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We have designed and produced a hierarchical photocatalyst for water splitting by first fabricating ZnO nanorods via a chemical bath deposition (CBD) process using ZnO seeds electrosprayed onto In-doped tin oxide
(ITO), then electrospraying MnO2 particles as a co-catalyst, and finally depositing an ultrathin passivation layer
of TiO2 via atomic layer deposition. These hierarchical photocatalysts exhibit excellent photoelectrochemical
properties and reduced photocorrosion compared to materials without TiO2 coating. Moreover, the MnO2garnished ZnO nanorods obtained at 550 °C deliver a 1.7-fold enhancement in photocurrent density (0.95 mA/
cm2) at 1.2 VAg/AgCl in 0.5-M Na2SO3 solution compared to ZnO nanorods without MnO2. We attribute improved
photocurrent density to rapid charge transfer and charge separation at the ZnO–MnO2 interface. This investigation illustrates a balanced design of a nanoarchitecture for photoelectrodes that favors formation of effective photoelectrocatalytic sites while improving stability for potential large-scale water splitting applications.

1. Introduction
Photoelectrochemical (PEC) water splitting is an environmentally
benign process for converting solar energy into chemical energy. The
hydrogen evolution reaction during PEC water splitting produces hydrogen that can be stored for later use as a clean energy source for fuel
cells or combustion engines. The semiconducting metal oxides, such as
ZnO, TiO2, MnO2, and Fe2O3 have been used as photoelectrodes in PEC
water-splitting applications. These photoelectrode materials have excellent photoelectrocatalytic properties and are simple to fabricate into
a photoanode. They are earth-abundant and of low cost. In addition to
water splitting application, these metal oxides have also been used to
degrade pollutants in water via photocatalysis [1–9].
Photoelectrodes of ZnO (3.37 eV) and TiO2 (3.2 eV) have been
widely used for PEC water splitting but they are only able to utilize the
ultraviolet (UV) portion of the solar spectrum [10]. Thus, photocatalytic materials with activity in the visible light range (< 3 eV) such
as MnO2 and BiVO4 are of great interest. These semiconducting materials absorb both UV and visible wavelengths to efficiently produce
photogenerated electron-hole pairs to drive the oxygen and hydrogen

evolution reactions [1,4,9,11–15].
One- or two-dimensional (1D or 2D) nanostructures, such as nanorods, nanowires, nanosheets, and nanoflowers have been shown to
exhibit excellent PEC performance compared to the corresponding bulk
materials. The enhanced PEC performance of these nanostructures has
been attributed to increased light absorption and faster transport of
photogenerated charge carriers to reactive surface sites. Furthermore,
these nanostructures exhibit high surface-to-volume ratios with open
structures that provide short diffusion lengths in the electrolyte. All of
these factors enhance PEC performance [15–17].
Nanostructure synthesis by techniques such as vapor–liquid–solid
(VLS) deposition, chemical vapor deposition (CVD), and pulsed laser
deposition (PLD) may not be scalable and thus not economically viable.
In contrast, the growth of ZnO nanorods by facile chemical bath deposition and hydrothermal methods may offer a valuable practical
route to scalable production. However, the direct growth of ZnO nanorods on indium-doped tin oxide (ITO) at low temperature is a challenge because of the mismatch in the lattice structures of ZnO and ITO.
Pre-deposition of a ZnO seed layer on ITO reduces the activation barrier
for ZnO nucleation and alleviates lattice strain to facilitate efficient
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growth of ZnO nanorods [18,19]. Although the ZnO nanorod morphology improves incident light absorbance [20,21], short charge-carrier lifetime and photocorrosion may continue to limit the water-splitting efficiency and stability [22–27]. Therefore, ZnO/MnO2
heterostructures [28,29] have been introduced to enhance both visible
light absorbance and charge carrier separation [9,16]. The bandtransport mechanism of ZnO/MnO2 is suitable for driving O2 evolution
at the photoanode surface with H2 generation at the counter electrode
(Pt) [4,29,30].
An ultrathin passivation layer of TiO2 formed by atomic layer deposition (ALD) is an effective conformal coating to overcome the major
limitation of ZnO’s poor stability, as previously demonstrated by our
group [31–33]. An ultrathin layer of TiO2 prevents direct contact of the
photoactive material with the electrolyte, ultimately reducing photocorrosion [34]. Moreover, TiO2 over the active layer-forming interface
results in reduced tunneling barrier and interfacial resistance [35]. The
ultrathin TiO2 allows holes from the photoactive material to reach the
surface to participate in the oxygen evolution reaction in water splitting. Many reports have tested the effectiveness of passivation layers
against photocorrosion, showing that stabilization characteristics may
vary depending on the deposition technique used for the passivation
layer [28,34,36,37].
Here, we demonstrate chemical bath growth of ZnO nanorods over
an electrostatic spray deposited (ESD) ZnO seed layer on an ITO substrate, followed by deposition of MnO2 nanoparticles on the ZnO nanorods via ESD. As a non-vacuum technique, ESD is facile and well
known for ∼100 % deposition efficiency (almost no loss of precursor
solution in the deposition environment), good dispersion, uniformity,
good wettability, and fine droplets. The high targeting accuracy of
charged droplets towards the substrate is another special property of
ESD [32,38,39]. When ESD was used for MnO2 nanoparticle deposition,
the nanoparticles were well distributed on the ZnO nanorods as a result
of high targeting accuracy. The addition of MnO2 increased the photocurrent response. The stability of the ZnO nanorods during PEC water
splitting was significantly improved after ALD of an ultrathin TiO2
passivation layer.

Table 1
ESD operating conditions of ZnO seeding and MnO2 coating.
Items

Conditions

ZnO seeding

Substrate

MnO2 coating

Flow rate [μL/hr]
Applied voltage [kV]
ITO substrate dimensions
[cm2]
Distance nozzle to substrate
[cm]
Substrate temperature, [°C]
Substrate
Flow rate [μL/hr]
Applied voltage [kV]
ITO substrate dimensions
[cm2]
Distance nozzle to substrate
[cm]
Substrate temperature, [°C]

Indium tin oxide (ITO) - coated
glass
1200
12
2.5 × 2.0
4.5
80
ZnO nanorods films
800
10.3
2.5 × 2.0
4.5
80

with Ar gas at room temperature. The schematic shown in Fig. 1a depicts the seed-layer deposition by ESD and the soaking of the annealed
ZnO seed layer for transformation into ZnO nanorods.
2.3. MnO2-garnished ZnO nanorods by ESD
The ZnO nanorods were further decorated with MnO2 nanoparticles
to enhance their PEC performance. For MnO2 deposition by ESD, the
precursor solution was prepared by dissolving 0.625 g MnNT in 10 mL
acetic acid at room temperature. The vertically aligned ZnO nanorods
were coated with the Mn precursor by ESD. The Mn solution deposition
time was 5, 10, or 30 s. The Mn-decorated ZnO nanorods were then
annealed at 550 °C for 30 min in air. The process parameters for Mn
solution deposition by ESD are listed in Table 1. Annealing of MnO at
500–700 °C in air can yield Mn2O3 that might enhance the oxygen
evolution reaction [40,41]. However, to preserve the ITO and to obtain
the MnO2 phase, the annealing temperature was restricted to 550 °C.
Finally, over the ZnO/MnO2 nanorods, a thin layer of TiO2 was
deposited by ALD (Lucida™ D series ALD system, NCDtech, Korea) using
titanium (IV) isopropoxide (EGchem) as the Ti precursor. Water vapor
was provided for oxidation. The process conditions for the TiO2 deposition by ALD are presented in Table 2. The deposition rate of TiO2
was ∼0.1 nm/cycle; thus, the thickness of the TiO2 layer was controlled
by changing the number of cycles (n indicates the number of cycles).
Fig. 1b illustrates the effect of each material, where ZnO nanorods act
as n-type semiconductors that generate electron–hole pairs for water
splitting. The MnO2 nanoparticles garnished over the ZnO nanorods
enhance visible-light absorption and effective charge separation,
thereby enhancing the PEC effect. The ultrathin TiO2 film on the nanorods as a passivation layer prevents the photocorrosion of the nanorods in the presence of an electrolyte.

2. Experimental methods
2.1. Materials
Zinc acetate dihydrate (ZnAc, Zn(CH3COO)2⋅2H2O, Sigma-Aldrich)
and acetic acid (CH3COOH, 99.7 %, Samchun Chemicals) were used for
the ZnO seed layer coating. For ZnO nanorod growth, ZnAc and hexamethylenetetramine (HMT, C6H12N4, Sigma-Aldrich) were mixed. To
electrospray the MnO2 nanoparticles, manganese(II) nitrate tetrahydrate (MnNT, Mn(NO3)2⋅4H2O, Sigma-Aldrich) was mixed with
acetic acid (CH3COOH, 99.7 %, Samchun Chemicals).
2.2. ZnO nanorod chemical bath growth
The precursor solution for the ZnO seeding process was prepared by
mixing 0.0275 g ZnAc with 10 mL acetic acid. Next, the ZnAc precursor
solution was coated on ITO substrates by ESD for 20 min. The optimized
ESD process parameters to obtain a stable cone jet are presented in
Table 1. The Zn-seeded ITO substrates were then annealed at 350 °C for
30 min in air.
The ZnO nanorods were grown over the ZnO-seeded substrates by a
facile CBD method. The precursor solution for the synthesis of ZnO
nanorods was made by mixing 0.1-mM ZnAc and 0.1-mM HMT in
deionized (DI) water followed by stirring for 24 h at room temperature.
The ZnAc provided Zn while HMT functioned as a crystal modifier for
nanorod growth. The ZnO-seeded films were soaked in the ZnAc/HMT
solution for 30 min, during which the ZnO nanorods were grown via
recrystallization of the ZnO seed layer and deposition of Zn+ ions from
ZnAc dissolution. The samples were then washed in DI water and dried

2.4. Film characterization
X-ray diffraction (XRD, D/max-2500, Rigaku, Japan) analysis was
performed using Cu Kα radiation in the 2θ range 10–80° to identify the
crystalline phases. The chemical states of the surface elements of the
films were determined using X-ray photoelectron spectroscopy (XPS, XTOOL, ULVAC-PHI). The morphologies of the films were observed using
high-resolution scanning electron microscopy (HR-SEM, XL30 SFEG,
Phillips Co., Holland) at 15 kV acceleration voltage. Transmission
electron microscopy (TEM, JEM 2100 F, JEOL Inc.) was employed for
in-depth morphological analysis of the samples. The TEM samples were
prepared by the focused ion beam (FIB, 5 nA, LYRA3 XMH, TESCAN)
technique to acquire cross-sectional views. Energy-dispersive X-ray
2
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Fig. 1. (a) Schematic of the fabrication of ZnO/MnO2/TiO2 nanorods, and (b) illustration of the effect of each coated layer.

spectroscopy (EDS) coupled with TEM was also employed for elemental
mapping. A UV–vis spectrometer (Optizen POP Mecasys Co. LTD,
Korea) was used to measure the film absorbance.

aggregated particles of ∼50–100 nm in size, whereas the low-magnification image in the inset shows uniformity over a larger area. This
ZnO-seeded ITO substrate, when soaked in a solution of ZnAc/HMT,
experiences growth of ZnO nanorods (see Fig. S1a) from the ZnO seed
particles. The height of the ZnO nanorods is approximately 5 μm, and
their average diameter is ∼100 nm. These vertically-oriented nanorods
provide relatively long (axial) paths for light absorbance in combination with short (radial) transport distances to the interface with the
electrolyte and large surface area for reaction. To improve visible light
absorbance and charge separation, the ZnO nanorods were garnished
with MnO2 nanoparticles (see Fig. S1b). However, these small particles
were not visible by SEM. Furthermore, when the TiO2 ultrathin layer
was applied, the morphology of the ZnO/MnO2/TiO2 nanorods appears
unchanged in SEM because of the small amounts of MnO2 and TiO2
deposited as shown in Fig. 2c. The surface view of the ZnO/MnO2/TiO2
sample in Fig. 2d depicts nanorods of ∼100–150 nm diameter and
hexagonal cross-section. The inset image in Fig. 2d is a lower-magnification image that shows the uniformity of the nanorods over a larger
area.
TEM analysis was performed to understand the morphology of the
nanorods and the deposition of MnO2 and TiO2 over the nanorods. The
side view in Fig. 3a shows ZnO nanorods with a diameter of ∼80 nm.
The elemental line profile in the inset of Fig. 3a shows the elemental
distribution of Zn (brown) in the center and Mn (yellow) and Ti (blue)
at the edges. The HR-TEM image in Fig. 3b depicts two sections; the
center part highlighted in red is ZnO, and the edge, highlighted in
yellow, depicts the presence of a different layer morphology that can be
attributed to MnO2/TiO2 layers. The blue dashed part in the inset of
Fig. 3b shows no particular lattice fringes, suggesting that the TiO2
layer is amorphous. The lattice fringes are apparent in Fig. 3b and c,

2.5. Electrochemical characterization
To observe the PEC performance of the ZnO, ZnO/MnO2, and ZnO/
MnO2/TiO2 nanorod film photoelectrodes, the photocurrent density
(PCD) values of the films were measured using a three-electrode setup.
The photoelectrode film, Ag/AgCl, and a Pt wire were used as the
working, reference, and counter electrode, respectively. A 0.5-M
Na2SO4 solution (pH 7) was used as the electrolyte. To simulate sunlight (100 mW/cm2), we used a Xe arc lamp (Newport, Oriel
Instruments, USA) equipped with an AM 1.5 filter. The dark current and
photocurrent were measured by a potentiostat (VersaSTAT-3, Princeton
Applied Research, USA) for linear sweep voltammetry and applied
voltage range of −0.2 to 1.2 V (versus Ag/AgCl) at a scan rate of 10
mV/s. The PCD was also tested using a Na2SO3 hole-scavenging electrolyte. Mott–Schottky measurements were performed using the abovementioned potentiostat and three-electrode setup in the voltage
window from 0 to −1 V vs. Ag/AgCl.
3. Results and discussion
3.1. MnO2-garnished ZnO nanorods passivated by TiO2
The ZnO seed layer was prepared by ESD on ITO and analyzed by
SEM as presented in Fig. 2a and b. The cross-sectional SEM image
(Fig. 2a) shows a uniform ∼10-nm-thick layer of ZnO seeds deposited
by ESD. The top view (Fig. 2b) shows that the ZnO-seed film consists of
Table 2
ALD processing conditions.
Coatings
TiO2

Overall pressure [Torr]
3 × 10

−1

Process temperature [°C]

Deposition rate [nm/cycle]

Number of cycles

200

0.1

10, 20, 50

3
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Fig. 2. SEM images: (a) cross-section view, and (b) top-view, with lower magnification inset of ZnO-seeded film, (c) cross-section view, and (d) top-view, with lowermagnification inset, of ZnO/MnO2/TiO2 nanorod film.

presence of Ti in the Ti4+ state [48,49]. Moreover, the XPS-based
concentrations of Zn and O atoms in ZnO/MnO2/TiO2 slightly decreased (see Table S1) relative to their concentrations in ZnO/MnO2,
accompanied by the appearance of Ti (∼3.1 %). The measured Mn
content increased slightly from 7.9 % to 8.1 %, and the carbon concentration increased marginally from 1.4 % to 1.9 % as shown in Table
S1, but we do not consider these marginal increases to be significant.
Overall, the XPS-based surface concentration measurements demonstrate the successful deposition of MnO2 and TiO2 over the ZnO nanorods.

where the d spacings of 0.26 and 0.20 nm correspond to the (100) and
(101) planes, respectively, of ZnO [42,43]. The elemental mappings in
Fig. 3d–f depict Zn, Mn, and Ti. The Zn mapping shows the structure of
the nanorod, whereas the yellow and green dots of Mn and Ti confirms
MnO2 and TiO2 deposition.
The XRD pattern of the ZnO/MnO2/TiO2 nanorods on ITO substrates is presented in Fig. 4a. The XRD pattern depicts a sharp diffraction peak at 2θ = 34.4°, corresponding to the (002) plane of ZnO.
The (002)-oriented ZnO nanorods are also called c-axis-oriented nanorods. This happens because HMT works as a capping agent over
nonpolar facets of the wurtzite structure, preventing growth in other
directions. Other peaks of wurtzite ZnO (JPCDS, No. 36-1451) at 2θ =
31.2, 36.3, 47.6, 56.6, 62.9, and 67.9° are attributed to the (100), (101),
(102), (110), (103), and (112) planes respectively [1,44]. Furthermore,
no diffraction peaks associated with MnO2 or TiO2 are observed in the
XRD pattern because of their smaller quantities, limited crystallinity,
and/or small crystallite size. The diffraction peaks apparent in the XRD
pattern at 2θ = 20, 30, 35, 50, and 61° arise from the ITO substrate.
The XPS survey spectrum of the ZnO/MnO2/TiO2 nanorod film
sample is presented in the supporting information (Fig. S2). The core
XPS scans of Zn, Mn, and Ti from the ZnO/MnO2/TiO2 nanorod film are
shown in Fig. 4b–d. The Zn 2p region (Fig. 4b) exhibits two sharp peaks
centered at 1021.2 and 1044.2 eV, corresponding to Zn 2p3/2 and Zn
2p1/2, respectively. The spin-orbit splitting energy of 22.6 eV indicates
the presence of Zn as Zn2+ [44–47]. The Mn 2p spectrum in Fig. 4c
shows Mn 2p3/2 and Mn 2p1/2 peaks at 643.9 eV and 654 eV, respectively, suggesting that Mn is present as MnO2 in the composite. The
spin-orbit splitting separation between the two Mn 2p peaks is 10.1 eV,
which is slightly lower than the usual binding energy difference [29].
Fig. 4d shows the Ti 2p spectrum with peaks located at 458 eV and
463.8 eV, ascribed to the Ti 2p3/2 and Ti 2p1/2 orbitals, confirming the

3.2. PEC performance
The absorbance spectra of five different samples (ZnO, ZnO/MnO2,
and ZnO/MnO2 with 10, 20, and 50 cycles of TiO2 coating) are presented in Fig. 5a. The absorbance of each sample was measured using a
UV–vis spectrometer with a bare ITO glass substrate as the background
reference. Fig. 5a clearly shows the increase in absorbance at visible
wavelengths with the addition of MnO2. The ZnO/MnO2 nanorods with
10 cycles of TiO2 exhibit a slight increase in absorbance, but for higher
TiO2 cycle numbers, the absorbance decreased gradually. It is important
to note that the absorption edge of the ZnO/MnO2 sample does not shift
to a higher wavelength, possibly because of the low concentration of
MnO2. The optical bandgap energies determined from the linear part of
the Tauc plot ((αhν)2 vs. (hν)) are shown in Fig. 5b. The bandgap energy
of ZnO (3.3 eV) is as expected; the addition of MnO2 nanoparticles
slightly decreases the bandgap to 3.2 eV. The bandgap is further decreased to 3.1 eV with 10 cycles of TiO2 coating; with further increase
in the number of cycles, the bandgap increases. The bandgap decrease
with the addition of 10 cycles of TiO2 may be from the passivation of
interfacial states as the concentrations of defects such as dangling bonds
4

Applied Catalysis B: Environmental 271 (2020) 118928

M.-W. Kim, et al.

Fig. 3. (a) TEM image; inset: EDS line scan across ZnO/MnO2/TiO2 nanorod diameter as indicated by yellow arrow, (b, c) high-resolution TEM images of the inner
area of the nanorod, (d–f) EDS maps showing Zn, Mn, and Ti of the ZnO/MnO2/TiO2 nanorods. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

are reduced with higher number of ALD cycles. The band alignment for
ZnO/MnO2/TiO2 is as shown in Fig. S3. As the conduction band maximum of MnO2 (0.57 eV vs. normal hydrogen electrode (NHE)) is positive compared to that of TiO2 the electrons easily hop from TiO2 to
MnO2. Thus, the presence of a TiO2 overlayer favors charge-separation.
To observe the impact of MnO2 and TiO2 over the ZnO nanorod, the
photocatalytic degradation of methylene blue (MB) was studied using
simulated sunlight from a Xe arc lamp with a 450-nm long-pass filter
that allows visible wavelength transmission but prevents UV transmission. The films were soaked in a MB solution for 10 min under illumination. The concentration of MB was measured before (C0) and after
illumination (C). The results of the MB solution degradation for each
film are shown in Fig. 5c. In the case of ZnO nanorods, the MB

degradation was only 30 %, but it reached 91 % with MnO2 garnished
over the ZnO nanorods. The addition of TiO2 slightly decreased the MB
degradation rate. Nonetheless, the impact of MnO2 is evident in the
presence of TiO2; the extent of MB degradation remained much higher
than that with the pristine ZnO nanorods.
The transient responses of the samples were measured in Na2SO4
electrolyte at different potentials, as presented in Fig. 5d. During the
linear-sweep voltammetry (LSV), illumination was blocked at consistent
intervals. At voltages exceeding 0.4 V, the sudden rise and fall in the
PCD under illumination and in the absence of illumination, respectively, indicate that all samples exhibit fast charge-transfer characteristics and excellent photocatalytic activity and are thus suitable for
further PEC testing.
5
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Fig. 4. (a) XRD pattern, and (b–d) XPS spectra (b) Zn 2p, (c) Mn 2p, and (d) Ti 2p for ZnO/MnO2/TiO2 nanorods.

was 0.55 mA/cm2 at 1.2 VAg/AgCl, as represented by the red dashed line
in Fig. 6c. The ALD-coated thin layers of TiO2 on ZnO/MnO2 nanorods
were expected to improve the electrical and optical properties of the
samples. However, the presence of the TiO2 layer does not improve the
PCD. For 10 cycles of TiO2 deposition over the ZnO/MnO2 nanorods,
the PCD is slightly decreased (0.5 mA/cm2), and it is further decreased
to 0.35 mA/cm2 for 50 cycles of TiO2 deposition. The stability of
samples in Na2SO4 at a potential of 1.2 VAg/AgCl for 1000s was measured
by chronoamperometry, as presented in the supporting information
(Fig. S4). The PCDs of the ZnO, ZnO/MnO2, and 10-, 20-, and 50-cycle
TiO2-coated ZnO/MnO2 are 0.45, 0.6, and 0.5, 0.38, and 0.35 mA/cm2,
respectively, at t = 0 s (see Fig. 6d). After 1000s, the PCDs are decreased by 50 and 54 % for the ZnO and ZnO/MnO2 nanorods (see
retention values in Fig. 6d). However, the passivation layers of TiO2
clearly improve the stabilities of the ZnO/MnO2 nanorods coated with
10, 20, and 50 cycles of TiO2. Almost 80 % of the PCD is retained after
1000 s, indicating that the presence of TiO2 is essential for stability
enhancement of ZnO-based photoanodes. As noted earlier, the TiO2
coating eliminated direct contact between the photoactive electrode
and the electrolyte, thus suppressing the photocorrosion of the ZnO
nanorods.
H2 and O2 evolution measurements were then performed for the
photelectrochemical reaction. Oxygen evolution occurs at the photoelectrode, while H2 is released at the Pt plate counterelectrode. The
measurement of O2 and H2 production carried out in the photoelectrochemical cell is as presented in supporting media Movie S1. The
production of O2 and H2 occurs in separate chambers. The scale is
presented at the top of the PEC cell to measure the respective volumes
of O2 and H2 gases. The isolated O2 and H2 gas measurements show the
volume of H2 to be 4.9 mL and that of O2 to be 2.2 mL; see Movie S1).
The greater than 2:1 ratio of H2 to O2 may reflect the fact that some O2

The PCDs measured using LSV for ZnO nanorods (0 s) and 5-, 10-,
and 30-s MnO2-garnished ZnO nanorods in Na2SO4 electrolyte are
presented in Fig. 6a. The PCD values are the highest in the positive
potential region, indicating that the fabricated electrodes are n-type in
nature and work as anodes for oxygen generation. In dark conditions,
i.e., without illumination, the current density of all samples is zero. The
PCD values observed under illumination indicate that charge carrier
generation is increased by the incident photons, which significantly
contributes to water splitting. The PCD of the pure ZnO nanorods is 0.1
mA/cm2 at 1.2 V vs. Ag/AgCl. On the other hand, 5 and 10 s of ESD
MnO2 garnishing of the ZnO nanorods yield PCD increases to 0.4 and
0.55 mA/cm2, respectively. However, for a longer MnO2 ESD time (i.e.,
30 s), the PCD decreased.
Next, we conducted experiments using Na2SO3 as an electrolyte, in
which sulfite acts as a sacrificial agent (hole scavenger) favoring sulfite
oxidation over water oxidation. The PCDs of the same samples measured in the Na2SO3 electrolyte are presented in Fig. 6b. As an effect of
the sacrificial sulfite, the onset potential is shifted to lower potential (0
VAg/AgCl) compared to that in Na2SO4 (0.2 VAg/AgCl) in all cases. Additionally, the PCD is almost doubled (0.95 mA/cm2) relative to the
PCD in Na2SO4 (0.55 mA/cm2) for the MnO2-garnished ZnO nanorods.
Furthermore, with a passivation layer from 10 cycles of ALD of TiO2 on
ZnO/MnO2, the PCD is comparable to that from ZnO/MnO2 nanorods.
Here, the hole-scavenging Na2SO3 electrolyte ensures that the oxidation
at the photoanode surface is faster, and the PEC data reveals the efficient charge-carrier generation and separation rates in the heterostructured ZnO/MnO2.
The effect of the TiO2 coating on PEC performance was tested in
Na2SO4, as shown in Fig. 6c. For all TiO2 coatings, the ZnO nanorods are
garnished with MnO2 for 10 s, the optimized condition to maximize the
PCD value, as per Fig. 6a and b. The PCD of the ZnO/MnO2 nanorods
6
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Fig. 5. (a) Absorbance, (b) Tauc plot, (c) photocatalytic dye degradation, and (d) transient photoresponses of pristine ZnO nanorod, ZnO/MnO2, and ZnO/MnO2 with
10, 20, and 50 ALD cycles of TiO2 coating.

produced remains dissolved in the electrolyte. The Faradaic efficiency
( O2 ) of O2 production can be estimated from the measured volume of
oxygen. The Faradaic efficiency is defined as the ratio of charge
transferred during the O2 evolution to the total charge consumed during
the static photoelectrochemical measurements. The Faradaic efficiency
for O2 evolution at the photoelectrode during PEC water splitting can be
determined using Eq. (1) as follows: [50]
O2

=

VE
VE
=
VT
(Q Vm )/(4 F )

estimate the donor concentrations. The MS measurements were performed in the absence of illumination with 10 mV amplitude modulation at a fixed frequency of 1000 Hz. The Mott–Schottky plots in Fig. 7a
follow the expected relationship for an ideal semiconductor:

1
2
=
e 0 ND
Csc2

E

Efb
e

kT
(2)

where E is the conduction band potential (V), Efb is the flat-band potential (V), k is the Boltzmann constant, T is the absolute temperature
(K), e is the electron charge (C), ε is the relative permittivity, ε0 is the
permittivity of vacuum, ND is the donor concentration per unit volume
(cm−3), and Csc is the surface charge capacitance (F cm−2). The
Mott–Schottky plot-derived donor concentrations are as shown in
Fig. 7b, revealing that addition of MnO2 increases the electron concentration. Although the bare ZnO has a reasonable electron concentration, the fast recombination of electron-hole pairs (see Fig. 7d),
and lower rate of hole transfer to electrolyte result in lower PCD values
(see Fig. 6). The rate of this electron-hole recombination is reduced
through band bending associated with the Mott-Shottky heterojunction
[51]. Thus, the presence of MnO2 over ZnO causes slower recombination as the electron flow occurs through the heterojunction interface
[52]. Consequently, it increases the surface charge capacitance and
leads to enhanced charge separation due to band bending as shown in
Fig. 7e. The electron concentrations for ZnO, ZnO/MnO2, and 10-, 20-,
and 50-cycle TiO2-coated ZnO/MnO2 are 8.2, 8.6, and 7.7, 4.6, and 4.6
× 1017 cm−3, respectively.
With addition of the TiO2 passivation layers, the donor concentration decreases. The decreased electron concentration caused by the
passivation layer is consistent with the PCD response, as shown in
Fig. 6c. The reduced donor concentration could be due to lowering of
Efb and space charge layer width (WSCL) as depicted in Table 3. The

(1)

Where VE is the measured volume of collected O2 from PEC water
splitting, VT is theoretical volume of O2, Q is the charge summation of
the photelectrode, Vm is molar volume of gas (24.1 L mol−1, 293 K, 101
kPa) and F is the Faraday constant. By using the constant values and
charge summation for the PEC water splitting duration of 60 min, the
estimated value of O2 is 58.7 %. The high Faradaic efficiency can be
attributed to the stable and improved photocurrent performance of the
photoanode due to the presence of MnO2 and TiO2.
The textural properties of nanostructures play an important role in
the water-splitting process. Thus, N2 adsorption-desorption analysis
was performed for the ZnO nanorods. Fig. S5a and b depict the N2
adsorption-desorption isotherm and pore size distribution, respectively.
The rise in the isotherm (Fig. S5a) at a partial pressure > 0.8 along with
some hysteresis during desorption confirms the presence of mesopores.
The Barrett-Joyner-Halenda (BJH) pore size distribution in Fig. S5b
shows a wide peak centered at 25 nm and the Brunauer-Emmett-Teller
(BET) surface area is 22.8 m2 g−1.
Mott–Schottky (MS) plots are useful to investigate the concentration
of free carriers in photoelectrodes. These measurements were performed in 0.5-M Na2SO4 as an electrolyte for ZnO, ZnO/MnO2, and
ZnO/MnO2 coated with TiO2 by 10, 20, and 50 cycles of ALD to
7
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Fig. 6. The change of PCD upon increasing Mn spraying time in (a) Na2SO4 electrolyte and (b) Na2SO3 electrolyte. (c) PCD, and (d) stability (after 1000s at 1.2 VAg/
AgCl) of ZnO, ZnO/MnO2, and ZnO/MnO2/TiO2 with different numbers of ALD cycles for TiO2 deposition.

lower WSCL of ZnO promotes rapid recombination of electron-hole pairs
[53,54]. However, the higher width of the space charge layer at the
interface of the heterojunction reduces the recombination rate[55]. The
net result is that TiO2 as passivation layer provides stability (see
Fig. 6d) and enhanced PCD (see Fig. 6c). The WSCL can be calculated
from the following relation [51,56].

WSCL =

2 0
(E
e0N D

E fb

T e0)

MnO2. The presence of the MnO2 layer between ZnO and TiO2 facilitates the hole transport across the interfaces so that holes are captured
by the TiO2 layer. Thus, the TiO2 overlayer acts as a charge-storage
zone and ultimately injects the photogenerated holes into the electrolyte [57]. However, increasing the thickness of the TiO2 overlayer (with
higher number of ALD deposition cycles) may increase the depletion
region that then limits PCD as observed from Fig. 6. Under an applied
voltage, the photo-generated electrons move toward the ITO regardless
of staggered band alignment (as shown Fig. S3), but if the TiO2 layer is
too thick, it becomes a barrier to charge transport to the electrolyte.
TiO2 has a valence band maximum (VBM) potential of 2.91 eV vs NHE
and its conduction band maximum (CBM) potential is −0.29 eV vs.
NHE. The VBM of TiO2 is more positive than that of MnO2 or ZnO, so it
may act as a tunneling barrier for holes. The CBM of TiO2 (−0.29 eV vs.
NHE) is more positive than ZnO (−0.73 eV vs. NHE) and negative
compared to that of MnO2 (0.57 eV vs. NHE), but in operation, photogenerated electrons move away from TiO2 toward ZnO, so this may
have little effect [58].

(3)

where all the symbols have the conventional meanings as described for
Eq. (2).
The PEC mechanism for PCD response is illustrated in Fig. 7d–f. The
schematic in Fig. 7c shows the ZnO nanorods conformally coated with
MnO2 and TiO2. ZnO suffers from rapid recombination under illumination (see Fig. 7d), which limits the photoelectrochemical performance and water splitting capability. The MnO2 and TiO2 coatings are
very thin and the major PEC excitation of electrons and holes still occurs in the ZnO nanorods, rather than in these thin layers. However,
these layers help to reduce recombination within ZnO. MnO2, being
mesoporous, allows permeation of electrolytic ions to the ZnO nanorods
while prolonging the charge separation and serving as a co-catalyst;
therefore, an enhanced PCD was observed for the ZnO/MnO2 case (see
Fig. 6b–c). The ZnO/MnO2 had a larger WSCL and increased upward
band bending, which promotes the charge separation and simultaneously increases the photocurrent (see Figs. 7e and 6). However, to
provide stability, conformal TiO2 passivation layers (see Fig. 7d) are
also needed. The presence of TiO2 improves the charge separation at the
surface of the active sites and enhances water oxidation during the PEC
process. Moreover, the overlayer of TiO2 provides holes at the electrode–electrolyte interface, and reduces the photocorrosion of ZnO/

4. Conclusion
In summary, c-axis-oriented ZnO nanorods garnished with MnO2
nanoparticles and passivated by TiO2 were fabricated using CBD
methods, ESD, and ALD, respectively. The MnO2 deposition time and
TiO2 film thicknesses were optimized to achieve enhanced and stable
PEC performance. The garnishing of MnO2 over the ZnO nanorods increased the PCD from 0.49 to 0.96 mA/cm2, almost a factor of two, in
the hole-scavenging Na2SO3 electrolyte. In addition, the ZnO/MnO2
nanorods with ALD coatings of TiO2 exhibited excellent PCD retention
of ∼80 % after 1000s of reaction, compared to that of pristine ZnO (50
8
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Fig. 7. (a) Mott–Schottky plot, and (b) electron concentrations (ND) for various photoelectrodes. (c) A schematic of the three-electrode PEC system and (d-f)
schematics illustrating (d) the mechanism of photocatalysis and the effects of (e) MnO2 to promote charge separation and (f) TiO2 as a passivation layer.
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0.3
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%) or ZnO/MnO2 (54 %). Mott–Schottky analysis depicted faster charge
transport in the presence of the TiO2 coating. Additionally, the high
donor concentration (of 4–9 × 1017 cm−3) for the photoelectrodes
validated their superior PEC performance. Furthermore, MnO2-garnished ZnO nanorods showed suitability for photocatalytic wastewater
treatment, based on MB dye degradation studies.
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