NaOH
electrolyte. To evidence the effect of electrolytic pH on water
splitting, current–voltage, Mott–Schottky, EIS, Voc measure-
ments were carried out, which established the fact that higher
pH values facilitate improvement in the water-splitting rate.
Nanostructured N–ZnO exhibited low V, high Nd, and Voc value
in the NaOH electrolytic conditions compared with the KOH
electrolytes, and therefore, better efficiency was observed. The
results also demonstrated that the band edge positions (Ecb, Evb
and Ef) of the semiconductor at the semiconductor/electrolyte
interface upshied with rising pH in both electrolytes.
However, the photoresponse decreased with rising pH beyond
the optimum pH of the electrolytes. These results show that the
overall photocatalytic performance is regulated by various
factors, and the more dominating factor decides the efficiency,
as evidenced by the slowed ionic mobility and boosted
conductivity at high pH.
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37 A. Tumbul, A. Göktaş, M. Z. Zarbali and F. Aslan,Mater. Res.
Express, 2018, 5(6), 066408.

38 N. K. Biswas, A. Srivastav, S. Saxena, A. Verma, A. Banerjee,
K. Asha, V. R. Satsangi, R. Shrivastav and S. Dass, Indian
Patent 390045, 2022.

39 J. Cen, Q. Wu, M. Liu and A. Orlov, Green Energy Environ.,
2017, 2(2), 100–111.

40 N. Singh, B. Kumari, S. Sharma, S. Chaudhary, S. Upadhyay,
V. R. Satsangi, S. Dass and R. Shrivastav, Renewable energy,
2014, 69, 242–252.

41 R. Van de Krol, Photoelectrochemical Hydrogen Production.
Electronic Materials: Science & Technology, Principles of
photoelectrochemical cells, ed. R. van de Krol and M.
Grätzel, Springer, Boston, MA, 2011, vol. 102.

42 N. Murakami and K. Okuzono, Chem. Commun., 2020,
56(40), 5417–5420.

43 P. M. Sipos, G. Heer and P. M. May, J. Chem. Eng. Data,
2000, 45(4), 613–617.

44 N. K. Biswas, A. Srivastav, S. Saxena, A. Verma, R. Dutta,
M. Srivastava, V. R. Satsangi, R. Shrivastav and S. Dass, Sol.
Energy, 2022, 247, 543–552.

45 N. K. Biswas, R. Dutta, A. Srivastav, S. Saxena, A. Verma,
M. Srivastava, S. Upadhyay, V. R. Satsangi, R. Shrivastav
and S. Dass, Results Chem., 2022, 4, 100675.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07271h

	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h

	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h
	The impact of electrolytic pH on photoelectrochemical water oxidationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra07271h


