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Etched BiVO, photocatalyst with charge
separation efficiency exceeding 90%
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% Check for updates Charge separation of particulate photocatalysts has been considered as the

rate-determining step in artificial photocatalysis since the finding of Honda-
Fujishima effect, whose efficiency is generally much lower than that of natural
photosynthesis. To approach its upper limit, it requires the photoexcited
electrons and holes be efficiently transferred to the spatially separated redox
reaction sites over a single photocatalyst particle. Herein, it is demonstrated
the spatial charge separation among facets of BiVO,:Mo can be notably pro-
moted by creating an electron transfer layer. It not only favors electrons to
transfer to its surface, but also promotes the built-in electric field intensity of
the inter-facet junction by over 10 times. Consequently, the charge separation
efficiency of the modified BiVO4:Mo with loading of CoFeO, oxidation coca-
talyst exceeds 90% at 420 nm, comparable to that of the natural photosynth-
esis system, over which notably enhanced photocatalytic activities are
achieved. Our findings demonstrate the effectiveness of electron transfer layer
in intensifying charge separation of particulate photocatalysts.

Charge separation is crucial for the achievement of efficient artificial
photosynthetic reactions over particulate photocatalysts, such as
photocatalytic overall water splitting (OWS)'*, CO, reduction®”’, and
CH, conversion®°, etc. The separation and transfer of the photo-
generated electrons and holes are generally relevant to the intrinsic
electronic structure, crystallinity, morphology, and defects of the
semiconductors. The appearance of even one disadvantageous factor
derived from the above-mentioned aspects can result in poor charge
separation, which is one of the key reasons responsible for the current
low efficiency of photocatalysts°. Hence, the exploration of effective
strategies to promote charge separation is highly desirable for the
development of efficient artificial photocatalysts.

Construction of different surface and interface junction struc-
tures is an effective way to promote charge separation by creating an
energy level difference in or between the surface or the interface, such

as heterojunctions (i.e., CdTe/V-In,Ss, InGaN/GaN)"""", phase junctions
(i.e., a/B Ga, 03, anatase/rutile)***, and inter-facet junctions (i.e., BiVO,
{110}/{010} facet and SrTiO; {110}/{100} facet)** **. For example, Li et al.
have demonstrated that there is an obvious potential difference
between {010} and {110} facets of the monoclinic BiVO,. The conduc-
tion band minimum (CBM) and valence band maximum (VBM) of the
{010} facet are lower than those of the {110} facet, which facilitates the
migration of electrons to the {010} facet and the accumulation of holes
on the {110} facet. As a result, the spatial separation of photogenerated
electrons and holes can be achieved. However, the charge separation
of photocatalysts that aim to achieve visible-light driven photo-
catalytic overall reactions is much lower than that of the natural pho-
tosynthesis system*?, To further promote the charge separation,
more effective strategies need to be explored based on it. Different
from the fields of photoelectrocatalysis”’ and photovoltaics®® that
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highly efficient spatial charge separation in cascade can be realized by
rationally integrating multiple cooperative strategies in the electrode
devices, it is rather challenging for the case of particulate photo-
catalysts. It is mainly because each photocatalyst particle can be
regarded as one integral reaction system, where charge transfer is
generally disordered and difficult to be manipulated for the sub-
sequent redox reactions, resulting in serious charge recombination. To
achieve comparable charge separation efficiency of particulate artifi-
cial photocatalysts as the natural photosynthesis, the key issue should
be addressed based on how to render the photoexcited electrons and
holes to be efficiently transferred and accumulated at the spatially
separated redox reaction sites over a single photocatalyst particle.

To address this issue, a visible-light-responsive oxide photo-
catalyst of the decahedral Mo-doped BiVO, (denoted as BiVO4:Mo)
with spatial charge separation among facets is selected as a model in
this work. It is demonstrated that its charge separation efficiency can
be greatly enhanced by constructing an electron transfer layer (ETL)
on the {010} surface (an electron accumulation facet) via a simple
NaOH etching treatment. Detailed analysis shows that the complex
defect (VO, vacancy with the V site occupied by the Na, denoted as
Nawoy)) is formed in the etching layer, and induces the downward
shifting of band edges with respect to the pristine {010} surface,
leading to the formation of an external built-in electric field perpen-
dicular to the {010} direction. What’s more important, due to such
downshift of the band edges of the etching layer on the {010} surface,
the potential difference between {110} facet (a hole accumulation
facet) and the treated {010} facet is further enlarged with the electric
field intensity enhanced by 12 times, facilitating the notably promoted
spatial charge separation among facets. After loading of CoFeO,
cocatalyst, the charge separation efficiency of over 90% at 420 nm is
achieved for the modified BiVO,:Mo photocatalyst, making a break-
through in visible-light-responsive oxide photocatalysts with com-
parable value as that of the natural photosynthesis system. This work
demonstrates the developed ETL strategy can effectively cooperate
with the inter-facet junction strategy to remarkably intensify the spa-
tial charge separation among facets of BiVO4:Mo, which is expected to
be widely extended for efficient photocatalytic applications.

Results

Preparation and structural characterizations of BiVO,:Mo-derived
samples

BiVO4:Mo was synthesized by a hydrothermal method®. Subsequently,
it was further etched in NaOH aqueous solution to prepare the surface
modified sample (denoted as BiVO,:Mo(NaOH), see the catalyst pre-
paration part for details)*’. The NaOH etching causes the dissolution of
V atoms, while Bi atoms are rarely dissolved. In addition, Na atoms are
found to be incorporated in the BiVO,:Mo(NaOH) sample (Supple-
mentary Table 1). X-ray diffraction (XRD) patterns and ultraviolet-
visible diffuse reflectance spectra (UV-Vis DRS) results show that both
samples exhibit the monoclinic phase (Supplementary Fig. 1a) and
similar absorption edge of 520 nm (Supplementary Fig. 1b)*. Further
information of the Rietveld refinement for their XRD patterns indicate
that such alkali etching treatment can cause partial lattice distortion in
BiVO,:Mo crystal structure (see Supplementary Fig. 2 and the detailed
analysis in Supplementary Table 2), in which the lengths of V-O and Bi-
O bonds become shorter, and the asymmetric degree of V-O bond
turns greater (Supplementary Fig. 3)*2. Scanning electron microscopy
(SEM) images and energy dispersive spectrometer (EDS) mapping
images further show that both BiVO,:Mo and BiVO4:Mo(NaOH) sam-
ples have the similar particle size and decahedral morphology, where
the top and side surfaces are {010} and {110} facets, respectively
(Supplementary Fig. 4)*. It should be noted that spatial charge
separation among facets can be similarly observed on both samples
(Supplementary Figs. 5, 6), in accordance with our previous report*. In
addition, similar specific surface areas are also confirmed for both

samples (Supplementary Table 3). Therefore, it can be briefly con-
cluded that the macrostructure properties of BiVO4Mo are well-
maintained except that alittle distortion in the main crystal structure is
induced after the NaOH etching treatment.

The location of surface atoms after etching was verified by annular
dark field scanning transmission electron microscopy (ADF-STEM). As
shown in the atomic resolution ADF-STEM images of BiVO4:Mo and
BiVO,:Mo(NaOH) along the [001] direction in Fig. 1a, b, both Bi and V
atoms are imaged as bright spots, while O atoms are not visible. Cor-
respondingly, the brighter atoms are assigned to Bi atoms, and the
darker ones are V atoms. The atomic arrangement matches well with
the crystal structure of {010} facet of BiVO, in Fig. 1c. It can be observed
that two Bi atoms and two V atoms are arranged alternately on the
(040) facet of BiVO4:Mo (Fig. 1a), while V atoms are selectively etched
with Bi atoms are kept for the BiVO,:Mo(NaOH) sample (Fig. 1b). In
addition, a reduction in the atomic spacing of BiVO,:Mo(NaOH) [001]
orientation along the a-axis and c-axis is found (Supplementary Fig. 7),
but the main crystal skeleton is maintained. This may result from the
fact that the incorporated Na occupies the V vacancy, which keeps the
crystal structure from being seriously reconstructed. It should be
pointed out that it is difficult to distinguish these two different atoms
on the {110} facet via the ADF-STEM characterization due to the overlap
of Bi and V atoms in top view (Supplementary Fig. 8).

To further check the change of surface composition of the {110}
facet, electron energy loss spectroscopy (EELS) was thus carried out.
Meanwhile, it was performed along the {110} to {010} facet direction (see
the arrows in Fig. 1e, h) to analyze the valence states of V and O elements
by probing V L, 3 edge and O K edge (Fig. 1d-i and Supplementary Fig. 9).
As shown in Fig. 1f and Supplementary Fig. 9a, there is no shift for the
peaks of the V L, 3 and O K edges along the {110} to {010} facet direction
for the BiVO4:Mo sample. After etching with NaOH, the peaks of the VL, 5
and O K edges on the {110} facet are the same as the case in BiVO4,:Mo
sample. However, both peaks are obviously decreased on the {010} facet
(Fig. 1i and Supplementary Fig. 9b). These results indicate that the valence
states of V and O elements on the {110} facet of the samples with and
without etching are the same, while the valences on the {010} facet
become a little lower after the etching. Therefore, it is reasonable to
deduce that the NaOH etching treatment will dissolve a part of V and O
atoms on the {010} facet, while it does not obviously affect the compo-
sition of {110} facet of the BiVO,:Mo sample. This may be due to the fact
that the surface hydrogenation energies of both {010} and {110} facets
with distinct surface coordination structure are strongly dependent on
the pH value, and the hydrogenated {010} facet tends to become more
unstable than the hydrogenated {110} facet with increasing the pH value™.

To further analyze the thickness and composition of the etching
layer on the {010} surface, Ar* sputtering was applied to controllably
peel the surface of the sample, and then X-ray photoelectron spec-
troscopy (XPS) characterization was carried out to detect the peeled
sample (denoted as: Ar* sputtering X nm, X=1-5). As shown in the
high-resolution V 2p XPS of BiVO4Mo in Fig. 2a, two characteristic
peaks observed at 517.0 and 524.6 eV are ascribed to V** 2ps/, and V**
2py, respectively®. These two peaks with lower binding energies of ca.
0.3 eV are also observed in BiVO4:Mo(NaOH) than those of BiVO4:Mo
sample, revealing the reduced valence state of V after the etching. With
increasing the thickness of the peeled layer over the BiVO4:Mo(NaOH),
the binding energies of V 2p peaks will be gradually increased. When
the thickness of the peeled layer reaches ca. 4 nm, the binding energy
of V over the etched sample is consistent with that in BiVO4:Mo. Similar
results are also found for the Bi** 4f;,, Bi*" 4fs;, and 02" 1s peaks in
Fig. 2b, ¢**7%. In addition, it needs to be noted that the intensity of the
Na* 1s peak at 1070.8 eV decreases with increasing the sputtering
depth, and disappears until the depth is 4 nm (Fig. 2d). These results
integrally indicate that the etched thickness is ca. 4 nm. Detailed sur-
face atom ratios of Na:Bi:V:0 for those samples were calculated and
summarized in Supplementary Table 4. In the whole etching layer, one
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Fig. 1| Surface composition analysis of BiVO4:Mo before and after NaOH
etching. Atomic-resolution ADF-STEM images of {010} facet of (a) BiVO4:Mo and
(b) BiVO4:Mo(NaOH) samples. ¢ Atomic arrangement of the {010} facet of BiVO,.
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ion-substituted layer in BiVO,:Mo(NaOH). Herein, 1, Ar* sputtering 1nm, 2, Ar*
sputtering 2 nm, 3, Ar* sputtering 3 nm, 4, Ar* sputtering 4 nm, 5, Ar* sputter-
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V vacancy is approximately accompanied by two O vacancies and one
Na impurity (see the details in Supplementary Fig. 10). In this case,
both defects of Vaco,) and Nay are proposed to form, which can be
assigned to p-type defect in BiVO, and are not conducive to the elec-
tron transfer”’. When the Vacyo,) and Nay share the same V occupation
site, two different p-type defects can be coupled thermodynamically to
form a neutral complex defect of Nayogy) in the etching layer (Fig. 2e
and Supplementary Fig. 11, and see the details in Supplementary
Table 5, denoted as ion-substituted layer).

Effect of the ion-substituted layer on the spatial charge separa-
tion among facets of BiVO,

To reveal the influence of the ion-substituted layer on the charge
separation, firstly, the structures and the corresponding total density
of states (TDOS) between the pristine {010} surface and the ion-
substituted {010} surface were compared and analyzed. As shown in
Fig. 3a-c, one Vacyoy causes one electron loss of the surface, and
therefore the VBM of BiVO, {010} surface with Vacyo,) defect is
obviously upshifted relative to the VBM of the perfect BiVO, {010}
surface, further confirming the p-type character of Vacyoy defect.
When Vis replaced by Na in the finite surface model, both the CBM and
VBM are upshifted relative to those of the pristine surface, further
illustrating the p-type character of Nay defect. However, when Vacyoz)
and Nay defects are coupled to form Nawoy), the lost one electron is
compensated by the addition of Na. The coupled neutral defect of
Naoz makes the CBM and VBM downshift relative to those of the
perfect surface, thereby enabling the ion-substituted layer to function
as an ETL that facilitates electron transfer from the perfect {010} sur-
face to the ion-substituted {010} surface (Fig. 3d).

The effect of the ETL on the charge separation of BiVO,:Mo(NaOH)
in the scale of single particle was further analyzed according to our
home-made light-assisted Kelvin probe force microscopy (KPFM)
characterization. Herein, Atomic Force Microscopy (AFM) scanning was
used to obtain 3D topographic images to identify BiVO,s:Mo and

BiVO4:Mo(NaOH) particles (Fig. 4a, b), and KPFM was applied to mea-
sure the contact potential difference (CPD) of typical samples under
both dark and illuminated states (Supplementary Fig. 12a, b). The work
functions of {010} and {110} facets (denoted as Wf(sample-010) and
Wf(sample-110), respectively) can be calculated with the measured CPD
under the darkness (see the details in Supplementary Fig. 12). It is worth
noting that the Wf(BiVO,:Mo(NaOH)-110) is close to the Wf(BiVO,:Mo-
110). However, the Wf(BiVO4:Mo(NaOH)-010) increases from 5.43 to
5.51eV due to the existence of the ETL, implying the formation of an
external built-in electric field can facilitate the electron transfer from the
bulk to the treated {010} surface (Supplementary Fig. 12c, d).

The degree of band bending and the driving force of charge
separation were further identified by the value of surface photovoltage
(SPV, SPV = CPDjjymination = CPDgark) and ASPV (ASPV=SPVy;q; -
SPVi010y), respectively (see the details in Supplementary Fig. 13)*. It is
striking to notice that the ASPV (ca. 80-100 mV) of BiVO4:Mo(NaOH)
can be promoted by ca. 5 times with respect to the BiVO4:Mo (ca.
10-20 mV) (Fig. 4c, d). Based on the present SPV data, the profile
diagram showing the distribution of linear electric field intensity can
be calculated*. As shown in Figs. 4e, f, the maximum electric field
intensity of BiVO4:Mo(NaOH) can reach ca. 2000 kV m™, whichis ca. 12
times higher than that of BiVO4:Mo (ca. 150 kV m™). This means that
the ion-substitution-induced built-in electric field can be super-
imposed on the pristine built-in electric field among facets, coopera-
tively promoting the charge separation.

The charge separation efficiency at 420 nm was quantitatively
evaluated via one photochemical reaction using dual scavengers to
eliminate the influence of surface catalytic conversion processes, in
which the charge injection efficiency is considered to be almost 100%
(see the detail in Supplementary Fig. 14). In this case, the obtained
apparent quantum efficiency (AQE) can be approximated as the charge
separation efficiency. Specifically, the Ag" ions and methanol were
employed as electron and hole sacrificial agents, respectively, and the
amount of photodeposited Ag was quantified to insight the AQE. As
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shown in Supplementary Fig. 14, the photodeposition rates of Ag on
BiVO,:Mo, BiVO4:Mo(NaOH), and CoFeO,-BiVO4:Mo(NaOH) samples
can be calculated as 0.0106, 0.0204, and 0.0249 mg s, respectively. It
means that the photogenerated charge separation efficiency of
BiVO,:Mo(NaOH) is doubled to that of the pristine BiVO,:Mo, which is
even comparable to the highest quantum efficiency of the reported
BiVO, photocatalyst*’. After loading CoFeO, oxidation cocatalyst on
the {110} facet, a Schottky junction is formed between CoFeO, and
BiVO,:Mo, which facilitates the hole transfer and ultimately enables the
charge separation efficiency of CoFeO,-BiVO,:Mo(NaOH) exceeding
90% (Table 1).

Photocatalytic performance

As encouraged by the significant promotion of charge separation, the
BiVO,:Mo(NaOH) modified with cocatalysts was thus investigated for
water oxidation in the presence of [Fe(CN)¢]* ions (Supplementary
Figs. 15,16)*. The photocatalytic water oxidation activity of 270 pmol h™
is achieved over the optimized ion-substituted photocatalyst, which is
1.5 times higher than that of the pristine BiVO4:Mo photocatalyst (Sup-
plementary Figs. 17, 18). It is worth noting that similar promotion effect
of NaOH etching is observed for the BiVO, photocatalyst without Mo
doping (Supplementary Fig. 18), which demonstrates that Mo doping
does not remarkably affect the construction of the ETL for the promoted
charge separation. As shown in Supplementary Fig. 19, good reprodu-
cibility of the photocatalytic O, evolution rates is observed on the
BiVO4:Mo(NaOH) samples in different batches. Considering the state of
the deposited co-catalysts and the absorption edges of BiVO4:Mo and
BiVO4:Mo(NaOH) samples are similar, the main difference in activity
should be ascribed to the distinct charge separation efficiency

Table 1| Charge separation efficiency analysis of BiVO,:Mo-
based samples

Sample The photodeposition Charge separation
rate of Ag (mg s™) efficiency at 420 nm
BiVO4:Mo 0.0106 38.4%
BiVO,4:Mo(NaOH) 0.0204 73.9%
CoFeO,-BiVO4:Mo(NaOH) 0.0249 90.2%

(Supplementary Figs. 20, 21). In addition, another photocatalytic oxygen
evolution reaction in the presence of Fe* ions and photocatalytic
degradation of tetracycline were also evaluated, where the similar pro-
motion effect was observed (Supplementary Fig. 22).

Finally, a photocatalytic Z-scheme OWS system was assembled by
employing Au/CoFeO,-BiVO4z:Mo(NaOH), Rh,Cr,_,05-ZrO,/TaON and
[Fe(CN)e]*™ couple as an O,-evolving photocatalyst (OEP), an H,-evol-
ving photocatalyst (HEP) and a redox mediator, respectively (Fig. 5a).
The HEP was synthesized according to the previous report* (see the
catalyst preparation part for details), and the basic structural char-
acterization results of HEP were shown in Supplementary Figs. 23-25.
Rh,Cr,_,05 was applied as a reduction cocatalyst over the ZrO,/TaON
photocatalyst, in which the optimal contents of Rh and Cr were 1.0 and
1.1wt%, respectively (Supplementary Figs. 26, 27). Under the optimized
reaction condition (Supplementary Figs. 28-30), the H, and O, evolu-
tion rates of 270 and 135 pumol h™ from the OWS reaction are achieved
under visible light irradiation (Fig. 5b), and the multiple consecutive
cycles test shows the good stability of the assembled photocatalytic
system (Fig. 5c). On this basis, an AQE of 22.8% at 420 nm is achieved
(Supplementary Table 6), surpassing the previously reported values of
redox-mediated Z-scheme OWS systems (Supplementary Table 7). It
should be pointed out that Na* ions remained within the BiVO4:Mo
lattice are not obviously leached out (Supplementary Table 8), implying
the robustness of the ETL during the reaction.

Discussion

In summary, the ion-substitution-induced ETL is demonstrated to be
effective in cooperation with the inter-facet junction for notably pro-
moted spatial charge separation of BiVO,:Mo photocatalyst, leading to a
high charge separation efficiency of over 90% at 420 nm for CoFeO,~
BiVO,:Mo(NaOH), marking a breakthrough in artificial photosynthesis
comparable to that of the natural photosynthesis system. Detailed ana-
lysis shows that the neutral defect of Nayoy) in the layer induces the
downshift of the band edges of the {010} surface. Consequently, an
external built-in electric field perpendicular to the {010} direction is
generated, leading to the enlarged potential difference between {110}
facet and the treated {010} facet, which not only promotes the electron
transfer from the bulk to the ion-substituted {010} surface, but also
facilitates the spatial charge separation between {110} and the ion-
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Rh,Cr,_,03-ZrO»/TaON in the 150 mL of sodium phosphate buffer solution (pH=
6.0, 25 mM) containing K4[Fe(CN)¢] (15 mM), 300 W xenon lamp (4> 420 nm),
temperature: 283 K, Pyrex top-irradiation type.

substituted {010} facets. As benefited from the notably promoted charge
separation, such photocatalytic systems with remarkably promoted effi-
ciencies as reactions including water oxidation, Z-scheme OWS, and tet-
racycline degradation can be fabricated. Specifically, one redox-mediated
Z-scheme OWS system with a benchmarking AQE of 22.8% at 420 nm is
assembled. This work highlights the importance and effectiveness of ETL
in promoting the spatial charge separation of particulate photocatalysts,
especially when it is cooperated with other “junction”-based strategies, as
may open a venue to develop highly efficient photocatalytic systems.

Methods

Materials and reagents

For the preparation of ZrO,/TaON and BiVO,:Mo samples, Ta,0s
(99.9%, High Purity Chemicals), ZrO(NO3),-2H,0 (ZrO, 45.0%, Guangfu
Chemical Reagent), Bi(NO3);:5H,0 (99.0%, Sinopharm Chemical),
NH4VO, (99%, Rhawn Chemical Reagent), Na,MoO4 (99.0%, Sino-
pharm Chemical), NaOH (98%, Alfa Aesar), HNO; (97%, Jiangtian Che-
mical Technology Co., LTD), NH3-H,0 (25%-28%, Aladdin Chemical
Reagent) and (CH,0H), (99%, Aladdin Chemical Reagent) were used.
NaH,PO, (99.9%, Macklin Chemical Reagent) and Na,HPO, (99%,
Macklin Chemical Reagent) were used to prepare phosphoric acid
buffer solution. Na;RhClg:nH,O (Rh >17%, Alfa Aesar), K,CrOy4 (99.5%,

Tianjin Kemiou Chemical Reagent Co., LTD), HAuCl, (Au 48%-50%,
Sinopharm Chemical), and CoSO, (99.5%, Rhawn Chemical Reagent)
were used for the deposition of cocatalysts. K4Fe(CN)g]l (99.5%,
Sinopharm Chemical) or methanol (99.9%, Aladdin Chemical Reagent)
was used as a hole acceptor, while K3[Fe(CN)g] (99.5%, Sinopharm
Chemical), Fe(NO3)39H,0 (99.9%, Aladdin Chemical Reagent) or
AgNO3 (99%, Aladdin Chemical Reagent) was used as an electron
acceptor. H,SO4 (98%, Tianjin Bohua Chemical Reagent Co., LTD) was
used to mediate the pH value of the solution. Tetracycline (96%,
Aladdin Chemical Reagent) was used as a model pollutant. All chemi-
cals were used as purchased without further purification.

Catalyst preparation

Synthesis of ZrO,/TaON. Typically, Ta,0s powder was mixed with
ZrO(NO3), in methanol, then the obtained mixture was dried and cal-
cined at 1073K for 2h in air to yield ZrO,/Ta,Os composite. The
composite was nitrided with an NH; flow (20 mL min™) at 1123 K for
15 h to synthesize ZrO,/TaON (Zr/Ta = 0.15 by mol)**.

Synthesis of BiVO,4;:Mo. BiVO4Mo (Mo/(Mo+V)=0.04 mol%) was
synthesized by a hydrothermal method”. Typically, Bi(NOs)5-5H,0 and
NH4VO; were dissolved into HNOj3 solution (2 M) and NaOH solution
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(2 M), respectively. A certain amount of NaMoO4 was added to the
NaOH solution for Mo doping. Then Bi(NO3); solution was added
dropwise to the NH4VOj; solution, and an orange precipitate was
formed. Subsequently, (CH,OH), was added to the mixed solution, and
the pH value of the solution was adjusted to 2.1 with NH3-H,O. After
stirring the solution for 0.5h, the suspension was transferred to a
Teflon-lined stainless-steel autoclave and maintained at 473 K for 24 h.

Synthesis of BiVO,;:Mo(NaOH). Typically, the as-prepared BiVO,:Mo
powder was dispersed in NaOH aqueous solution (0.01 M) and stirred
for 6 min at room temperature. Then the powder was filtered and
dried. The obtained powder is denoted as BiVO4:Mo(NaOH).

Cocatalyst deposition

Preparation of Rh,Cr,_,03-ZrO,/TaON. The samples were prepared
by an in situ photodeposition method. Typically, 50 mg of ZrO,/TaON
was dispersed in 100 mL of methanol solution (20 vol%) containing a
calculated amount of Nas;RhClg and K,CrO,. The solution was
vacuumed to remove air and then irradiated for 6 h under a 300 W
xenon lamp without any cut-off filter. After the reaction, the as-
obtained powder sample was collected by filtration and denoted as
RhyCrz,yOerO;/TaON.

Preparation of Au/CoFeO,-BiVO;Mo and Au/CoFeO,-
BiVO,:Mo(NaOH). Cocatalysts of Au and CoFeO, were loaded by an
in situ photodeposition method. Typically, 50 mg of BiVO4Mo or
BiVO,:Mo(NaOH) powder was dispersed in 25 mM of phosphate buffer
solution (pH=6, 100 mL) containing calculated amounts of HAuCl,,
CoS0y,, and K3[Fe(CN)g] (0.5 mM). Before the irradiation, the reaction
system was thoroughly vacuumed for the removal of the air. Then a
300 W xenon lamp without any cut-off filter was introduced to irradiate
the dispersed solution for 2 h. After the reaction, the as-loaded powder
was collected by filtration and dried naturally, which was denoted as
Au/CoFe0,-BiVO4:Mo or Au/CoFeO,-BiVO4:Mo(NaOH).

Preparation of CoFeO,-BiVO,;:Mo(NaOH). CoFeO, cocatalyst was
loaded by an in-situ photodeposition method. Typically, 50 mg of
BiVO,:Mo was dispersed in 25 mM of phosphate buffer solution (pH =
6, 100 mL) containing the calculated amounts of CoSO, (0.2 wt%),
K4[Fe(CN)¢] (0.8 mM), and NalO; (20 mM). The reaction system was
thoroughly evacuated, and then the dispersion solution was irradiated
with a 300 W xenon lamp without any cutoff filter for 2 h. After the
reaction, the as-obtained powder sample was collected by filtration
and denoted as CoFeO,-BiVO4:Mo(NaOH).

Characterizations

Field emission SEM (JEOL, JSM-7800F) was used to analyze the mor-
phology of the catalysts. Atomic-resolution TEM (JEOL, JEM-ARM200F)
was equipped with a cold field emission gun, an aberration corrector,
and an EELS (Enfina, Gatan) to analyze the atomic arrangement of the
catalyst surface and valence states of elements. TEM (JEOL, JEM-2800)
was used to analyze the elemental distribution and lattice fringe. The
XRD (Rigaku, MiniFlex 600) with Cu Ka (A = 0.154178 nm) radiation and
Raman spectroscopy (TEO, SR-5001-A) were employed to verify
structural characteristics of the catalysts. The absorbance of the
samples was measured by UV-Vis DRS (Thermo Fisher, Evolution 220).
ICP-OES (Agilent 5110) was used to analyze the content of Na, Bi, V, and
Ag elements. The surface area was calculated based on the BET model
using a Micromeritics ASAP 2460 at 77 K. XPS was operated on a
Thermo Scientific ESCALAB 250Xi with a monochromatic Al Ka source
(150 W, 1486.6 eV, 500 pum, the C 1 s positioned at 284.8 eV was applied
as the internal standard for the calibration of binding energies) was
employed to study the chemical state. Depth profiling was accom-
plished using Ar’. The Ar" was operated at 3kV and 10 mA with a
1x1mm? raster size at an angle of 40° to the surface normal with an

etching speed of 0.2 nm s™. Therefore, each sputtering of Ar* for every
5s is considered to etch a depth of 1 nm.

The CPD images of samples were measured by KPFM (Bruker
Dimension FastScan) in the amplitude-modulated mode under ambi-
ent atmosphere. A lift mode with a lifting height of 75 nm was applied
for the SPV test. The Kelvin tip used was made of Sb-doped Si tip
coated with Pt/Ir (SCM-PIT-V2). CPD under light was measured using a
blue LED (A =405 nm, 4 mW cm™?) almost parallel to the substrate. SPV
refers to the CPD difference with or without light illumination, which is
defined as SPV = CPDijjumination — CPDdark“-

Density functional theory calculations and models
First-principles calculations in this work were performed employing
the plane-wave pseudopotential method within density functional
theory (DFT), using the Perdew-Burke-Ernzerhof (PBE) method as
exchange-correlation functional, and implemented through the
Vienna Ab-initio Simulation Package (VASP) code*®. The interaction of
electron-ion was described using the projector augmented wave
(PAW) pseudopotential method. 5d"°6s*6p® for Bi, 3d*3s' for V, 2s2p*
for O and 2p°®3s' for Na atoms were adopted as valence electrons.
Considering the Mo dopant with a low doping proportion is recog-
nized as uniformly distributed in the bulk, the role of the Mo dopant in
the ETL is quite minor. The stoichiometric BiVO, {010} surface was
adopted to represent the BiVO4:Mo {010} facet. The BiVO, {010} sur-
face was represented by a slab model repeated periodically with a
vacuum region of 15A between repeated slabs. The {010} slab was
constructed by 32 Bi atoms in 8 Bi layers, 32V atoms in 8 V layers, and
128 O atoms in 16 O layers. The top 4 Bi and 4 V layers and top 8 O
layers are fully relaxed (see the details in Supplementary Data 1). The
3 x 3 x1 Monkhorst-Pack-type k-points samplings were used for (010)
2 x 2 surface unit cells. To ensure that the residual forces converged to
less than 0.02 eV A™, the conjugate gradient method was employed to
optimize the surface structure®. The electronic wavefunction was
expanded using a kinetic energy cutoff of 520 eV. All of the eigenvalues
of the slabs with different defects are aligned by the Bi1s core state of
the same fixed Bi atom. For defects in the surface model, their for-
mation Gibbs free energies can be calculated by using the well-
established formalism*****°, The detailed defect calculation results can
be found in Supplementary Table 5 and Supplementary Fig. 11.

Measurement of the charge separation efficiency

The charge separation efficiency was measured using a 300 W Xe lamp
(Beijing Perfectlight, PLS-SXE 300D) with a band-pass filter (Beijing Per-
fectlight, 1=420 nm, full width at half maximum (FWHM): 15nm) to
illuminate a Pyrex top-irradiation-type reaction vessel that was connected
to a closed glass circulation system (Beijing Perfectlight, Labsolar-6A).
75 mg of photocatalyst was added into the 100 mL of methanol solution
(20 vol%) containing AgNO; (50 mM). The reaction solution was fully
vacuumed to remove the air before the irradiation, and the system was
maintained at 283 K using cooling water. The charge separation efficiency
was calculated based on the following Eq. (1):

Charge separation efficiency (%) = ﬂ %100 0y

where A is a coefficient, which is 1 for Ag photodeposition. R is the
photodeposition rate of Ag (mol s™), N, is the Avogadro constant, and /
is the number of photons measured at a specific wavelength. The
number of photons reaching the solution was measured by a cali-
brated silicon photodiode (HAMAMATSU, S2281-04). As measured, the
total number of the incident photons at the wavelength of 420 nm was
1.54 x10" photons s™ (see the details in Supplementary Fig. 31, Sup-
plementary Tables 9, 10). The photodeposition rates of Ag over
BiVO4:Mo, BiVO4:Mo(NaOH), and CoFeO,-BiVO4:Mo(NaOH) were
quantified by ICP-OES.
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Evaluation of hydrogen evolution and water oxidation

Photocatalytic hydrogen evolution and water oxidation reactions were
conducted in a Pyrex vessel that was connected to a closed glass cir-
culation system (Beijing Perfectlight, Labsolar-6A) under top irradiation
from a 300 W xenon lamp (Beijing Perfectlight, PLS-SXE 300D) with a
cutoff filter (A >420 nm). For the test of hydrogen evolution, 50 mg of
photocatalyst was added into the 100 mL of phosphoric acid buffer
solution (25 mM, pH = 6.0) containing 10 mM of K;[Fe(CN)¢l. For the
test of water oxidation with [Fe(CN)¢]*>” ions, 50 mg of photocatalyst was
added into the 100 mL of phosphoric acid buffer solution (25 mM, pH =
6.0) containing 10 mM of K3[Fe(CN)]. For the evaluation of water oxi-
dation with Fe* ions, 50 mg of photocatalyst was added into the 100 mL
of H,O containing 10 mM of Fe(NO3)3, which H,SO4 was added to the
solution to mediate the pH value to 2.5. The reaction was carried out
under vacuum conditions and maintained at 283 K. Cooling water was
used to maintain the reaction system at 283 K. The evolved gases were
analyzed by an on-line gas chromatography (Shimadzu, GC-2014C, 5A
molecular sieve columns, thermal conductivity detector, Ar carrier gas).

Evaluation of photocatalytic degradation of tetracycline
Photocatalytic degradation of tetracycline was conducted in a Pyrex
vessel, which was implemented under top irradiation from a 300 W
xenon lamp with a cutoff filter (A>420 nm). 50 mg of photocatalyst
was added into 50 mL of H,O containing tetracycline (20 mgL™).
Before the irradiation, the suspension was vigorously stirred for 1h in
the darkness to reach a balance and was maintained at 298 K. The
concentration of tetracycline was determined via the high-
performance liquid chromatography (Agilent, 1260 Infinity II) with a
UV detector at 355 nm.

Evaluation of Z-scheme overall water splitting

Photocatalytic Z-scheme OWS reaction was conducted in the same
glass circulation system with photocatalytic hydrogen evolution and
water oxidation reactions under top irradiation from a 300 W xenon
lamp with a cutoff filter (1>420 nm). 75 mg of OEP and 125 mg of HEP
were added into the 150 mL of phosphoric acid buffer solution (25 mM,
pH = 6.0) containing 15mM of K4[Fe(CN)g]. The reaction system
occurred under vacuum conditions and was maintained at 283 K. The
evolved gases were analyzed by an on-line gas chromatography.

Measurement of apparent quantum efficiency

An AQE was measured using a 300 W Xe lamp with a band-pass filter
(1=420 nm, FWHM: 15 nm) to illuminate a Pyrex top-irradiation-type
reaction vessel. The AQE was calculated based on the following Eq. (2):

AQE (%)= ﬂ x100

)
where A is a coefficient, which is 4 for hydrogen evolution and 8 for
oxygen evolution. R is the rate of hydrogen or oxygen evolution
(mol's™), N, is the Avogadro constant, and / is the number of photons
measured at a specific wavelength.

Data availability
The source data generated in this study are provided in the Source
Data file. Source data are provided with this paper.
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