i)
.0
=
<
<
O
—_
©
o}
3
[0}
(nd

Nano
esearch
2024, 17(3): 1140-1150

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-023-5939-9

Nitrogen incorporated oxygen vacancy enriched MnCo,0,/BiVO,
photoanodes for efficient and stable photoelectrochemical water
splitting

Liangcheng Xu',  Yingjuan Zhang', BoyanLiu', XinWang', GanggiangZhu’® (<), LianzhouWang® (5<),

Songcan Wang'* (5<1), and Wei Huang' (<)

! Frontiers Science Center for Flexible Electronics, Xi’an Institute of Flexible Electronics (IFE), Northwestern Polytechnical University, 127 West Youyi
Road, Xi’an 710072, China

2 School of Physics and Information Technology, Shaanxi Normal University, Xi’an 710062, China

* Nanomaterials Centre, Australian Institute for Bioengineering and Nanotechnology and School of Chemical Engineering, The University of
Queensland, Brisbane, Queensland 4072, Australia

* Research & Development Institute of Northwestern Polytechnical University in Shenzhen, Sanhang Science & Technology Building, No. 45th,
Gaoxin South 9th Road, Nanshan District, Shenzhen 518063, China

© The Author(s) 2023
Received: 14 May 2023 / Revised: 14 June 2023 / Accepted: 18 June 2023

ABSTRACT

Oxygen vacancies in oxygen evolution cocatalysts (OECs) can significantly improve the photoelectrochemical (PEC) water
splitting performance of photoanodes. However, OECs with abundant oxygen vacancies have a poor stability when exposing to
the highly-oxidizing photogenerated holes. Herein, we partly fill oxygen vacancies in a MnCo,0, OEC with N atoms by a
combined electrodeposition and sol-gel method, which dramatically improves both photocurrent density and stability of a BiVO,
photoanode. The optimized N filled oxygen vacancy-rich MnCo,0,/BiVO, photoanode (3 at.% of N) exhibits an outstanding
photocurrent density of 6.5 mA-cm™ at 1.23 Vgye under AM 1.5 G illumination (100 mW-cm), and an excellent stability of over
150 h. Systematic characterizations and theoretical calculations demonstrate that N atoms stabilize the defect structure and
modulate the surface electron distribution, which significantly enhances the stability and further increases the photocurrent
density. Meanwhile, other heteroatoms such as carbon, phosphorus, and sulfur are confirmed to have similar effects on
improving PEC water splitting performance of photoanodes.
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heterojunction [14-16], controlling morphology [17, 18] as well as
loading oxygen evolution cocatalysts (OECs) [19-23] have been
developed to address the above mentioned intrinsic issues. Despite
the excellent charge separation efficiencies in the bulk of BiVO,
photoanodes achieved by various strategies, modification of the
BiVO, surfaces with an outstanding OEC to accelerate the OER
kinetics is indispensable for efficient PEC water oxidation [24-26].
Recently, creating oxygen vacancies in OECs has been
considered as a smart strategy to further improve surface OER
kinetics and interface charge transport in photoanodes. For
instance, abundant oxygen vacancies in an ultrathin and
crystalline B-FeOOH OEC provided enough diving force for hole
transfer at the B-FeOOH/electrolyte interface and decreased
recombination of electron-hole pairs, leading to a photocurrent
density of 4.3 mA-cm™ at 1.23 V vs. reversible hydrogen electrode

1 Introduction

Photoelectrochemical (PEC) water splitting that can convert solar
energy into hydrogen has attracted increasing attention in the past
decades [1-3]. It is well known that oxygen evolution reaction
(OER) on the photoanode is a critical and limiting factor for
overall water splitting due to its sluggish four-electron transfer
compared to a facile two-electron transfer of hydrogen evolution
reaction (HER) on a photocathode [4-6]. Therefore, the
development of efficient photoanode materials is essential for high-
performance PEC water splitting. Bismuth vanadate (BiVO,) has
been regarded as a promising photoanode material due to its
narrow bandgap (2.4 eV) for visible light absorption, proper band-
edge position for oxygen evolution, and high theoretical solar-to-
hydrogen conversion (STH) efficiency (9.2%) under AM 1.5 G
illumination (100 mW-cm™) [7-9]. However, the relatively short

hole diffusion length and sluggish surface OER kinetics result in
severe electron-hole recombination in the bulk and surfaces of the
BiVO, photoanodes [10-12]. In the past few years, some
effective strategies including doping element [13], constructing

(RHE) and a negative shift of onset potential by 100-200 mV for a
B-FeOOH/BiVO, photoanode [27]. It was found that oxygen
vacancies could activate OECs and provide highly-active sites for
OER process. Oxygen vacancies were constructed in a Co;O, OEC
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by facile Ar-plasma bombardment, achieving an excellent
photocurrent density that is nearly two times higher than its
untreated counterpart [28]. Other OECs such as Ni,_Fe,S [29]
and Fe,(MoO,); [30] with oxygen vacancies also exhibited higher
water oxidation performance compared to their untreated
counterparts. However, oxygen vacancies in OECs are not stable
under a highly-oxidizing OER process due to the hole
accumulation at the OECs/electrolyte interface [31], resulting in
poor stability. How to stabilize oxygen vacancies in OECs is
critical to achieve high-performance photoanodes while
challenging.

Nitrogen possesses lone-pair electrons in 2p orbitals, which is a
good candidate to fill oxygen vacancies in OECs to modulate their
electronic structures and adsorption properties, thus boosting the
PEC performance of the photoanodes. Herein, we partly fill
oxygen vacancies in MnCo,O, OECs with N atoms by a
combined  electrodeposition and  sol-gel method in
MnCo,0,/BiVO, photoanodes, which is effective to achieve both
excellent photocurrent densities and stability. Via accurately
controlling the N atomic ratio from 1 at.% to 10 at.%, we found
that the MnCo,0,/BiVO, photoanode with 3 at.% of N filling the
oxygen vacancies in the MnCo,0, OEC (N filled
MnCo,0,/BiVO, (N:MCB)) exhibits an outstanding photocurrent
density of 6.5 mA-cm™ at 1.23 V vs. RHE, which is 270% and
135% higher than that of the pristine BiVO, photoanode
(24 mA-cm?) and untreated MnCo,O,/BiVO, photoanode
(4.8 mA-cm™), respectively. The photocurrent density achieved in
this work is at the top of the state-of-the-art OECs/BiVO,
photoanodes (Table S1 in the Electronic Supplementary Material
(ESM)). In addition, the optimized N:MCB photoanode has a
stability of over 150 h upon consecutive AM 1.5 G illumination
for PEC water splitting, while obvious decay of the photocurrent
density is observed for the untreated oxygen vacancy-rich
MnCo,0,/BiVO, photoanode within 1 h. Theoretical calculations
have demonstrated that N atoms make electron cloud enrich
around the Co active sites and change the adsorption properties in
OER process. The formed N-Mn bonds can stabilize oxygen
vacancies at defect sites, thus improving the stability performance
during PEC water splitting. In addition, owing to the intrinsic
attraction between the negative charged electrons and the positive
charged holes, the electron enriched Co sites can significantly
extract photogenerated holes from the BiVO, photoanodes for
OER, suppressing interfacial charge recombination. Furthermore,
we confirmed that other heteroatoms such as carbon, phosphorus,
and sulfur have similar effects to increase the PEC water splitting
performance of MnCo,0,/BiVO, photoanodes. The new findings
demonstrated in this work will inspire the design of efficient
photoanodes for solar fuel production.

2 Experimental

2.1 Preparation of BiVO, films on the fluorinated tin
oxide (FTO) glass

The preparation of BiVO, film was based on a previous report
with some modifications [32]. Firstly, 3.32 g of KI was dissolved in
deionized water (50 mL), and pH of the solution was adjusted to
1.7 by adding HNO;. Then, 0.49 g of Bi(NOs); was added into the
KI solution under ultrasonication. In addition, 0495 g of p-
benzoquinone was dissolved in 20 mL of absolute ethyl alcohol
and mixed with a KI solution containing Bi(NOs); to prepare the
electrolyte. The preparation of BiOI was based on the three-
electrode system by electrodeposition. In this system, a clean FTO
glass, an Ag/AgCl (4 M KCI) electrode, and platinum wire
electrode were used as working electrode (WE), reference
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electrode (RE), and counter electrode (CE), respectively.
Meanwhile, the deposited voltage and deposited time were
controlled in —0.1 V (vs. RHE) and 240 s. Finally, 0.1 mL of
dimethyl sulfoxide (DMSO) solution containing 0.0265 g of
vanadyl acetylacetonate (VO(acac),) was dropped on the prepared
BiOlI film, followed by heating in a muffle furnace at 500 °C for
2h (heating rate: 2 °C-min™).

2.2 Preparation of oxygen vacancy-rich MnCo,0,/BiVO,
films by an electrodeposition method

The preparation of oxygen vacancy-rich MnCo,O, particles on
nanoporous BiVO, film (denoted as BVO) was based on a simple
electrodeposition method under negative potential. The employed
three-electrode system was identical to the preparation process of
BiOI film. For the compound of electrolyte, Co(NO;),-6H,0
(10 mM) and different amounts of Mn(NO,),-6H,O (5 mM) were
dissolved in 70 mL of deionized water under sufficient stirring. To
explore the optimized experimental conditions, the different
deposited voltage (-0.25, —0.5, and —0.75 V vs. Ag/AgCl) and
different deposited time (5, 10, and 20 s) were employed for
electrodeposition.  Finally, the prepared MnCo(OH),/BVO
photoanodes were annealed in a muffle furnace at 500 °C for 2 h
(heating rate: 2 °Cmin™) to obtain the oxygen vacancy-rich
MnCo,0,/BiVO, photoanodes.

2.3 Preparation of N:MnCo,0,/BiVO,
combined electrodeposition and sol-gel method

films by a

The N-filled oxygen vacancy-rich MnCo,O, catalyst was
successfully synthesized by a sol-gel method using an ion solution
containing Mn*, Co* as well as NO;". Firstly, 1 g of polyvinyl
pyrrolidone (PVA) was dissolved in 10 mL of isopropyl alcohol
under sufficient stirring to obtain a sol solution. Then, the ion
solution was obtained by dissolving 5 mM of Co(NO;),-6H,O and
2.5 mM of Mn(NO;),-6H,O into 5 mL of deionized water at
80 °C. After that, the precursor solution was prepared by mixing
the sol solution and ion solution, which was spin-coated on the
oxygen vacancy-rich MnCo,0,/BiVO, photoanode to fill oxygen
vacancies with N atoms. Finally, the N:MnCo,0,/BiVO, films
were annealed at 500 °C for 2 h (heating rate: 2 °C -min™).

24 Preparation of C:MnCo,0,/BiVO, S:MnCo,0O,/
BivO, and P:MnCo,0,/BiVO, films by a combined
electrodeposition and sol-gel method

Other non-metallic heteroatoms such as carbon (C), sulfur (S),
and phosphorus (P) were also filled into the oxygen vacancy-rich
MnCo,0, catalyst by similar synthesis methods. The difference is
that, for the C:MnCo,0,/BiVO,, the ion solution contained 5 mM
of sucrose and 5 mL of deionized water; for the S:MnCo,0./
BiVO,, the ion solution contained 5 mM of manganese sulfate and
5 mL of deionized water; and for the P:MnCo,0,/BiVO,, the ion
solution contained 5 mM of disodium hydrogen phosphate and
5 mL of deionized water. The remaining synthesis procedures
were identical to the preparation of the N:MnCo,0,/BiVO, films.

25 Preparation of pristine oxygen vacancy-rich
MnCo,0, film on FTO glass by electrodeposition method

To obtain the MnCo,O, film on FTO glass, the electrodeposition
method under negative potential was applied to the preparation
process. The FTO substrates as the working electrodes were
immersed in an electrolyte containing 10 mM of Co(NO3),-6H,0,
5 mM of Mn(NO,),,6H,O as well as 70 mL of deionized water.
The deposited voltages and deposited time were set as —1 V vs.
Ag/AgCl and 15 s, respectively. Then, the prepared MnCo(OH),
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film was annealed in a muffle furnace at 500 °C for 2 h (heating
ratee 2 °Cmin”) to obtain a pristine oxygen vacancy-rich
MnCo,O, film on FTO glass.

2.6 Characterizations

The certain morphology of photoanode surface and cross-section
were carried out via field-emission scanning electron microscopy
(FE-SEM). The specific crystal structure and surface element
composition were obtained by X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HRTEM). The
surface chemical state was performed by X-ray photoelectron
spectroscopy  (XPS). The light absorption capability of
photoanodes was characterized by ultraviolet-visible (UV-vis)
spectroscopy. The recombination intensity of photo-generated
electron-hole pairs as well as carrier lifetime were measured by
photoluminescence (PL) technology with laser excitation at
356 nm (10 Hz full width at half maximum (FWHM) ~ 7 ns) and
the time-resolved transient absorption (TRTA) technology. In
addition, the carrier lifetime dependent on the decay time curves
was fitted by a biexponential decay model.

2.7 Photoelectrochemical measurements

The PEC measurements were carried out by using an
electrochemical station (CHI 760E, Chen Hua China) with a three
electrodes system, where the photoanodes acted as working
electrodes; the Ag/AgCl (4 M KCl) electrode acted as the reference
electrode; platinum wire acted as the counter electrode. The light
source of AM 1.5 G solar illumination (100 mW-cm™) was
provided by a Xenon lamp (CEL-NP2000-2A) equipped with an
AM 1.5 G filter, and the back illumination was utilized for all
photoelectrochemical measurements. Meanwhile, the linear sweep
voltammetry (LSV) measurements, electrochemical impedance
spectroscopy (EIS) measurements, cyclic voltammetry (CV)
measurements, and chronoamperometry (i-f) measurements
were conducted in a 0.5 M borate buffer solution (adjusting the
pH up to 9.5 by using potassium hydroxide) under AM 1.5 G
solar illumination at room temperature (approximately 25 °C).
For the charge separation efficiency measurements at the electrode
surface, 0.5 M of sodium sulfite (Na,SO;) as a hole scavenger was
added to the borate buffer electrolyte. Additionally, the measured
potential and frequency ranges of EIS curves were set as 1.23 Vi
and 107 to 10° Hz, respectively. The potential versus Ag/AgCl was
converted into reversible hydrogen electrode potential (Egy) by
the following Nernst equation [33]

Erue = Eag/aga +0.059 x pH 4+ 0.197 (1)

where Epyy is the translated potential from Eyyxqcp and Eygagq is
obtained by practical experimental results.

In the incident photon to current efficiency (IPCE)
measurements, the monochromator of a Xenon lamp from 375 to
520 nm wavelength was applied to the LSV measurements to
obtain the IPCE curves, and the corresponding calculated
equation as follows [34]

1240 x J (mA -cm ?)

IPCE (%) =
(%) Pygne X A (nm)

x 100% )

where ] is the photocurrent density at a specific wavelength; Py, is
the light intensity of a monochromator; A is the wavelength.

The applied bias photon to current (ABPE) efficiencies could be
obtained by the following equation [35]

Jio X (1.23V =V,
Plighl

ABPE = x 100% (3)

where Ju,, is the photocurrent density obtained by the LSV
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curves; V,,, is the corresponding potential (0 Vg to 1.23 Viyp)s
and Py, is the simulated solar power (100 mW-cm).

The Faradaic efficiency was calculated using following
equations [36]

Experimental gas yields

Faradaic efficiency = x100%  (4)

Theoretical gas yields

X t

1
Th tical ields = 100 5
eoretical gas yields 7% F X (5)

where I is photocurrent (A); t is time (s); Z is the amount of
transferred electrons (Z = 4 for O,, Z = 2 for H,); and F is the
Faradaic constant (96,485 C-mol™).

The relative electrochemical active surface area (ECSA) of BVO
and N:MCB is calculated by the following equation [37]

aQ
ECSA < Cy = % _iE) (6)
v
dt

where Cy represents the double-layer capacitances; i(E) is the
current density at a dark condition; and v is the scan rate varying
from 20 to 100 mV-s™.

The average carrier lifetime of different samples could be
calculated by the following equation [38]

AT+ AT

we = 7
£ AT AT @)

where the A and 7 are fitting parameters of the TRTA kinetic
based on a biexponential decay model.

The minority carrier diffusion length (Lp) based on average
carrier lifetime is obtained as follows [39]

L, = (D) (8)

where D is the diffusion coefficient, and 7 is the average carrier
lifetime.

The surface charge injection efficiency (Piyecion) Was achieved
with and without Na,SO; electrolyte respectively by the following
equation [40]

Pinjec!ion - ]HZO X 100% (9)
]Na2503
where the J,,,, is measured in 0.5 M borate buffer solution (pH =
9.5); Jnuso, 18 measured in 0.5 M sodium sulfite (Na,SO,)
electrolyte; and the above applied potential changes from 0 Vg
to 1.3 Vip.

2.8 Computational method

We employed the Vienna ab initio package (VASP) [41] to
perform all the spin-polarized density functional theory (DFT)
calculations within the generalized gradient approximation (GGA)
using the Perdew-Burke-Ernzerhof (PBE) [42] formulation. We
chose the projected augmented wave (PAW) potentials [43] to
describe the ionic cores and take valence electrons into account
using a plane wave basis set with a kinetic energy cutoff of 400 eV.
Partial occupancies of the Kohn-Sham orbitals were allowed
using the Gaussian smearing method and a width of 0.05 eV. The
electronic energy was considered self-consistent when the energy
change was smaller than 10~ eV. A geometry optimization was
considered convergent when the force change was smaller than
0.02 eV-A". Grimme’s DFT-D3 [44] methodology was used to
describe the dispersion interactions.

The equilibrium lattice constant of spinel-type MnCo,O, unit
cell was optimized, when using a 4 x 4 x 4 Monkhorst-Pack k-
point grid for Brillouin zone sampling, to be a = 8.570 A. We then
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used it to construct a MnCo,0,(311) surface model with p (1 x 1)
periodicity in the x and y directions and 3 stoichiometric layers in
the z direction separated by a vacuum layer in the depth of 15 A in
order to separate the surface slab from its periodic duplicates. This
model comprised of 12 Mn, 24 Co, and 48 O atoms. One O atom
on the outmost layer was removed to build model 1 and one O
atom was replaced by N to build model 2. During structural
optimizations, the gamma point in the Brillouin zone was used for
k-point sampling, and the bottom two stoichiometric layers were
fixed while the top one was allowed to relax.
The adsorption energy (E,4,) of adsorbate A is defined as

Eu = EA/surf —Equt — EA(g) (10)

where Ej g5 Equ, and Ej g are the energy of adsorbate A adsorbed
on the surface, the energy of clean surface, and the energy of
isolated A molecule in a cubic periodic box with a side length of
20 A and a 1 x 1 x 1 Monkhorst-Pack k-point grid for Brillouin
zone sampling, respectively.

The free energy of a gas phase molecule or an adsorbate on the
surface was calculated by the equation G = E + ZPE — TS, where E
is the total energy; ZPE is the zero-point energy; T is the
temperature in kelvin (298.15 K is set here); and S is the entropy.

(@)

FTO

Electrodeposition

BiOI

MnCo0,0,/BiVO,
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3 Results and discussion

As shown in Fig. 1(a), BVO films were prepared on fluorine-
doped SnO, (FTO) glass substrates according to a previous report
with some modifications [45], and N-filled oxygen vacancy-rich
MnCo,0, OECs were grown on the surfaces of the obtained BVO
films by a combined electrodeposition and sol-gel method to tune
the electron distribution at the Co active sites, which will increase
the driving force for hole extraction. The obtained pristine BVO
film exhibits a worm-like morphology with an average size of
200-300 nm, and the surface particles are relatively smooth (Fig.
1(b)). The film thickness is approximately 1 um (inset in Fig. 1(b)).
Since nanoporous BVO films have been confirmed to exhibit
excellent charge separation efficiencies [32], modification of the
BVO surfaces with a proper OEC is essential to further improve
its PEC water splitting activity and stability. An oxygen vacancy-
rich MnCo,O, cocatalyst was decorated on the BVO film by an
electrodeposition process with a negative potential. The
morphologies and PEC water splitting performances of the
obtained MnCo,0,/BVO photoanodes can be controlled by
tuning the applied potential, the molar ratio of Mn:Co, and the
electrodeposition time (Figs. S1-S6 in the ESM). According to the
PEC water splitting activity, the optimized conditions for the

BiVO,

Annealing . T e
1 -y

e

uonisodaponddyy

with absorbed NO5-

0.29 nm
BiVO,(040) ©

Sk B R . w——]

JCPDS No. 14-0688
LLiwy v vinw
30 4 50 60 70
26 (°)

Figure1 Preparation and characterization of the BVO, MCB, and N:MCB samples. (a) Schematic illustration for the preparation of the N:MCB samples. SEM images
of the (b) BVO, (c) MCB, and (d) N:MCB samples (insets in (b)-(d)): the corresponding cross-sectional views). (e) XRD patterns of the BVO and N:MCB samples. (f)

and (g) The HRTEM image and ((h)-(m)) EDS elemental mapping images of N:MCB.
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preparation of a MnCo,O, OEC are as follows: the applied
potential (0.5 V vs. RHE), the molar ratio of Mn:Co (1:2), and
the electrodeposition time (10 s). Hereafter, the MnCo,0,/BVO
photoanode prepared by the optimized conditions is denoted as
MCB.

It can be observed that numerous MnCo,O, nanoparticles are
homogeneously and densely decorated on the surfaces of the BVO
particles (Fig. 1(c)). Compared to the BVO film, no obvious
changes in the film thickness can be observed (inset in Fig. 1(c)).
Interestingly, we found that proper N filling in the MnCo,O, OEC
can significantly enhance the PEC water splitting performance of
the MCB samples without changing their morphologies, and the
optimized content of N atomic ratio is 3 at.% (Figs. S7 and S8 in
the ESM). In addition, the XPS spectra of various N atomic ratios
from 3 at.% to 10 at.% are shown in Figs. S7(d)-S7(f) in the ESM,
and the N contents relative to MnCo,O, and C 1s (Table S2 in the
ESM) are close to the stated N atomic ratios. The optimized N-
filling MCB photoanode is denoted as N:MCB. Fig. 1(d) reveals
that N-filling has negligible effects on both morphology and film
thickness.

The crystal structures of BVO, MCB, and N:MCB samples were
characterized by XRD measurements, and the corresponding
XRD patterns are shown in Fig. 1(e). The characteristic diffraction
peaks of monoclinic BVO and FTO are indexed to JCPDS
PDF#14-0688 and JCPDS PDF#41-1445, respectively, indicating
the successful preparation of BVO photoanodes. Compared to the
BVO sample, no additional peaks are observed in the XRD pattern
of the N:MCB sample, possibly due to the low-content and
ultrathin thickness of the oxygen vacancy-rich MnCo,O, OEC
layer. HRTEM was applied to further demonstrate the element
composition and morphology structure of the N:MCB sample. As
revealed in Fig. 1(f), the lattice spacing of 0.29 nm can be indexed
to the (040) crystal plane of the monoclinic BVO [46]. However,
the surface MnCo,O, OEC does not show any clear lattice spacing
in the HRTEM image, implying the amorphous crystal structure.
The thickness of the oxygen vacancy-rich MnCo,O, OEC is
approximately 10 nm. The energy dispersive spectroscopy (EDS)
elemental mapping of two connected particles (Fig.1(g))
demonstrates the homogeneous distribution of the Bi, O, V, Co,
Mn, and N elements (Figs. 1(h)-1(m)), confirming the successful
synthesis of the N-filled MnCo,O, catalyst. In addition, the

Nano Res. 2024, 17(3): 1140-1150

characteristic peaks in the Raman spectra of BVO, MCB, and
N:MCB (Fig. S9 in the ESM) can be indexed to BVO [47], and no
additional peaks are observed, suggesting that the loading of
MnCo,0O, and N-filled MnCo,0, OEC do not have obvious
effects on the crystal structure of BVO.

PEC performances of the BVO, MCB, and N:MCB samples
were measured in a boric buffer electrolyte (pH = 9.5) under AM
1.5 G illumination (100 mW-cm™). As shown in Figs. 2(a) and
2(b), pristine BVO only exhibits a moderate photocurrent density
of 24 mA-cm™ at 1.23 V vs. RHE. With the surface deposition of
an oxygen vacancy-rich MnCo,O, OEC, the photocurrent density
of the MCB sample is significantly increased to 4.8 mA-cm™ at
1.23 V vs. RHE. Surprisingly, the photocurrent density of the
N:MCB sample is further boosted to 6.5 mA-cm™ at 1.23 V vs.
RHE when the surface MnCo,0, OEC is filled with 3 at.% of N,
which is at the top of the state-of-the-art BVO/OEC photoanodes
(Table S1 in the ESM). To confirm the effect of N-filling in oxygen
vacancies on the PEC water splitting performance of the N:MCB
samples, another solution containing only Mn** and Co* (without
NO;") was spin-coated on a MCB sample, followed by thermal
treatment (details are shown in the Experimental Section), and the
obtained sample was denoted as MCB (pure sol). As shown in Fig.
S10(a) in the ESM, the LSV curve of the MCB (pure sol) is almost
the same as that of MCB. In addition, a N-filled BVO film
(denoted as N:BVO) was prepared using exactly the same process
of the N:MCB by replacing the MCB sample with pristine BVO. It
can be observed that the PEC water splitting performance of
N:BVO is very similar to that of the pristine BVO (Fig. S10(b) in
the ESM). Therefore, the effect of the spin-coating process on the
PEC water splitting performance of the N:MCB samples can be
ruled out. The significantly enhanced PEC water splitting
performance is mainly attributed to the incorporation of N atoms
in the oxygen vacancies of the MnCo,O, OEC layer.

Furthermore, the ABPE efficiencies of the samples were
calculated based on Eq. (3). N:CMB exhibits the highest ABPE
value of 2.36% at 0.62 V vs. RHE (Fig. 2(c)), which is 1.5 and 7
times higher than that of MCB (1.57% at 0.63 V) and BVO
(0.33% at 0.93 Vyyp), respectively. For practical applications, a
BVO photoanode should have both excellent PEC water splitting
activity and stability. Although oxygen vacancy-rich MnCo,O,
OEC can effectively improve the PEC water oxidation activity for
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Figure2 Photoelectrochemical performance. (a) Linear-sweep voltammogram chopped curves (LSV curves with a scan rate of 5 mV-s"), (b) LSV curves, and (c)
ABPE plots of BVO, MCB, and N:MCB. (d) Stability curves at 0.6 V vs. RHE of MCB and N:MCB. (e) Gas evolution of N:MCB. A 0.5 M borate buffer solution (pH =
9.5) is used as the electrolyte for all measurements, and the light source is AM 1.5 G illumination.

ﬁ ?/\ “é itk @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2024, 17(3): 1140-1150

BVO, its long-term stability is still an issue. As demonstrated in
Fig. 2(d), the photocurrent density of MCB drops significantly
from 3.0 to 22 mA-cm” in the initial 1.5 h, then gradually
decreases to 1.8 mA.cm™ after 10 h of consecutive light
illumination at 0.6 V vs. RHE. Interestingly, no obvious decay in
photocurrent densities is observed for its N:MCB counterpart
even at 150 h (Fig.2(d)), indicating that the incorporation of
3 at.% of N into the oxygen vacancies of the MnCo,0, OEC can
dramatically improve the PEC water splitting stability. It should be
mentioned there is a slight increment of photocurrent density at
the beginning of approximately 60 h, then the photocurrent
density is almost stable at the rest of 90 h. The increase of
photocurrent density on N:MCB can be attributed to the
photothermal effect of MnCo,0, OEC that converts near-infrared
radiation under AM 1.5 G illumination into heat and increases the
temperature on the electrode surfaces [48], leading to improved
water oxidation kinetics.

To further confirm the excellent stability of N:MCB, SEM,
XRD, and XPS were conducted to characterize the N:MCB sample
after long-term stability measurement. As shown in Fig. S11(a) in
the ESM, the BVO particles are still fully covered by N:MCB
nanoparticles, which is similar to the as-received N:MCB sample
(Fig. 1(d)). The XRD pattern of N:MCB-tested is similar to that of
the as-received N:MCB and no additional peaks can be observed
(Fig. S11(b) in the ESM), suggesting the excellent crystal structure
stability of the N:MCB sample. XPS results confirm that the
valence states of the main elements of N, Co, and Mn in N:MCB
before and after long-term stability measurement are similar (Fig.
S12 in the ESM), indicating the excellent chemical state stability.
The gas evolution of hydrogen and oxygen within 8 h is
demonstrated in Fig. 2(e), which presents a linear trend. After an
8 h gas collection, the yields of hydrogen and oxygen reach up to
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514 and 257 umol respectively, corresponding to a Faradaic
efficiency of 94.1 % calculated by Eqs. (4) and (5).

To clarify the underlying mechanism of N-filled MnCo,O,
OEC for boosting the PEC water splitting activity and stability of
the BVO photoanode, the optoelectronic properties of BVO,
MCB, and N:MCB were systematically investigated. Interestingly,
although BVO, MCB, and N:MCB exhibit a similar light
absorption edge of around 520 nm (Fig. 3(a)), the light absorption
intensities of MCB and N:MCB are much higher than that of
BVO in the range of 300-480 nm, indicating that the MnCo,O,
OEC layer can strengthen the light absorption intensity within the
bandgap of BVO. Thus, more photons can be converted to
electron-hole pairs, leading to the increase of photocurrent
densities in the presence of Na,SOj; as a hole scavenger (Fig. S13 in
the ESM). In addition, the base lines of MCB and N:MCB beyond
the light absorption range are higher than that of BVO, which is
due to the dark color of MnCo,0, OEC that blocks the
transmittance of the incident light. The IPCE reflects the ability to
convert photons into currents at a specific wavelength. As shown
in Fig.3(b), all samples exhibit IPCE values in the wavelength
range of 300-520 nm, which is consistent with the UV-vis light
absorption curves (Fig. 3(a)). More specifically, BVO exhibits an
IPCE value of only 31% at 365 nm, whereas MCB exhibits a
higher IPCE value of 55%. Impressively, the IPCE value of N:-MCB
is as high as 90%, which almost doubles that of MCB and triples
that of BVO. Thus, N:MCB can greatly promote the conversion of
incident photons into currents, resulting in higher photocurrent
densities.

To evaluate the capability of charge transport at the
photoanodef/electrolyte interfaces, EIS curves of BVO, MCB, and
N:MCB were collected. The corresponding Nyquist plots and
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equivalent circuit are shown in Fig. 3(c). It is obvious that the
curve radius of N:MCB is much smaller than that of BVO and
MCB, implying a smaller interfacial charge transfer resistance
during OER [49]. To visualize the interfacial charge transfer
resistance values, the Nyquist plots were fitted using the equivalent
circuit (inset in Fig. 3(c)). The corresponding fitted results are
listed in Table S3 in the ESM, where the R, values of BVO, MCB,
and N:MCB are 1751, 1180, and 288 €, respectively. The fitted
results suggest that the N:MnCo,O, OEC significantly promotes
the interfacial charge transfer and decreases the recombination of
electrons and holes at the photoanode/electrolyte interfaces. MS
plots were employed to investigate the flat band potential, the
carrier concentration, and the surface status of BVO, MCB and
N:MCB. As shown in Fig. 3(d), it is obvious that the loaded
oxygen vacancy-rich OEC does not affect the conductive type (n-
type) of BVO. However, the flat band potential of BVO is
negatively shifted from 0.16 to 0.14 V vs. RHE after loaded with an
oxygen vacancy-rich MnCo,O, OEC. For N:MCB, the flat band
potential is further negatively shifted to 0.12 V vs. RHE. Since
MnCo,O, is a p-type semiconductor (Fig. S14 in the ESM), these
results can be ascribed to the formed p-n junction of the N:MCB
that promotes the interfacial electron transfer and changes the flat-
band potential (Ezg) [50,51]. To evaluate the electrocatalytic
performances of BVO, MCB, and N:-MCB for OER, their LSV
curves without light illumination were measured. As shown in
Figs. 3(e) and 3(f), N:MCB exhibits a lower overpotential (1.65 V
vs. RHE) and a lower Tafel slope (191 mV-dec™) in comparison to
BVO (overpotential of 1.89 V vs. RHE and Tafel slope of
265 mV-dec") and MCB (overpotential of 1.87 V vs. RHE and
Tafel slope of 197 mV-dec”), implying the better electrocatalytic
activity for OER [52]. The relative ECSA of BVO and N:MCB is
obtained by a CV measurement (Figs. S15(a) and S15(b) in the
ESM) and Eq. (6). As shown in Fig. S15(c) in the ESM, it is
obvious that the double-layer capacitance (reflect the ECSA
directly) of N:MCB (0.05 mF-cm™) is larger than that of BVO
(0.04 mF-cm™), indicating that the loading of a MnCo,0, OEC on
the BVO surfaces could significantly improve charge transfer for
OER.

To gain more insights on the enhanced PEC water splitting
performance of N:MCB, the PL curves and the TRTA spectra of
BVO, MCB, and N:MCB were measured. It is well known that the
stronger peak intensity of a PL spectrum reflects the stronger
charge recombination [53,54]. As shown in Fig. 3(g), BVO
exhibits the strongest peak intensity, while MCB exhibits a lower
peak intensity in comparison to BVO, and N:MCB exhibits the
lowest peak intensity. It is obvious that the PL results perfectly
match the LSV curves (Fig. 2(a)), implying the suppressed surface
recombination is the main reason for the enhanced PEC
performance of N:MCB. The average carrier lifetime of different
samples was calculated according to Eq. (7), and the results are
shown in Table S4 in the ESM. It is obvious that N:MCB has a
longer carrier lifetime (19.6 ns) compared to that of MCB
(11.1 ns) and BVO (3.1 ns), which is another reason for the
significantly enhanced PEC water splitting performance for
N:MCB. Additionally, the calculated carrier lifetime values were
employed to deduce the minority carrier diffusion length (Lp)
using Eq. (8). The corresponding results are shown in Table $4 in
the ESM, where the L, of N:MCB reaches 49.0 nm, which is
obviously higher than its BVO (19.5 nm) and MCB (36.9 nm)
counterparts, suggesting a decrease carrier recombination rate on
N:MCB. It should be mentioned that the L, values calculated here
may not equal to the absolute minority carrier diffusion length of
the photoanodes, but the comparison between these values can
reasonably reflect their charge separation and transport properties.

According to the above results, oxygen vacancy-rich MnCo,O,
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as an OEC is efficient to promote water oxidation kinetics, thus
suppressing the recombination of electron-hole pairs at the
photoanode surfaces, leading to a significant enhancement in the
PEC water splitting performance. Moreover, filling oxygen
vacancies with N in the MnCo,0, OEC can further enhance the
charge injection efficiency, carrier lifetime, and carrier diffusion
length. According to Eq. (9), the charge injection efficiencies of
BVO, MCB, and N:MCB were calculated. BVO shows a moderate
charge injection efficiency of 56% at 1.23 V vs. RHE (Fig. 3(i)). By
loading an oxygen vacancy-rich MnCo,O, OEC layer, the charge
injection efficiency of MCB increases to 77%. With the fulfilment
of N in the oxygen vacancy-rich MnCo,O, OEC, the charge
injection efficiency of N:MCB is drastically enhanced to 95%,
indicating the N-filled oxygen vacancy-rich MnCo,O, OEC is
efficient to promote surface charge transfer for OER.

To identify the role of N-filling in the MnCo,0, OEC for
enhancing the PEC water splitting performance, XPS curves, the
differential charge density, and DFT calculations of the OER
reaction process of MCB and N:MCB were collected. As shown in
Fig. S16 in the ESM, no evident changes of peak position could be
observed in the Bi 4f and V 2p XPS spectra of MCB and N:MCB,
indicating that the incorporation of N atoms has negligible effects
on the chemical states of BVO. In addition, the characteristic
peaks of oxygen vacancies (Oy;) were detected in both MCB and
N:MCB (Fig. 4(a)). Compared to the strong Oy peak in MCB,
N:MCB exhibits a weaker Oy, peak, which is due to the fulfilment
of Oy by N atoms. To find out the bonding information between
N and other metal elements in the OEC, high resolution XPS
spectra of Mn 2p and Co 2p were also provided. As shown in Fig.
4(b), the Mn 2p XPS spectrum of the N:MCB presents a positive
shift (0.5-1 eV) to a higher binding energy at the Mn™ sites
compared with the MCB, indicating the migration of partial
electrons from Mn atoms to N atoms, and thereby forming
N-Mn bonds [55]. It is well known that superabundant oxygen
vacancies are not stable at highly-oxidizing conditions in OER.
Therefore, the formed N-Mn bonds in partial oxygen vacancies
will stabilize the crystalline structure of the MnCo,O, OEC during
the OER process, which is a main reason of the significantly
improved stability by filling oxygen vacancies with N atoms. No
evident binding energy shifts can be observed at the active sites of
Co atoms (Fig.4(c)), suggesting N atoms tend to form
nitrogen-metal bonds with metal atoms with lower
electronegativity instead of metal atoms with higher
electronegativity [56]. Furthermore, the existence of N-Mn bonds
is confirmed in Fig. S12(a) in the ESM, where the characteristic
peaks of the pyrrole N (400.0 eV) and the N-Mn bonds
(398.9 eV) are detected [57], implying the successful fulfillment of
N atoms into the oxygen vacancy-rich MnCo,O, and the formed
N-Mn bonds at the MnCo,0O, catalyst. Therefore, the
incorporation of N atoms largely changes the surface chemical
states and electron structures, resulting in an excellent PEC
performance.

The specific effects of N-Mn bonds at oxygen vacancy sites for
OER performance are deeply investigated via DFT calculations.
The theoretical models of MnCo,O, with and without N dopants
are shown in Fig. S17 in the ESM. It is obvious that the Co atoms
and Mn atoms are three-fold coordinated and four-fold
coordinated, respectively. The corresponding bond length of the
N-Mn bonds and N-Co bonds are 1.95 and 1.88 A, respectively.
The schematic diagram of the differential charge density (Fig.
4(d)) exhibits the difference of electron density distribution
induced by electron transfer when N atoms are incorporated into
MnCo,O, catalysts in which the electron densities around the N
atoms have a significant enhancement (yellow regions) due to
transfer of electrons from Mn atoms to N atoms. These results are
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consistent with the XPS spectra. In addition, the Bader charge
analysis is exhibited in Table S5 in the ESM, which confirms
partial electrons enrich around the Co atoms, thereby promoting
hole extraction from BVO for OER. To identify the effects of the
increased electron density around Co atoms for OER activity, the
free energy changes for the OER intermediates (OH*, O%, and
OOH*) at the Co active sites of MCB and N:MCB are shown in
Fig. 4(e). For MCB, the barrier energy of determining step is
2.26 eV at a process of forming the intermediate of OOH?, which
is higher than that of N:MCB (1.82 eV), implying that the
incorporation of N atoms into oxygen vacancy-rich MnCo,O, can
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efficiently decrease the barrier energy for OER, and thereby
enhancing PEC water splitting performance. Figs. 5(f) and 5(g)
illustrate the significant influence of electron distribution tuning in
the oxygen vacancy-rich MnCo,0, OEC on hole extraction.
Owing to the incorporation of low electronegative N atoms, the
electron cloud is enriched at the Co active sites, providing strong
driving force for the extraction of the photogenerated holes from
BVO. Therefore, interfacial charge recombination is significantly
suppressed, leading to the enhanced PEC water splitting
performance.

To confirm the generic design of efficient OECs for PEC water
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oxidation through filling oxygen vacancies with heteroatoms. The
PEC performances of MCB photoanodes filled with other low
electronegative heteroatoms such as C, S, and P, were also
investigated. As shown in Figs. 5(a)-5(c), all samples show similar
morphologies. XPS spectra which were conducted to confirm the
low electronegative heteroatoms (C, S, and P) are successfully
incorporated in oxygen vacancy-rich MnCo,O, OEC. As shown in
Fig.S18 in the ESM, the increase binding C peak and
characteristic peaks of P and S are observed, implying the
existence of C, S, and P elements in the MCB photoanodes,
respectively. As expected, the photocurrent densities of these low
electronegative-heteroatom-filled ~ photoanodes  (denoted as
C:MCB, S:MCB, and P:MCB) have significant enhancements
compared to MCB (Figs. 5(d)-5(f). Meanwhile, the
corresponding EIS plots and fitted results are shown in Figs.
5(g)-5(i) and Table S6 in the ESM, respectively, confirming that
the low electronegative element plays crucial roles in decreasing
the interface (electrode surface/electrolyte) resistance. The above
results illustrate that other low electronegative elements have a
similar capability of tuning the electronic structure of MnCo,O,,
and thereby further boosting the PEC water splitting performance
of BVO photoanodes. It should be mentioned that careful
modification is required to achieve the optimized PEC water
splitting performance for C:MCB, S:MCB, and P:MCB.

4 Conclusions

In summary, we have reported a facile strategy to partly fill oxygen
vacancies in MCB photoanodes with N atoms by a combined
electrodeposition and sol-gel method. The N:MCB photoanode
prepared by the optimized conditions exhibits an outstanding
photocurrent density of 6.5 mA-cm™ at 1.23 Vg under AML5 G
illumination, and a high ABPE of 2.36% at a low applied potential
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of 0.62 Vg In addition, the optimized N:MCB photoanode can
stably deliver a photocurrent density of around 4.0 mA-cm™ at 0.6
Vg under consecutive AM 1.5 G illumination for 150 h. A series
of experimental characterizations and DFT analysis reveal that the
improved stability and water oxidation activity are attributed to
stable oxygen vacancy structure induced by the formed N-Mn
bonds and modulated electron distribution due to the
incorporation of N atoms. Low electronegative N atoms cause the
enrichment of electrons at the Co active sites, promoting the
extraction of photogenerated holes from BVO for OER.
Furthermore, the free energy barrier of intermediates (OOH*) for
OER processes significantly decreases from 2.26 to 1.82 eV due to
the enriched electron distribution at the Co active sites, thereby
accelerating the OER kinetics. This work provides an in-depth
understanding for the design of highly active OECs applied in
photoanodes for efficient PEC water splitting.
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