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Surface electronic structures of the photoelectrodes determine the activity 
and efficiency of the photoelectrochemical water splitting, but the control 
of surface structures and interfacial chemical reactions remain challenging. 
Here, ferroelectric BiFeO3 is used as a model system to demonstrate a 
controllable water splitting reaction by large-area constructing the hydroxyls-
bonded surface. The up-shift of band edge positions at this ferroelectric 
surface enables and enhances the holes and electrons transfer through the 
hydroxyl-active sites, leading to enhanced oxygen or hydrogen evolutions, 
respectively. Furthermore, the printing of ferroelectric super-domain with 
microscale checkboard up/down electric fields enhances the photogenerated 
carriers separation and gives rise to an order of magnitude increase of the 
photocurrent. This large-area printable ferroelectric surface and super-domain 
offer an alternative platform for controllable and efficient photocatalysis.

DOI: 10.1002/adfm.202111180

interfacial kinetic reactions play the critical 
roles in determining the efficiency of solar 
water splitting.[3,4] Chemical dopants,[5,6] 
heterojunction designs,[7,8] and cocatalysts 
for hydrogen evolution reaction (HER) or 
oxygen evolution reaction (OER)[9,10] have 
been well developed, where the maximum 
efficiency is limited by the intrinsic band 
structures of the conventional catalyzing 
materials.[11] Construction of active sites 
through surface modification of metal 
oxides with noble metals[8,12] and defects[13] 
(e.g., oxygen vacancies[14,15]) suffers from 
the cost of noble metals and/or chemical 
instability.[16,17] Therefore, it is desirable to 
explore an alternative strategy for designing 
high-efficient, stable, and controllable 
photo electrodes in PEC water splitting.[18,19]

Ferroelectric semiconductors with switchable polarization 
provide an effective platform to control the surface/interface 
structures and the kinetic processes of charge transfer.[20,21] 
The spontaneous polarization in ferroelectrics significantly 
enhances[21–24] and directs[25–28] the drift/separation of photo-
generated electrons and holes. Benefit from the switchable 
polarization, the energy landscapes of ferroelectric surfaces, 
and ferroelectric/electrolyte interfaces can be manipulated 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202111180.

1. Introduction

Photoelectrochemical (PEC) water splitting, which converts 
sustainable solar energy into green hydrogen fuel, provides a 
promising solution for the energy crisis and environmental 
pollution.[1,2] Considering the three steps of the water splitting 
reaction (light harvesting, charge separation, and catalytic reac-
tions), the separation of the photogenerated carriers and the 
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via rearranging the free charge carriers.[29–33] Bismuth ferrite 
(BiFeO3; BFO) with a large polarization[34] and a direct bandgap 
within solar visible-light spectrum (Eg  = 2.6–2.8  eV),[35,36] is 
considered as an excellent candidate for an efficient photo-
electrode. The energy bands of BFO straddle the water redox 
levels, due to the high-lying valence band composed of the Bi 
6s and O 2p atomic orbitals, suggest its potential for efficient 
solar water splitting.[34,36] Furthermore, large-scale printing of 
polarization and surface chemical bonds by ferroelectric/liquid 
ionic interaction[25] may provide an effective pathway for high-
performance and selective reduction and oxidation catalysis, 
HER and OER for instance, on a single BFO photoelectrode, 
which is absent in conventional semiconductors.[37]

2. Polarization-Dependent H2/O2 Evolution

Epitaxial BFO thin films were grown on (001) SrTiO3 (STO) 
substrates with conductive (La,Sr)MnO3 (LSMO) for PEC meas-
urement. In this work, the thickness of the BFO thin films is 
50 nm, which leads to a pronounced photocurrent density due 
to the carrier diffusion length.[34] The detailed growth, piezore-
sponse force microscopy (PFM) and PEC measurements can 
be seen in the Supporting Information. Figure 1a,b shows that 
BFO thin films with upward (downward) polarization give a 
cathode (anode) photocurrent, which are consistent with pre-
vious reports.[34] This polarization-selective photocathode and 
photoanode benefit from its special energy bands (straddle the 
water redox levels) as illustrated in Figure  1c,d. The upward-
polarized BFO induces positive (negative) bound charges at the 

BFO surface (BFO/LSMO interface), leading to the downward 
(upward) band bending at the BFO/electrolyte (BFO/LSMO) 
interface.[24,34] This band bending promotes the photogenerated 
electrons to BFO surface, and thus favors the HER (Figure 1c). 
While, after poling the polarization of upward-polarized BFO 
to downward by external electric field, the negative (positive) 
surface bond charges at BFO surface (BFO/LSMO interface), 
induced by the downward polarization, leading to the upward 
(downward) bending toward the BFO/electrolyte (BFO/LSMO) 
interface, which promotes the holes to BFO surface, and facili-
tates the OER (Figure  1d). These controllable polarization and 
ferroelectric surface suggest that the BFO ferroelectrics can be 
used as both photocathode and photoanode by tuning the polar-
ization direction.

3. Hydroxyl-Bonded BFO Surface Enhanced HER 
and OER
Reconstruction of surface chemical structure of the photo-
electrode may increase the energy bands offset and facili-
tate charge transfer across the photoelectrode/electrolyte 
interface.[38] Thus, we design the BFO surface structure 
through a controllable ferroelectric/water ionic interaction 
(Figure S1, Supporting Information).[25] A dramatic enhance-
ment of the photoemission peak (peak III, ≈531.7  eV) in the 
X-ray photoelectron spectroscopy (XPS) spectra after the 
ionic interaction indicates the presence of terminal hydroxyls 
(metaloxidehydrogen, MOH) on the BFO surface[39,40] as 
shown in Figure 2a. The increase and decrease of the peak III 

Figure 1. Polarization-dependent HER and OER on ferroelectric photoelectrode. PEC response and PFM image for upward- a) and downward-polarized 
b) BFO, respectively. Schematics of band diagram during PEC water splitting for the case of upward- c) and downward-polarized d) BFO, respectively. 
Scale bar 2 µm in a,b). Green arrows represent the out-of-plane polarization direction.
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and peak II (≈530.3 eV) are ascribed to the hydroxyls occupying 
the oxygen vacancy site and binding to the terminal metal 
ions, during the ferroelectric/water ionic interaction, respec-
tively. The water molecules in the aqueous solution would 
absorb on the surface and leading to the increase of the peak 
IV (≈533.2  eV). These hydroxyls gradually desorbed from the 
surface when the sample was annealed at elevated temperature 
(Figure S2, Supporting Information), which is similar with pre-
vious observations,[41,42] indicating that the emergent surface 
structure (MOH) is hydroxyl-bonded ferroelectric surface 
(BFO-OH). To identify the exact surface structure of BFO-OH, 
high-resolution scanning transmission electron microscopy 
(STEM) measurement was performed, as shown in Figure S3 
(Supporting Information). The surface of BFO-OH thin film 
maintains the perovskite structure like the bulk, indicating the 
hydroxyls may bond with Fe at the top FeO2 layer on the surface 
of BFO.

In water splitting process, surface hydroxyl groups play a 
significant role in interfacial charge transfer.[43,44] Interestingly, 
the upward-polarized BFO-OH photoelectrodes (Figure S4, 
Supporting Information) not only drive hydrogen evolution 
with a photocurrent density of ≈−0.07 mA cm−2 at 0 V versus 
RHE (two times larger than pristine BFO), but also catalyze 

oxygen production with a photocurrent density of 0.07 mA cm−2 
at 1.23  V versus RHE as shown in Figure  2b, which does not 
exist in the pristine BFO with the same out-of-plane polariza-
tion (Figure 1b). A low charge transfer resistance in the Nyquist 
plot of the BFO-OH (Figure 2c) implies a new process for elec-
trons/holes transfer across the interface (Figure S5, Supporting 
Information), which may benefit from a reconstructed surface 
electronic structure in the BFO-OH (no morphology (Figure S6,  
Supporting Information) and crystallinity (Figure S7, Sup-
porting Information) changes of BFO before and after the 
hydroxyl modification).

The surface electronic structure of the BFO-OH was 
characterized by scanning tunneling spectroscopy (STS),[45] 
showing a positive shift of surface conduction band 
minimum (CBM) and surface valance band maximum 
(VBM) as seen in Figure  2d. Density functional theory 
(DFT) calculations indicate that the surface density of 
states of BFO[46] and BFO-OH, where the OH− ions bond 
to the Fe sites on the FeO2-ternimated energy-favorable 
BFO (001) surface,[25,47] which is consistent with the 
STS results, as shown in Figure  2e. The up-shift of both 
the CBM and VBM of the BFO-OH in Figure  2f ascribes  
to the formation of a built-in field from hydroxylated  surface 

Figure 2. Surface design (BFO-OH) for enhanced HER and OER. a) XPS spectra for the surface of BFO and BFO-OH, respectively. The O 1s XPS 
spectra for BFO and BFO-OH surface can be fitted into four components: peak I (≈529.1 eV, oxygen in the perovskites), peak II (≈530.3 eV, oxygen 
vacancies or lowly charged oxygen particles (O−)), and peak III (≈531.7 eV, hydroxyl groups on BFO), peak IV (≈533.2 eV, absorbed water molecules). 
b) Current–voltage curves for BFO and BFO-OH thin films. c) Nyquist plots for BFO and BFO-OH recorded at 0 V versus RHE. Inset: equivalent circuit 
of the Nyquist plots. d) STS, e) structure diagrams, and f) calculated surface density of states for BFO and BFO-OH.
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to the bottom of the photoelectrode,[25,38] leading to the 
decreased barriers for carriers migration at the surface, 
and thus enhances (enables) the electrons (holes) transfer 
through the surface, as illustrated in Figure S8 (Supporting 
Information). Here, we use a trilayer asymmetric terminated 
BiFeO3 (001) slabs, which is enough for the HER and OER 
calculations, because a larger supercell (four layers) with 
bottom two layers fixed as bulk presents the same result  
with the trilayer slabs (Figure  2f ), as shown in Figure S9  
(Supporting Information). The details of DFT calculation 
and STS measurement are presented in the Supporting 
Information.

4. Dynamic Process of Water Splitting on the 
BFO-OH
To understand the dynamic reaction processes of the enhanced 
HER and OER on the BFO-OH, we calculated the Gibbs free 
energy of each step in the HER and OER and plotted the energy 
diagram in Figure 3a,b, respectively. In general, HER follows a 
two-electron step

∗+ + − → ∗+ −H e H  (1)

∗ + + − →+ −H H e H2  (2)

where the symbol “*” represents the active sites of catalysts. 
Due to a rational thermokinetics balance between the above 
two reaction steps, the Gibbs free energy for *H intermediate 
generation (|ΔGH*|) on the BFO-OH decreases to 0.39  eV, 
decreasing by a factor of 3 compared to the pristine BFO 
(1.46 eV), which notably enhances the HER efficiency, as illus-
trated in Figure 3a.

In contrast, OER is a four-electron process

( ) ( )− ∗+ → − ∗ + ++ −Fe OH H O Fe OH OH H e2  (3)

( ) ( )− ∗ → − ∗ + ++ −Fe OH OH Fe OH O H e  (4)

( ) ( )− ∗ + → − ∗ + ++ −Fe OH O H O Fe OH OOH H e2  (5)

( ) ( )− ∗ → − + + ++ −Fe OH OOH Fe OH H O e2  (6)

Production of oxygenated intermediates *OH in step 1 
(depicted by Equation (3)) on the BFO-OH only need to over-
come low energy barrier of 1.6  eV, as shown in Figure  3b, 
resulting from adsorbed water molecules dissociation fol-
lowed by the (Fe-OH) *OH formation, which favors driving 
the subsequent reactions, and leading to an efficient activity 
for OER.[48,49] However, the Gibbs free energy of the produc-
tion of *OH in step 1 on the pristine BFO, where the hydroxyls 
bond to the surface Fe atoms, is as high as 2.09 eV (Figure S10,  
Supporting Information), which makes it difficult for the sub-
sequent processes occur and therefore the OER stops. The 
overpotential η in OER decreases to 0.53  V in the BFO-OH 
from 0.86 V in the pristine BFO (Supporting Information), sug-
gesting an improved OER efficiency in the BFO-OH, due to 
the terminal hydroxyls induced facilitated charge transfer and 
decreased water adsorption energy. During the OER, hydroxyls 
in the BFO-OH are acting as the catalytic sites other than the 
intermediates during the OER, which is supported by sec-
ondary ion mass spectroscopy (SIMS) in Figure 3c,d. BFO-OD 
was designed by deuterium oxide treatment, as validated by the 
depth profiles (Figure S11, Supporting Information). The inten-
sity of deuterium on the BFO-OD almost remains identical 
before and after the PEC measurements in aqueous  solution 
(Figure 3d), indicating the robust bonds (BFO-OD/OH) act as 

Figure 3. Dynamic process of the water splitting on the BFO-OH. a) Free energy diagram of HER for BFO and BFO-OH. b) Free energy diagram of 
OER for BFO-OH, where the OER starts with the dissociation of the adsorbed water molecule into *OH (energy barrier of 1.6 eV), and then dehydro-
genating into *O (1.14 eV), reacting with another water molecule forming *OOH (1.76 eV) and dissociating to oxygen (0.41 eV). SIMS of deuterium on 
the BFO-OD film before c) and after d) the PEC measurements.

Adv. Funct. Mater. 2022, 32, 2111180
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stable active sites for capturing the photogenerated electrons 
and holes to drive water splitting.

5. Printing of Ferroelectric Super-Domain 
Enhanced HER and OER
To further enhance the separation efficiency of photogenerated 
carriers, a large-area printing of checkboard down/up domains 
with up/down depolarization fields on the BFO-OH are dem-
onstrated. The detailed printing processes of ferroelectric 
super-domain are shown in Figure 4a and the methods in the 
Supporting Information. As shown Figure S12 (Supporting 
Information), the exposed hydroxyls are preserved during the 
process indicating the hydroxyls bonds are stable on BFO sur-
face. Benefit from the robust hydroxyls bonding and super-
domain structure, a higher photocurrent density of OER and 
HER is demonstrated in Figure  4. Interestingly, a decrease of 
the domain size can lead to an enhanced and stable photo-

current density of OER and HER, as shown in Figure S13 
(Supporting Information). It is notable that the photocurrent 
density dramatically increases by an order of magnitude when 
the domain size reduces from 1  mm to 500  nm as shown in 
Figure 4c.

To understand the enhanced efficiency on the checkboard 
domains, we performed the DFT calculations on obtaining 
the change densities of key electronic states in the BFO-OH 
with mono-domain and super-domain, as shown in Figure 4d. 
The homogeneous distribution of the charge densities of the 
CBM and VBM (supported by oxygen and iron respectively) on 
the mono-domain (upward-polarized, left panel of Figure  4d) 
BFO-OH with downward depolarization field favors the 
enhancement of the electronic coupling and charge recombina-
tion. In contrast, the antiparallel polarization on the BFO-OH 
with antiparallel depolarization field drives electrons and 
holes transfer to the upward- and downward-polarized surface, 
respectively, and thus decrease the charge recombination. Con-
sequently, the CBM and VBM are localized at different domains 

Figure 4. Printing of ferroelectric super-domain for water splitting. a) Printing process of ferroelectric super-domain. The green (blue) arrows describe 
the out-of-plane component of the polarization (Edp). b) PFM image of BFO-OH thin film with 500 nm periodic super-domain. c) The current density 
of the BFO-OH with super-domain (voltage at 1.23 V vs RHE) significantly increases with the decrease of the domain size, inset shows the current 
density of the BFO-OH and BFO-OH with 500 nm periodic super-domain. d) Charge densities of CBM (yellow isosurface) and VBM (blue isosurface) 
for the BFO-OH with and without super-domain. Red and yellow surface represent upward and downward polarization, while the dotted area (DW) 
means domain wall.
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(right panel of Figure 4d), which is consistent with our electro-
static force microscopy measurement, as shown in Figure S14 
(Supporting Information). The photogenerated electrons and 
holes come out from different spots on the antiparallel polar-
ized ferroelectric materials, which instantaneously forms 
charge separated states upon photoexcitation that largely avoid 
nonradiative charge losses by reducing electron–hole recombi-
nation, leading to a high current density.

Moreover, according to the space charge model, the change 
of polarization on BFO surface with super domain alters the  
surface electrostatic potential φ,[25] and thus regulates  
the charge densities of electrons and holes on BFO surface.[50] 
The electrons and holes accumulating on opposite polarization 
surface increases the electrons and holes density on BFO sur-
face and promotes the HER and OER performance.[51] Further-
more, decreasing the size of the domains favors further slowing 
electron–hole recombination and thus enhancing change den-
sity, which can be expected to achieve maximum value when 
the domain size reduces to the limit of electrons/holes diffu-
sion length of the ferroelectric photoelectrode.

6. Conclusion

In summary, a ferroelectric photoelectrode with an efficient 
electrons and holes migration during PEC reaction is fabri-
cated by large-area construction of hydroxyls bonding on BFO 
surface. The robust hydroxyls bonding on the BFO changes 
the surface band edge position and serves as catalytic sites, 
decreasing the formation energy of oxygenated/hydrogenated 
intermediates, and leading to an enhanced efficiency of HER 
and OER for water splitting in this bifunctional photoelectrode. 
Furthermore, artificially designing the reduction and oxidation 
catalytic sites on the BFO-OH through large-area printing of 
ferroelectric super-domain further reduces the recombination 
of the photogenerated electrons and holes, providing a possible 
paradigm for controllable surface (interface) structures and 
steering charge transfer for high-efficient catalysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
Y.T., A.W., Y.W., and M.P. contributed equally to this work. The work 
is supported by the National Key R&D Program of China through 
Contract 2021YFA0718700. We also acknowledge the final support 
from the National Natural Science Foundation of China (Grant Nos. 
11974052, 51861135101, 21973006 and 12004036), Beijing Natural Science 
Foundation (Z190008) and the Natural Science Basic Research Program 
of Shaanxi (Program No. 2021JQ-332). We gratefully acknowledge 
Beijing National Laboratory for Condensed Matter Physics and CAS 
Interdisciplinary Innovation Team.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available on request 
from the corresponding author. The data are not publicly available due 
to privacy or ethical restrictions.

Keywords
ferroelectrics’ surface, photoelectrochemical water splitting, super 
domain

Received: December 6, 2021
Revised: January 4, 2022

Published online: February 9, 2022

[1] M. Grätzel, Nature 2001, 414, 338.
[2] A.  Landman, H.  Dotan, G. E.  Shter, M.  Wullenkord, A.  Houaijia, 

A. Maljusch, G. S. Grader, A. Rothschild, Nat. Mater. 2017, 16, 646.
[3] K. Sivula, R. van de Krol, Nat. Rev. Mater. 2016, 1, 15010.
[4] Y. Hu, Y. Pan, Z. Wang, T. Lin, Y. Gao, B. Luo, H. Hu, F. Fan, G. Liu, 

L. Wang, Nat. Commun. 2020, 11, 2129.
[5] W.-J.  Yin, S.-H.  Wei, M. M.  Al-Jassim, Y.  Yan, Phys. Rev. Lett. 2011, 

106, 066801.
[6] Y. Gai, J. Li, S.-S. Li, J.-B. Xia, S.-H. Wei, Phys. Rev. Lett. 2009, 102, 

036402.
[7] S. Chen, T. Takata, K. Domen, Nat. Rev. Mater. 2017, 2, 17050.
[8] L.  Chen, J.  Yang, S.  Klaus, L. J.  Lee, R.  Woods-Robinson, J.  Ma, 

Y. Lum, J. K. Cooper, F. M. Toma, L.-W. Wang, I. D. Sharp, A. T. Bell, 
J. W. Ager, J. Am. Chem. Soc. 2015, 137, 9595.

[9] X. Chen, S. Shen, L. Guo, S. S. Mao, Chem. Rev. 2010, 110, 6503.
[10] W. D.  Chemelewski, H.-C.  Lee, J.-F.  Lin, A. J.  Bard, C. B.  Mullins,  

J. Am. Chem. Soc. 2014, 136, 2843.
[11] R. Marschall, Adv. Funct. Mater. 2014, 24, 2421.
[12] A. Wang, J. Li, T. Zhang, Nat. Rev. Chem. 2018, 2, 65.
[13] J. Nowotny, M. A. Alim, T. Bak, M. A.  Idris, M.  Ionescu, K. Prince, 

M. Z. Sahdan, K. Sopian, M. A. Mat Teridi, W. Sigmund, Chem. Soc. 
Rev. 2015, 44, 8424.

[14] Y. Li, Y. Gao, Phys. Rev. Lett. 2014, 112, 206101.
[15] R.  Schaub, P.  Thostrup, N.  Lopez, E.  Lægsgaard, I.  Stensgaard, 

J. K. Nør-skov, F. Besenbacher, Phys. Rev. Lett. 2001, 87, 266104.
[16] B. Qiao, A. Wang, X. Yang, L. F. Allard, Z. Jiang, Y. Cui, J. Liu, J. Li, 

T. Zhang, Nat. Chem. 2011, 3, 634.
[17] V. R. Stamenkovic, D. Strmcnik, P. P. Lopes, N. M. Markovic, Nat. 

Mater. 2017, 16, 57.
[18] T. J. Mills, F. Lin, S. W. Boettcher, Phys. Rev. Lett. 2014, 112, 148304.
[19] M. A. Lumley, A. Radmilovic, Y. J.  Jang, A. E. Lindberg, K.-S. Choi,  

J. Am. Chem. Soc. 2019, 141, 18358.
[20] K.  Garrity, A. M.  Kolpak, S.  Ismail-Beigi, E. I.  Altman, Adv. Mater. 

2010, 22, 2969.
[21] F. Chen, H. Huang, L. Guo, Y. Zhang, T. Ma, Angew. Chem., Int. Ed. 

2019, 58, 10061.
[22] J. H. Lee, A. Selloni, Phys. Rev. Lett. 2014, 112, 196102.
[23] Y. Liu, S. Ye, H. Xie, J. Zhu, Q. Shi, N. Ta, R. Chen, Y. Gao, H. An, 

W. Nie, H. Jing, F. Fan, C. Li, Adv. Mater. 2020, 32, 1906513.
[24] A. M. Kolpak, I. Grinberg, A. M. Rappe, Phys. Rev. Lett. 2017, 98, 166101.
[25] Y.  Tian, L.  Wei, Q.  Zhang, H.  Huang, Y.  Zhang, H.  Zhou, F.  Ma, 

L.  Gu, S.  Meng, L. Q.  Chen, C. W.  Nan, J.  Zhang, Nat. Commun. 
2018, 9, 3809.

[26] D. Cao, Z. Wang, Nasori, L. W.  , Y. Mi, Y. Lei, Angew. Chem. 2014, 
126, 11207.

[27] M. R. Morris, S. R. Pendlebury, J. Hong, S. Dunn, J. R. Durrant, Adv. 
Mater. 2016, 28, 7123.

Adv. Funct. Mater. 2022, 32, 2111180

 16163028, 2022, 19, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202111180 by R
esearch C

enter O
f E

co-E
nvironm

ental Sciences, W
iley O

nline L
ibrary on [17/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2111180 (7 of 7) © 2022 Wiley-VCH GmbH

[28] Y. Yu, X. Wang, Adv. Mater. 2018, 30, 1800154.
[29] N.  Domingo, L.  Gaponenko, K.  Cordero-Edwards, N.  Stucki, 

V.  Perez-Dieste, C.  Escudero, E.  Pach, A.  Verdaguer, P.  Paruch, 
Nanoscale 2019, 11, 17920.

[30] Z.  Wang, D.  Cao, L.  Wen, R.  Xu, M.  Obergfell, Y.  Mi, Z.  Zhan, 
N. Nasori, J. Demsar, Y. Lei, Nat. Commun. 2016, 7, 10348.

[31] W. Cui, Z. Xia, S. Wu, F. Chen, Y. Li, B. Sun, ACS Appl. Mater. Inter-
faces 2015, 7, 25601.

[32] M. A. Khan, M. A. Nadeem, H. Idriss, Surf. Sci. Rep. 2016, 71, 1.
[33] C. Tan, J. Wang, X. Zhong, J.  Jiang, X. Zhang, Y. Ding, Mater. Des. 

2017, 129, 186.
[34] J.  Song, T. L.  Kim, J.  Lee, S. Y.  Cho, J.  Cha, S. Y.  Jeong, H.  An, 

W. S. Kim, Y.-S. Jung, J. Park, G. Y. Jung, D.-Y. Kim, J. Y. Jo, S. D. Bu, 
H. W. Jang, S. Lee, Nano Res. 2018, 11, 642.

[35] B. F. Mushtaq, X. Chen, M. Hoop, H. Torlakcik, E. Pellicer, J. Sort, 
C. Gattinoni, B. J. Nelson, S. Pane, IScience 2018, 4, 236.

[36] W. Ji, K. Yao, Y.-F. Lim, Y. C. Liang, A. Suwardi, Appl. Phys. Lett. 2013, 
103, 062901.

[37] S.  Chu, W.  Li, Y.  Yan, T.  Hamann, I.  Shih, D.  Wang, Z.  Mi, Nano 
Futures 2017, 1, 022001.

[38] J. Hwang, Z. Feng, N. Charles, X. R. Wang, D. Lee, K. A. Stoerzinger, 
S.  Muy, R. R.  Rao, D.  Lee, R.  Jacobs, D.  Morgan, Y.  Shao-Horn, 
Mater. Today 2019, 31, 100.

[39] X. Sun, Z. Liu, H. Yu, Z. Zheng, D. Zeng, Mater. Lett. 2018, 219, 225.
[40] W. Li, S. Liu, S. Wang, Q. Guo, J. Guo, J. Chem. Phys. 2014, 5, 2469.
[41] A. G.  Marrani, F.  Caprioli, A.  Boccia, R.  Zanoni, F.  Decker, J. Solid 

State Electrochem. 2014, 18, 505.
[42] K. Andersson, G. Ketteler, H. Bluhm, S. Yamamoto, H. Ogasawara, 

L. G. M.  Pettersson, M.  Salmeron, A.  Nilsson, J. Phys. Chem. C 
2007, 111, 14493.

[43] B. C. Wood, T. Ogitsu, E. Schwegler, J. Photon Energy 2011, 1, 016002.
[44] F.  Liu, N.  Feng, Q.  Wang, J.  Xu, G.  Qi, C.  Wang, F.  Deng, J. Am. 

Chem. Soc. 2017, 139, 10020.
[45] K. Morgenstern, N. Lorente, K. H. Rieder, Phys. Status Solidi B 2013, 

250, 1671.
[46] P.  Marton, A.  Klíč, M.  Paściak, J.  Hlinka, Phy. Rev. B 2017, 96,  

174110.
[47] M. Sobhan, Q. Xu, Q. Yang, F. Anariba, P. Wu, Appl. Phys. Lett. 2014, 

104, 051606.
[48] G. Tyuliev, Appl. Surf. Sci. 1988, 32, 381.
[49] R. Jacobs, J. Hwang, Y. Shao-Horn, D. Morgan, Chem. Mater. 2019, 

31, 785.
[50] Y. A.  Genenko, O.  Hirsch, P.  Erhart, J. Appl. Phys. 2014, 115,  

104102.
[51] J.  Seidel, D.  Fu, S.-Y.  Yang, E.  Alarcón-Lladó, J.  Wu, R.  Ramesh, 

J. W. Ager, Phys. Rev. Lett. 2011, 12, 126805.

Adv. Funct. Mater. 2022, 32, 2111180

 16163028, 2022, 19, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202111180 by R
esearch C

enter O
f E

co-E
nvironm

ental Sciences, W
iley O

nline L
ibrary on [17/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


