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� Vo-rich MnO2-x/CdS HNRs are first
prepared by a facile photodeposition
strategy.

� In-situ growth of CdS on MnO2-x

enable efficient interfacial charge
transfer.

� Vo content in MnO2-x gradually
increases in photodeposition process.

� Synergistic effects of Vo and Z-
scheme system boost O2 evolution
activity.
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a b s t r a c t

Carrier separation and surface reaction kinetic are two main bottlenecks limiting photocatalytic effi-
ciency of photocatalysts towards an industrial level. In this regard, heterostructures and defects engineer-
ing have been proven to be effective strategies for addressing the two issues. However, the integrated
construction of heterostructures and defects has been reported rarely. Herein, a facile in-situ photodepo-
sition strategy has been developed to grow CdS nanocrystals on MnO2-x nanorods with rich oxygen
vacancies (VO) as a direct Z-scheme photocatalyst for boosting water oxidation. It has been found that
the Cd2+ ions accept photoelectrons from MnO2-x under irradiation for the in-situ growth of CdS
nanocrystals, which enables a close contact between the two components, providing high-speed
electron-transport channels for photocatalysis. Meanwhile, the photooxidation half reactions extract sur-
face lattice oxygen, leading to the increase of VO content in MnO2-x, which supplies abundant active sites
for oxygen evolution. Owing to the synergistic effects of VO and Z-scheme systems, the optimized MnO2-x/
CdS photocatalyst displays a dramatically enhanced photocatalytic activity with an O2 production rate of
779 lmol g-1h-1 under visible-light irradiation without any cocatalysts, which is 2.33 times higher than
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the bare MnO2-x. This work reveals the cooperative manipulation of VO and CdS nanocrystals on MnO2-x

for achieving efficient photocatalysis, providing new insights into the construction of high-performance
photocatalysts via a combined strategy of Z-scheme heterostructures and surface defects.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Ever increasing environmental problems and energy demand
have stimulated lots of research interests on green sustainable
energy technologies [1–6]. In this regard, photocatalytic water
splitting is a promising solution to supply a clean energy hydrogen
(H2) whilst relieving the environmental issues [7–11]. However,
the solar-to-hydrogen conversion efficiency is limited by the oxy-
gen (O2) evolution reaction, which is a four-electron transfer pro-
cess with sluggish reaction kinetics [5,12–14]. To boost O2

evolution process, various semiconductors have been proposed,
however, almost all the possible candidates show a low photocat-
alytic activity due to fast charge recombination by the Coulomb
force between electrons (e-) and holes (h+) as well as sluggish sur-
face reaction kinetics.

Heterostructures incorporating two and more semiconductors,
have been proven to be an effective strategy of facilitating the
desired charge separation. Generally, photocatalysis systems based
on heterostructures can be classified into two categories in terms
of charge carrier transfer routes [15]: Type-II and Z-scheme
heterostructures. According to the medias of interfacial charge
transfer used, Z-scheme systems are further divided into three
groups: Traditional Z-scheme with intermediate couples as elec-
trode conductors, all-solid-state or indirect Z-scheme with a solid
conductor, and direct Z-scheme (also called S-scheme) without
neither redox couples nor conductors. Therefore, the direct Z-
scheme is a great candidate to achieve efficient photocatalysis. In
a direct Z-scheme system comprising of semiconductors A and B
with intersecting arrangement of conduction band minimum
(CBM) and valance band maximum (VBM), photoexcited e- in A
with lower CBM are transferred across the interface to combine
with photogenerated h+ in the valance band of B with higher
VBM, resulting in e- accumulation in more negative CB of B whilst
h+ left in more positive VB of A for reduction and oxidation reac-
tions, respectively. Such transfer mode not only facilitates the sep-
aration of e--h+ pairs, but also keeps high redox potential for
driving two half reactions, thermodynamically favoring the whole
photocatalysis process. Therefore, plenty of Z-scheme systems
have been constructed to boost O2 evolution [16–18]. Even so,
the photoactivity is still suspectable to the charge transfer effi-
ciency between two components, which is mainly governed by
their interfaces. Recent reports propose to enhance the interfacial
interaction of heterostructures via different strategies, such as
interface engineering [19], atomic-junction [20,21], and photode-
position [22–24]. Among them, photodeposition receives more
research interests due to eco-friendly attributes, high-quality
interfaces, and cost-effective. When photoreduction half reactions
are employed to construct heterostructures, one component is ref-
erentially deposited at e--accumulation sites on the surface of the
other one, naturally forming a close interface with high electronic
conductivity [22,25]. Therefore, photodepsotion method is an
excellent candidate to construct heterostructures with high-
quality interfaces for efficient charge separation and transfer.

Considering surface redox reactions that occur in the range of
ls to ms, which is obviously longer than that of charge recombina-
tion rate (dozens of ps), it is also relatively important for
heterostructures to engineer surface property to boost surface
reactions. Size reduction and constructing hollow structures are
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frequently engaged to increase specific surface area and thus the
number of active sites [26–29]. However, the intrinsic photocat-
alytic activity remains unchanged. Recent reports suggest that
engineering surface structures, such as creation of an oxygen
vacancy (VO), enhances photocatalytic activity to O2 evolution
reactions, since VO could not only reduce band gap (Eg) and facili-
tate charge separation, but also promote the adsorption and activa-
tion of H2O/OH– on catalyst surface [30–33]. Combining the merits
of VO and heterostructures, the VO-containing Z-scheme systems
exhibit further boosted photocatalytic activity [34]. Accordingly,
great efforts were devoted to construct Z-scheme heterostructures
with various defects [19,34,35]. However, there is little attention
paid to the integrated fabrication of defects and heterostructures,
which is desirable for the development of practical high-
performance photocatalysts.

Herein, we present an integrated construction strategy of VO-
rich Z-scheme heterostructures via a facile in-situ photodeposition
of CdS nanocrystals on MnO2-x nanorods (NRs) for synergistically
boosting O2 evolution. The selection of MnO2-x is mainly attributed
to its narrow band gap energy (Eg) (ca. 1.5 eV), enabling visible-
light absorption and generating more e--h+ pairs [36–38], while
CdS is used in main consideration of negative CBM position and
visible light response [6,28]. As illustrated in Fig. 1, the MnO2-x

nanorods with a certain amount VO are prepared via a hydrother-
mal reaction of KMnO4 and acetic acid. Then, CdS nanocrystals
are in-situ deposited on the surface of MnO2-x by accepting photo-
generated e- from MnO2-x under irradiation. Meanwhile, the VO

content in MnO2-x increases due to the photooxidation half reac-
tion among surface lattice oxygen, sacrificial agents and photogen-
erated h+. Consequently, the VO-rich MnO2-x/CdS hetero-nanorods
(HNRs) are synthesized via the cooperative formation of VO and
CdS nanocrystals. (In-situ) irradiated X-ray photoelectron spec-
troscopy (XPS) reveals that the Z-scheme charge transfer pathway
is formed in MnO2-x/CdS HNRs for photocatalytic O2 evolution.
Owing to the synergistic effects of VO and Z-scheme systems, the
optimizedMnO2-x/CdS HNRs display dramatically enhanced photo-
catalytic O2 evolution activity compared with bare MnO2-x.

2. Experimental section

2.1. Materials

All the reactants including potassium permanganate (KMnO4),
glacial acetic acid (C2H4O2), cadmium chloride hemi-
pentahydrate (CdCl2�2.5H2O), sulphur powder (S8), sodium
hydroxide (NaOH), sodium persulfate (Na2S2O8), ethanol, metha-
nol, carbon disulfide (CS2), and carbon dioxide (CO2, 99.999%) of
analytical grade were purchased from the Shanghai Chemical
Reagent Factory and used without further purification.

2.2. Synthesis of non-stoichiometric MnO2-x nanorods

474 mg of KMnO4 was dispersed in 0.4 M acetic acid aqueous
solution (30 mL) with vigorous stirring for 30 min. The resultant
mixture was then transferred to a Teflon-lined stainless-steel auto-
clave (50 mL) and maintained at 140 ℃ for 12 h. After cooled down
to room temperature, the brown precipitate was collected, washed
with distilled water and ethanol several times, and finally dried in



Fig. 1. Schematic illustration of synthesis process for the MnO2-x/CdS HNRs.
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air at 60 ℃. VO were protected by putting the samples in desicator
filled with argon gas to avoid the filling of VO with O2 and H2O from
air. For a comparison, the as-prepared MnO2-x was annealed in air
at 500 �C for 3 h to remove VO [39], the obtained sample was sym-
bolically donated as MnO2-x-A.
2.3. Synthesis of MnO2-x/CdS HNRs

MnO2-x/CdS HNRs were prepared by a photodeposition method.
A certain amount of S powder (S8) and CdCl2�2.5H2O were added to
100 mL of aqueous solution containing 10 vol% methanol and
100 mg of as-prepared MnO2-x nanorods. The suspension was stir-
red and irradiated for 5 h under vacuum with 300 W Xe lamp
(k > 420 nm). The solid precipitation was collected by centrifuga-
tion and washed with deionized water, ethanol, and CS2 for several
times to remove unreacted raw materials. The obtained sample
was dried in air at 60 ℃. The molar ratio of CdCl2�2.5H2O and
MnO2-x was varied as 0.3, 0.5, 0.7, and 1 to obtain various MnO2-

x/CdS-y samples for comparison, where y = 0.3, 0.5, 0.7, and 1,
respectively. The recovery rates of materials obtained were
53.92%, 54.09%, 53.77%, and 60.56% for MnO2-x/CdS-0.3, 0.5, 0.7,
and 1, respectively. All the as-prepared samples were stored in
desiccator filled with argon gas to prevent the O2 and water vapor
in air filling the VO.
2.4. Sample characterizations

Powder X-ray diffraction (XRD) was employed to determine
crystallographic properties of as-prepared samples by a Philips
PW 3040/60 using Cu Ka radiation. Field-emission scanning elec-
tron microscopy (FESEM, Hitachi, S-4800) and transmission elec-
tron microscopy (TEM, JEOL, JEM-2100F) with high-resolution
transmission electron microscope (HRTEM) and scanning trans-
mission electron microscope-energy dispersive X-ray spectro-
scopies (STEM-EDS) were used to analyze the morphologies and
chemical compositions of samples. An ESCALab 250Xi XPS (Thermo
Fisher Scientific) was used to examine the composition and chem-
ical state of samples. Next, UV-visible diffuse reflectance spectro-
scopies (UV-vis DRS) of samples were recorded on a Thermo
Nicolet Evolution 500 UV-vis spectrophotometer. Electron param-
agnetic resonance (EPR) spectra were collected on a Bruker EPR
EMXplus-9.5/12 at room temperature.
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2.5. (Photo)electrochemical measurements

An electrochemical workstation (CHI840C, Chenhua Instru-
ment, China) equipped with a standard three-electrode system
was employed to perform photocurrent measurements. The
photocatalyst-precoated indium tin oxide (ITO) (coated area:
1 � 1.5 cm2), Pt wire, and Hg/HgO were used as the working elec-
trode, counter electrode, and reference electrode, respectively, and
0.1 M Na2SO4 aqueous solution as the electrolyte. The visible-light
source was a Xe lamp with a cut-on filter (k > 420 nm). 5 mg of
sample was dispersed to a mixed solution containing 50 lL of
deionized water and 10 lL of Nafion solution (5 wt%) under soni-
cation, then 8 lL of the mixture was taken to make a 1 � 1.5 cm2

coating film on the ITO glass. A Zennium E station (ZAHNER, Ger-
many) with a three-electrode cell was used to conduct Mott-
Schottky measurements in 0.5 M Na2SO4 aqueous solution with
the photocatalyst-coated glassy carbon, Pt wire, Hg/HgO were as
the working electrode, counter electrode, and reference electrode,
respectively. Electrochemical impedance spectra (EIS) were col-
lected in a mixed solution of KCl (1 M) and K3[Fe(CN)6] (5 mM)
at an AC voltage of 10 mV and a frequency range of 0.1 Hz to
100 kHz, using the same three-electrodes system to the Mott-
Schottky measurements.

2.6. Photocatalytic O2 evolution experiment

The photocatalytic O2 evolution experiment was performed on
a Labsolar-III AG system (Beijing Perfectlight) equipped with UV
filtered 300 W Xe lamp (MicroSolar 300, Beijing Perfectlight) as a
visible-light source (k > 420 nm). Generally, 20 mg of photocata-
lysts was dispersed in an aqueous solution (50 mL) containing
200 mg of NaOH and 238.1 mg of Na2S2O8. Prior to light irradiation,
the systemwas thoroughly vacuumed for 30 min to remove air and
maintained at 25 �C via continuous water flow. The evolved O2 was
analyzed by on-line gas chromatographic (Agilent Technologies
GC-7890B, TCD, Ar carrier).

The cyclic tests were performed as follows: Firstly, photocat-
alytic O2 evolution reaction was continually carried out for 5 h
and then stopped with light off. The reaction system was degassed
for 20 min. After that, light was turned on and the photocatalytic
O2 evolution reaction was carried out for another 5 h without add-
ing additional sacrificial agent. Cyclic tests were comprised of 3
runs with each run of 5 h.

The apparent quantum efficiency (AQE) was calculated in terms
of Z-scheme system using the following equation:
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AQE ¼ Ne

NP
¼ 2� 4� NO2

NP
¼ 8� NA � nO2

I�A�t
h�v

� 100% ð1Þ

where Ne, NO2 , nO2 , and Np are the number of reacted electrons,
evolved O2 molecule and mole, and incident photon, respectively.
Further, I, A, t, and m represent, orderly, the intensity, irradiation
area, time, and frequency of incident light. In above equation, NA

and h are the Avogadro’s number and Planck constants,
respectively.

3. Results and discussion

3.1. Morphology and structure analysis

The surface morphology of the as-prepared bare MnO2-x NRs
was carried out using FESEM and presented in Fig. S1a. As seen,
the sample shows an obviously uniform one-dimensional (1D)
rod-shape with a length span of several micrometers and an aver-
age diameter of about 30 nm. After CdS nanocrystals are loaded,
there is no noticeable change in morphology and size for all the
MnO2-x/CdS-y HNRs (Fig. S1b-d), indicating very small size and
low loading amount of CdS nanocrystals. Accordingly, TEM and
HRTEM analyses are performed for the MnO2-x/CdS-0.5 sample.
As illustrated in Fig. 2a and b, uniform nanorods overlapping are
evidently observed. From the HRTEM image (Fig. 2c), it can be seen
that ultrasmall nanocrystals with an average grain size of � 4 nm
are successfully deposited on NRs’ surface. Separated by the inter-
face, three sets of well-resolved lattice fringes are observed with
interplanar distances of 0.168, 0.280 and 0.207 nm (Fig. 2c), which
correspond to (530) planes of MnO2-x, (200) and (220) planes of
hexagonal phase of CdS, respectively. The STEM-EDS elemental
mapping images depict the existence and uniform distribution of
Mn, O, Cd, and S elements within individual HNRs (Fig. 2d-h).

3.2. Phase constitution, chemical state, and defects analysis

The phase constitutions of bare MnO2-x and MnO2-x/CdS-y HNRs
are analyzed by XRD, as shown in Fig. 3a. All diffraction peaks from
bare MnO2-x are consistent with tetragonal phase a-MnO2 (JCPDS
No. 72–1982, a = b = 9.78 Å, c = 2.86 Å). After CdS is loaded, there
is no apparent diffraction signal from CdS observed for MnO2-x/
Fig. 2. (a and b) TEM, (c) HRTEM, and (d) STEM image of the MnO2-x/CdS-0.5 and cor
elements.
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CdS-0.3 and 0.5, and a relatively weak signal from CdS in MnO2-

x/CdS-1, implying low loading amount of CdS in these samples.
The EDS patterns further reveal that the CdS content in MnO2-x/
CdS is relatively low (<0.7 at%) and gradually enhanced with the
increase of Cd and S resources in photodeposition process (Fig. S2).

The elemental composition and chemical state of bare MnO2-x

and MnO2-x/CdS-0.5 HNRs are revealed by XPS analysis. As shown
in Fig. S3, the survey spectra reveal that there are only Mn and O
elements in bare MnO2-x. Besides these two elements, additional
XPS peaks corresponding to Cd 3d and S 2p are observed in the
MnO2-x/CdS-0.5, indicating a successful loading of CdS on the sur-
face of MnO2-x. The high-resolution spectra of above four elements
are displayed in Fig. 3b-e. The Mn 2p spectrum of bare MnO2-x

shows two asymmetry peaks centered at 654.1 and 642.4 eV
(Fig. 3b) [40]. The deconvolution analysis reveals that they can
be fitted into two doublets corresponding to Mn4+ (654.7 eV,
643.5 eV) and Mn3+ (653.7 eV, 642.2 eV) [41,42]. According to
charge neutrality condition, the appearance of Mn3+ is an indicator
of VO in MnO2-x, which is further confirmed by the O 1 s high-
resolution spectrum, as shown in Fig. 3c. The peaks at 529.5,
530.7, and 531.7 eV correspond to lattice oxygen (OL), VO, and che-
misorbed oxygen (OA), respectively [43–45]. The peak area ratio of
VO and OL is 12.58%, indicating that a significant amount of VO is
present in MnO2-x. When CdS is loaded, all the Mn 2p and OL peaks
slightly shift to high binding energy, signifying an electron transfer
fromMnO2-x to CdS. Notably, the electron transfer direction is con-
sistent with that in the photodeposition process, where the photo-
electrons transfer from the CB of MnO2-x to adsorbed Cd2+ for the
deposition of CdS on the surface of MnO2-x. In addition, the peak
area ratio of VO and LO is increased to 13.01%, indicating that the
photodeposition process also slightly increases the VO content in
MnO2-x. The Cd 3d and S 2p high-resolution XPS spectra confirm
the presence of CdS in HNRs (Fig. 3d and e).

To further confirm the presence of VO, EPR measurements were
carried out for bare MnO2-x as well as MnO2-x/CdS-0.5 HNRs. As
illustrated in Fig. 3f, bare MnO2-x shows an evident EPR signal hav-
ing a g-value of 2.001, verifying the presence of VO. The generation
of VO is probably associated with the excess reduction of KMnO4 by
acetic acid in the hydrothermal process. When both Cd and S
resources are added in the rection system, the VO content in
MnO2-x/CdS HNRs is further increased.
responding STEM-EDS elemental mapping images: (e) Mn, (f) O, (g) Cd, and (h) S



Fig. 3. (a) XRD patterns of the bare MnO2-x and MnO2-x/CdS-y HNRs. High-resolution XPS spectra of (b) Mn 2p, (c) O 1 s (d) Cd 3d, and (e) S 2p. (f) EPR spectra of the bare
MnO2-x and MnO2-x/CdS-0.5 HNRs.
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3.3. Formation mechanism of MnO2-x/CdS HNRs

Based on the above analyses and photodeposition theory
[25,46], the formation mechanism of MnO2-x/CdS HNRs is rational-
ized in terms of the following equations:

Cd2 þ þ MnO2 - x $ Cd2 þ
ad � � �MnO2 - x ð2Þ

MnO2 - x þ hv ! e� þ hþ ð3Þ
768
Cd2 þ
ad þ 2e� ! Cd0

ad ð4Þ

O2�
L þ 2hþ þ CH3OH ! HCHOþH2Oþ VO ð5Þ

Cd0
ad þ S0ad ! CdS ð6Þ
Before the irradiation, CdCl2, S8, and as-prepared MnO2-x are

dispersed in the methanol aqueous solution. The Zeta potential
measurement shows the negative charge property of MnO2-x (Zeta
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potential: -0.565 mV), which is consistent with the result in previ-
ous study [47]. Accordingly, Cd2+ is referentially adsorbed to the
surface of MnO2-x, reaching to an equilibrium state (Eq. (2)). Upon
irradiation, e- is excited from the VB to CB of MnO2-x, leaving h+ in
the VB (Eq. (3)). These charge carriers partly migrate and transfer
to the surface of MnO2-x and react with the adsorbed species. From
the cyclic voltametric (CV) measurements (Fig. S4), an obvious
reduction peak can be observed at electrode potential (U = �0.2 V
) in the electrolyte containing Cd2+ ions or both Cd2+ and S8, while
there is no reduction peak when only S8 is present. This result indi-
cates the referential reduction of Cd2+ relative to S8 in the photode-

position process. Accordingly, the adsorbed Cd2+ (Cd2 þ
ad ) is reduced

by e- to Cd0
ad(Eq. (4)). Meanwhile, the h+ located at the surface OL

oxides methanol to possible formaldehyde (HCHO) [24], leading

to the formation of VO (Eq. (5)). Finally, the highly active Cd0
ad

and adsorbed S0ad combined, in-situ forming CdS on the surface of
MnO2-x (Eq. (5)). That is, CdS is referentially deposited on the e-

accumulation sites of MnO2-x nanorods when exposed to irradia-
tion. The formed interfaces are naturally close and could act as
high-speed electron-transport channels, guaranteeing an efficient
interfacial charge transfer between the two components for photo-
catalysis [48]. Apparently, the addition of Cd and S resources accel-
erates the consumption of e-, and hence facilitating the reaction of
Eq. (5), resulting in the generation of VO in MnO2-x/CdS HNRs, as
evidenced by the EPR analysis.

To confirm the formation mechanism of VO-rich MnO2-x/CdS
HNRs, additional XPS are performed on MnO2-x/CdS-0.3 and
MnO2-x/CdS-0.5 samples, as shown in Fig. S5. The relative propor-
tion of Mn4+ and Mn3+ is characterized by the peak area ratio and is
determined to be 1.498, 1.309, 1.238, and 1.232 for MnO2-x/CdS-0,
0.3, 0.5, and 1.0, respectively. That is, the relative proportion
decreases with the increase of CdS, indicating more VO formed in
MnO2-x. This is further confirmed by the O 1 s spectra and EPR
analysis. The O 1 s spectra show that the area percentage of VO is
gradually promoted from 12.58% in MnO2-x/CdS-0 to 16.47% in
MnO2-x/CdS-1.0 (Fig. 3c and Fig. S5b and d). Also, the EPR signal
is significantly enhanced from MnO2-x/CdS-0 to MnO2-x/CdS-1.0
(Fig. S6). Based on the above results, the formation mechanism of
MnO2-x/CdS is verified.

3.4. Photocatalytic O2 evolution performance

Photocatalytic O2 evolution activity is first assessed for bare
MnO2-x sample and different MnO2-x/CdS-y HNRs without any
cocatalysts in a NaOH aqueous solution containing Na2S2O8 as sac-
rificial agent under visible-light irradiation (k > 420 nm). Fig. 4a
and Fig. S7 depicts the time course of O2 evolution on these sam-
ples. Bare MnO2-x NRs enable photocatalytic O2 evolution, but
show a low catalytic activity with an O2 production rate of
335 lmol h-1 g-1. After CdS is loaded, the photocatalytic activity
is significantly improved (Fig. 4b and Fig. S7). The O2 production
rate of various MnO2-x/CdS-y displays a volcano-like evolution pro-
file with the increase of CdS, acquiring the highest value
(779.8 lmol h-1 g-1) on the MnO2-x/CdS-0.5 HNRs, which is 2.33
times higher than that of bare MnO2-x. When the loading amount
of CdS is low, it is apparent that the high-quality interfaces con-
structed is predominate to enhance the interfacial charge transfer
and thus boosts O2 evolution. However, excessive CdS loading
shields the light harvesting of MnO2-x and impedes photo-to-
electron conversion, resulting in decline of photoactivity. On the
other hand, the VO content in MnO2-x is also promoted with
increasing CdS (Fig. S6), serving as active sites for water oxidation
[31,32]. However, excessive VO may evolve recombination centers
for charge carriers [49,50]. Collectively, there is an optimal content
of VO and CdS for photocatalysis, which is confirmed by photocur-
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rent and EIS analyses (Fig. 6). The MnO2-x/CdS-0.5 sample with
moderate VO and CdS content exhibits the best photocatalytic O2

evolution activity.
Also, the photocatalytic O2 evolution activity is comparable to

those of previously reported MnOx- and CdS-based photocatalysts
(Table S1). Furthermore, the MnO2-x/CdS-0.5 shows no significant
loss of O2 production rate in three cycles with each run of 5 h
(Fig. 4c). After cyclic tests, the MnO2-x/CdS HNRs almost maintain
their morphology, phase constitution, relative proportion of Mn4+

and Mn3+ (1.236 vs. 1.238), valence of Cd, and VO content in
MnO2-x (12.92% vs. 13.01%) (Fig. S8), indicating structural stability
and durability of the hybrid photocatalysts. To quantify light con-
version efficiency, the AQE is measured on MnO2-x/CdS-0.5 under
different monochromatic light (400, 450, and 500 nm). As shown
in Fig. 4d, the AQE is in accordance with the UV–vis absorption
spectrum and has the highest value of 0.94% at 400 nm.

3.5. Band structures and charge transfer pathways

UV–vis DRS was employed to investigate their light-harvesting
abilities for the bare MnO2-x and MnO2-x/CdS HNRs. As shown in
Fig. 5a, the bare MnO2-x NRs show almost full-spectrum response,
accordingly, all the MnO2-x/CdS HNRs display a strong adsorption
for the whole light spectrum. The Eg of bare MnO2-x, as determined
from Tauc plot analysis, is found to be 1.50 eV (Fig. 5b). The Mott-
Schottky plots reveal the n-type nature of bare MnO2-x with a
derived flat-band potential (Efb) of 0.56 eV (versus the reversible
hydrogen electrode, RHE) (Fig. 5c). Considering the negligible dif-
ference between Efb and the CBM energy (ECB) for n-type semicon-
ductors, the ECB of bare MnO2-x nanorods is determined to be equal
to Efb, i.e., 0.56 eV. The EVB is thus calculated to be 2.06 eV from
ECB + Eg.

Since bare CdS nanocrystals could not be formed via the pho-
todeposition method without the presence of MnO2-x nanorods,
its Eg and ECB cannot be experimentally measured. Alternatively,
an approximate model for the loaded CdS is made according to pre-
vious reports. It is well-known that the Eg of bulk CdS is 2.40 eV
with an ECB of -0.52 eV (vs. RHE) and gradually increases with
the decreasing of crystal size due to quantum confinement effect.
From the relations between Eg and size of CdS nanocrystals
[51,52], the loaded CdS nanocrystals with an average size of about
4 nm correspond to a Eg value of 2.60 eV. The respective ECB is then
calculated by the following equations:

ECB ¼ v� Eh � 0:5Eg ð7Þ

v ¼ ½vðAÞavðBÞbvðCÞc� 1= aþbþcð Þ ð8Þ
Here, v is the absolute electronegatively of semiconductors and

expressed as the geometric mean of the absolute electronegativity
of constituent atoms, and Eh represents the energy of free electron
on the hydrogen scale (about 4.5 eV) [53,54]. The Mulliken elec-
tronegativity of Cd and S is 4.33 and 6.22, respectively, and the v
value of CdS was calculated to be 5.19. Accordingly, the ECB of
CdS nanocrystals was calculated to be -0.61 eV (vs. RHE) and the
EVB is determined to be 1.99 eV.

The energy band alignment of MnO2-x/CdS HNRs is illustrated in
Fig. 5d. On Base of the above analysis, the charge transfer pathway
in the MnO2-x/CdS HNRs for photocatalytic O2 evolution is pro-
posed as follows. Upon irradiation, e- in VB is excited to CB for both
semiconductors, leaving h+ in the VB. These carriers partly migrate
from bulk to the surface whilst accompanied by a certain probabil-
ity of combination. The e- reaching the surface of MnO2-x is trans-
ferred to CdS nanocrystals via the high-speed electron-transport
channels as constructed by the photodeposition method to com-
bine with h+ in CdS. As a result, the e- left in the CB of CdS with high



Fig. 4. (a) Typical time course of O2 evolution over the bare MnO2-x and various MnO2-x/CdS-y HNRs, and (b) corresponding O2 evolution rates. (c) Cyclic tests and (d) the
wavelength-dependent AQE of photocatalytic O2 evolution over the MnO2-x/CdS-0.5 sample. (3 repeated experiments were carried out for all the error estimates.).
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reduction ability is consumed by the reduction reaction of S2O8
2- to

SO4
2-, while h+ in the VB of MnO2-x takes part in the oxidation reac-

tion of H2O/OH– to O2.
To confirm the Z-scheme transfer pathway, in-situ irradiated

XPS measurement was performed for the MnO2-x/CdS HNRs. As
illustrated in Fig. 5e and f, under visible-light irradiation, the Mn
2p XPS peaks shift to higher binding energies compared to that
without irradiation, while the Cd 3d peaks move to lower binding
energies. On the other hand, the Mn4+/Mn3+ relative proportion is
decreased from 1.232 to 0.778 with in-situ irradiation, while the
area percentage of VO remains nearly invariant from 16.47% to
16.60%. This is attributed to the bandgap excitation of MnO2-x,
which transfer photogenerated e- from VB made of O 2p orbitals
to CB made of Mn 2p orbitals [55,56], resulting in increased elec-
tron density around Mn and thus the formation of more Mn3+ spe-
cies. Meanwhile, the photogenerated h+ is temporally stored in the
VB, mainly corresponding to O 2p orbitals. In this regard, there is
hardly photooxidation reactions initiated, resulting in nearly
invariant VO content. These results indicate that e- is transferred
from MnO2-x to CdS under irradiation. Taking the band alignment
of MnO2-x/CdS HNRs into consideration together, the Z-scheme
transfer pathway is unambiguously confirmed. The Z-scheme sys-
tem with an enhanced interfacial charge transfer by high-speed
electron-transport channels could guarantee the timely consump-
tion of h+ in CdS, alleviating photocorrosion process and promoting
stability of the photocatalytic systems. Meanwhile, the abundant
VO supplies lots of active sites for H2O/OH– adsorption, accelerating
the surface reactions and further promoting the efficiency of O2

evolution process.
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3.6. Synergistic effects of VO and Z-scheme systems

To address enhanced photocatalytic activity of the MnO2-x/CdS
HNRs, the mechanically mixed MnO2-x and CdS with identical com-
position to MnO2-x/CdS-0.5 is prepared and denoted as MnO2-

x + CdS-0.5, the respective photocatalytic O2 evolution activity is
shown in Fig. S9. It is found that the MnO2-x + CdS-0.5 also enables
stably photocatalytic O2 evolution, however it possesses obviously
low evolution rate than the MnO2-x/CdS HNRs. This is attributed to
the absence of high-quality interfaces in the MnO2-x + CdS-0.5,
which not only provide high-speed channels to interfacial charge
transfer, but also spatially separate redox active sites, suppressing
backward reactions [25,46].

The effect of VO on photocatalysis is assessed by annealing the
MnO2-x nanorods in air at 500 �C for 3 h to remove VO. As shown
in Fig. S10a, the EPR signal of the MnO2-x-A is flat, indicating the
disappearance of VO. Although the MnO2-x-A is still active in pho-
tocatalytic O2 evolution, the evolution rate is significantly reduced
as compared with the MnO2-x (Fig. S10b). Moreover, CdS nanocrys-
tals are loaded on the MnO2-x-A to obtain the MnO2/CdS-0.5 HNRs
without VO as comparison. As illustrated in Fig. S9, the photocat-
alytic activity of MnO2/CdS-0.5 HNRs is also obviously lower than
that of the MnO2-x/CdS-0.5 HNRs. These results indicate positive
role of VO for heterostructures in promoting surface reactions. In
detail, the VO not only enhances the conductivity of MnO2-x, but
also acts as highly active sites for surface reactions by promoting
the adsorption and activation of H2O/OH– [30–33,57].

Provided full-spectrum response of the MnO2-x/CdS HNRs, a
great number of e--h+ pairs are excited upon visible-light irradia-



Fig. 5. (a) UV–Vis DRS of the bare MnO2-x and various MnO2-x/CdS-y HNRs, (b) Tauc plot and (c) Mott-Schottky plots of the bare MnO2-x. (d) Schematic of the Z-scheme charge
transfer pathway in the MnO2-x/CdS under irradiation. In-situ irradiated high-resolution XPS spectra of the MnO2-x/CdS-1.0: (e) Mn 2p and (f) Cd 3d.
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tion. The high-quality heterointerfaces constructed by in-situ pho-
todeposition method would provide high-speed channels to the
interfacial charge transfer, facilitating separation of the e--h+ carri-
ers. Besides, the surface VO of MnO2-x would act as highly active
sites promoting the adsorption and activation of H2O/OH– [30–
33]. In addition, the Z-scheme charge transfer route guarantees
favorable thermodynamical potential for the oxidation of H2O/
OH– to O2. That is, the synergistic effects of VO and Z-scheme
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heterostructure make great improvement in photocatalytic activity
on the MnO2-x/CdS HNRs.
3.7. Enhanced charge separation and transfer kinetics

To support the enhanced photocatalytic activity on MnO2-x/CdS
HNRs, photocurrent measurements are carried out for bare MnO2-x

and MnO2-x/CdS HNRs with intermittent visible-light irradiation.



Fig. 6. (a) Photocurrent responses and (b) EIS of the bare MnO2-x and different MnO2-x/CdS-y HNRs.
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As depicted in Fig. 6a, bare MnO2-x shows reproducible photocur-
rent signals with intermittent irradiation. In contrast, the signals
are greatly enhanced for all the MnO2-x/CdS HNRs, reaching the
highest value on the MnO2-x/CdS-0.5. It indicates an enhanced sep-
aration of photogenerated charge carriers in MnO2-x/CdS HNRs
compared to bare MnO2-x NRs. On the other hand, all the samples
present a gradually rising current when the light is on and a declin-
ing signal when the light is off. This kind of transient delay stems
from the electron trapping and releasing mediated by surface VO

[58,59]. Upon photoexcitation, Vo could serve as electron reser-
voirs to store the photogenerated electrons, so only a portion of
the photoelectrons are transported to the back contact electrode
until the equilibrium state is reached. Thus, a gradually rising pho-
tocurrent response occurs. Similarly, the slow release of photoelec-
trons from the VO could cause the slow response of the
photocurrent delay curve when the irradiation is switched off. This
phenomenon suggests that the VO could capture and store the pho-
toexcited electrons, suppressing the combination of charge carriers
and thus improving the photocatalytic O2 evolution activity. EIS are
employed to further evaluate the kinetics of carrier transfer, as
shown in Fig. 6b, it is found that all the MnO2-x/CdS have smaller
Nernst radius relative to the bare MnO2-x NRs, indicating a lower
charge transfer resistance at the interfaces between components
of HNRs and between the HNRs and electrolytes. Apparently, the
MnO2-x/CdS-0.5 displays the smallest Nernst radius among these
HNRs, demonstrating the highest charge transfer efficiency. Collec-
tively, the VO-rich MnO2-x/CdS Z-scheme systems not only facili-
tate the separation of photogenerated charge carriers, but also
promote the charge transfer kinetics for photocatalytic O2

evolution.
4. Conclusion

By a facile in-situ photodeposition strategy, 1D Vo-rich MnO2-x/
CdS HNRs were synthesized as an efficient Z-scheme photocatalyst
for boosting water-to-oxygen photooxidation. In this case, CdS
nanocrystals with an average size of � 4 nm grows on MnO2-x

NRs by in-situ consuming photogenerated e- and a close interface
is thus formed between CdS and MnO2-x, providing high-speed
channels for interfacial charge transfer. Meanwhile, the VO content
in MnO2-x is increased due to the tripartite reactions of photogen-
erated h+, methanol and surface OL, which supplies lots of active
sites for surface reactions. The optimized MnO2-x/CdS HNR exhibits
a boosted O2 evolution rate of 779.8 lmol h-1 g-1, much higher than
that of bare MnO2-x. Compared with previous reports [16–18], the
present work provides new insights into the facile fabrication of
high-performance photocatalysts based on defect engineering in
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photodeposition. Additionally, owing to the synergetic effects of
VO and Z-scheme system, the photocatalytic O2 evolution activity
of MnO2-x/CdS HNRs is superior to those of previously reported
MnOx- and CdS-based photocatalysts (Table S1). Therefore, this
work demonstrates the integration construction of defect-
containing heterostructures and highlights the key role of syner-
gistic effects of VO and Z-scheme system in boosting photocatalysis
efficiency.
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