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Ferroelectrics, which generate a switchable electric ﬁeld across the solid–liquid interface, may
provide a platform to control chemical reactions (physical properties) using physical ﬁelds
(chemical stimuli). However, it is challenging to in-situ control such polarization-induced
interfacial chemical structure and electric ﬁeld. Here, we report that construction of chemical
bonds at the surface of ferroelectric BiFeO3 in aqueous solution leads to a reversible bulk
polarization switching. Combining piezoresponse (electrostatic) force microscopy, X-ray
photoelectron spectroscopy, scanning transmission electron microscopy, ﬁrst-principles
calculations and phase-ﬁeld simulations, we discover that the reversible polarization
switching is ascribed to the sufﬁcient formation of polarization-selective chemical bonds at its
surface, which decreases the interfacial chemical energy. Therefore, the bulk electrostatic
energy can be effectively tuned by H+/OH− concentration. This water-induced ferroelectric
switching allows us to construct large-scale type-printing of polarization using green energy
and opens up new opportunities for sensing, high-efﬁcient catalysis, and data storage.
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Results
Aqueous-solution-induced large-area switching of ferroelectric
polarization. BFO thin ﬁlms with switchable ferroelectric
polarization were prepared on SrTiO3 (STO) substrates with
conductive (La,Sr)MnO3 (LSMO) bottom layers. The initial outof-plane projections of the ferroelectric polarization (upward or
downward) can be artiﬁcially controlled by designing the termination of the conductive buffer layers37,38, which were characterized using piezoresponse force microscopy (PFM). As shown
in Fig. 1a, when an initial upward-polarized BFO ﬁlm with
a downward ferroelectric domain (5 × 5 µm2) was exposed to a
drop of water solution (Milli-Q water, pH = 7), the downward
domain reversed to its initial upward state spontaneously, as
characterized by PFM images in Fig. 1b. The whole switching
process in water can be monitored in-situ by liquid PFM39, as
shown in Supplementary Fig. 1. The same results were also
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with high stability32 and bio-compatibility10. A high-lying valence
band composed of the Bi 6s and O 2p atomic orbitals results in a
band gap within visible light (Eg≈2.6−2.8 eV)33–35, and the
energy bands straddle the water redox levels, suggesting its
unique potential for water splitting36. Therefore, comparing to
other ferroelectric oxides, water molecules are more likely to be
dissociative adsorbed on its polar surface in order to construct
controllable ionic/molecular structures and associated energy
conversion across the interface.
In this paper, we report that a reversible large-area switching of
bulk polarization occurs via artiﬁcial design of ion adsorption and
chemical reaction across BFO–water interface, which is assisted
by tuning H+/OH− concentration in aqueous solution. We discover that a signiﬁcant formation of controllable chemical bonds
(metal-O-H at BFO surface) driven by large surface electric
potential gives rise to a strong atomic displacement of Fe atom
with respect to oxygen octahedral in its bulk, which has been
evidenced by spectroscopic/microscopic measurements and
understood by ﬁrst-principles calculations. This deterministic
conversion of the surface chemical energy and bulk electrostatic
energy may provide a paradigm for designing controllable
ferroelectric–liquid interfacial structures to efﬁciently tailor
charge transfer or ionic adsorption process.
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ver the past century, exploration and artiﬁcial control of
molecular/ion absorption, charge transfer and associated
structures across the solid–liquid interface1,2 is of particular interest for diverse communities including life science3,
chemical catalyzing4, efﬁcient energy transition and storage1,5–7.
Beneﬁting from the non-volatile/reversible electric polarization
and high charge density at surfaces8, ferroelectrics could be a
distinguished model system to artiﬁcially construct and switch the
solid–liquid interfacial states in liquid environment9–12, which
has been proposed to play critical roles on facilitating the energy
storage13, cells proliferation14, and chemical reactions15–17 etc.
However, it is usually challenging to in-situ control such
ferroelectric–liquid interfacial structures, which severely inhibit
the energy transformation with high efﬁciencies15. Ferroelectric
polarization is usually switched using external physical methods
(e.g., electric ﬁeld, mechanical force, ionic implantation)18–21,
which not only consumes external fossil energy, but also fails to
in-situ design the desired ferroelectric–liquid interfacial structures. Therefore, understanding and control of the ionic and polar
structures across the ferroelectric/liquid interface by in-situ
switching the bulk polarization, vice versa, are fundamentally
important so that a controllable/dynamic charge transfer in
accompany with an efﬁcient energy conversion across the interface may be achieved.
Although it has been recognized that the polarization of ferroelectrics may potentially determine their surface chemistry over 60
years ago22, the converse effect remains a mystery. Multiple physical
and chemical processes, e.g., molecular adsorption23–25, the concomitant electron transfer26, were proposed to occur at the surface
of ferroelectrics when it was exposed to liquids, which may change
the surface polarity (e.g., LiNbO3, BaTiO3)23,27. However, the
charge transfer process becomes very complicated because both
molecular/ion adsorption and dissociative adsorption coexist on
these polar surfaces23. Therefore, owing to the obscure insights of
the chemical structure and energy conversion across the interface,
reversible control of the bulk ferroelectric polarization by designing
the interfacial chemical structures in liquids (especially water which
is described as the ‘‘universal solvent’’ in chemistry and vital for all
lives and nature4), and vice versa, remains a big challenge.
In ferroelectrics, bismuth ferrite (BiFeO3; BFO), with a large
polarization28,29, was found to be a multiferroic materials30,31
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Fig. 1 Aqueous-solution-induced reversal of ferroelectric polarization. Schematics of BiFeO3 (BFO) grown on a SrTiO3 (STO) substrate with a (La,Sr)MnO3
(LSMO) layer, switching from downward/upward to upward/downward after exposing the ﬁlms to Milli-Q water (a) and acidic solution (c). The arrows in
the schematics represent the out-of-plane component of the polarization. The initial bipolar structure in the left panel of a and c was generated by scanning
the surface with a tip under +5 V and -5 V, respectively. b, d The corresponding piezoresponse force microscopy (PFM) images showing the polarization
switching from downward/upward to upward/downward. Scale bar, 2 μm (b, d)
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Fig. 2 Aqueous-solution-induced reversal of whole ﬁlm polarization. a Photograph of water treatment process and the corresponding sample size is
10 × 10 mm2 (inset). The polarizations of the whole ﬁlms reversed to the upward (b) and downward (c) after exposing the ﬁlm to Milli-Q water and acidic
solution, respectively. The corresponding PFM images showing the polarization switching from downward/upward to upward/downward after Milli-Q
water (d) and acidic-solution (e) treatments. Scale bar, 2 μm (d, e)

observed when the sample was exposed to alkaline solution
(pH > 7) as seen in Supplementary Fig. 2. On the other hand,
when an initial downward-polarized BFO ﬁlm with upward ferroelectric domain (5 × 5 µm2) was exposed to a drop of aqueous
solution (Fig. 1c), the upward domain cannot reverse to its initial
downward state until the aqueous solution was tuned to acidic
aqueous solution (pH ~ 3), as demonstrated in the PFM images of
Fig. 1d. For all above aqueous solution treatments, no degradation
occurs, which can be characterized by high-quality atomic force
microscopy (AFM) in Supplementary Fig. 3. The epitaxial growth
recipes, PFM, liquid PFM and AFM measurements are included
in Methods.
Interestingly, such an aqueous solution-induced polarization
switching does not just occur locally. The overall polarization in
the sample (10 × 10 mm2) reversed back to upward (downward)
by water (acidic aqueous solution with pH = 3) treatment as
illustrated in Fig. 2. And the polarization reversal was evinced by
PFM at many regions as shown in Supplementary Fig. 4.
Moreover, in contrary to the Milli-Q water treatment, no
polarization reversal was observed when BFO ﬁlms was exposed
to other polar liquids with bare free H+ and OH− ions such as
acetone as seen in Supplementary Fig. 2. This implies that only
physical adsorption of polar molecules in liquids on BFO surface
may not induce the polarization reversal. These results give us a
hint that the signiﬁcant concentrations of active H+/OH− ions in
aqueous solution and ionic interaction across this solid–liquid
interface may play critical roles on the polarization reversal.
Surface structure of BFO after aqueous-solution treatments. A
straightforward way to study ferroelectric properties of the BFO
thin ﬁlms is the characterization of ferroelectric hysteresis behaviors before and after the aqueous-solution-induced polarization
switching. Via local quasi-static hysteresis studies (Fig. 3a, b), a
dramatic decrease of the coercive ﬁeld (collected from average

values from Supplementary Fig. 5) was discovered after the
aqueous-solution-induced polarization switching, suggesting the
formation of a new surface state on BFO. X-ray photoemission
spectroscopy (XPS) is an effective technique to analyze the surface chemical construction with a few atomic layers27. Therefore,
BFO thin ﬁlms was further characterized using XPS before and
after aqueous-solution-induced switching in order to reveal
their surface structures (details can be seen in Methods). As
shown in Fig. 3c, d, there appears dramatic enhancement of the
photoemission peak (∼531.4 eV) in the spectra after the polarization was switched spontaneously in aqueous environments.
In perovskite oxide materials, the peak with a binding energy of
∼529.1 eV corresponds to the lattice oxygen in perovskite
BFO (metal-oxide-metal, M–O–M), and the emerging peak at
higher binding energies of ∼531.4 eV indicates the presence of
terminal hydroxyls (metal-oxide-hydrogen, M–O–H) with a high
concentration40,41. The dramatic enhancement of surface
M–O–H concentration when ferroelectric switching occurs in
contact with water/acidic solutions indicates that there is a strong
interplay between the surface electric potential and ionic
interaction. Consequently, the ionic chemical reaction across the
BFO/aqueous solution interface may be responsible for the
polarization switching so that a new metastable state was stabilized by the formation of the new surface chemical bonds. These
surface chemical bonds (new surface states) provide prevailing
extrinsic charges that will decrease the coercive ﬁeld, as proposed
by previous theoretical work42,43, which is consistent with our
local quasi-static hysteresis measurements.
Mechanism of aqueous-solution-induced polarization switching. To investigate physical/chemical essence of the interplay
between surface electric potential and ionic concentrations, and
the consequent polarization reversal at atomic level, density
function theory (DFT) calculation (employing VASP package
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Fig. 3 New chemical bond formation after aqueous-solution treatments. Corresponding typical quasi-static piezoresponse hysteresis loops show
that coercive ﬁelds decreased after Milli-Q-water-induced polarization switching (a) and acidic-solution-induced polarization switching (b). X-ray
photoelectron spectroscopy spectrums showing an appearance of peak belongs to M–O–H bond after the polarization reversed in Milli-Q water (c) and
acidic solution (d), indicating a signiﬁcant formation of new surface chemical structure on BFO

with PAW pseudopotentials and PBE functionals) and highresolution scanning transmission electron microscopy (STEM)
measurement were performed (see Methods). Ionic/molecular
OH, H, H2O etc. are the major components in aqueous solution.
The chemical adsorption energy can be expressed as:
ΔH ¼ Ef þ n  Eads  Ecoup

ð1Þ

where Ef is the total energy of the optimized n-layer bare BFO
slab without water, Eads is the total energy of the adsorbed atom
or molecule, and Ecoup is the total energy of the optimized n-layer
slab with adsorbed species. Calculations demonstrate a larger
released chemical adsorption energy with OH/H (>1.5 eV)
adsorption than the one of H2O (~ 0.5 eV) molecules adsorption,
which indicates that H/OH are more energetically favorable
adsorbed on BFO surface comparing with H2O. Based on our
electrostatic force microscopy (EFM) measurements (as shown in
Methods), where there is a negative (positive) surface charge
in upward-polarized (downward-polarized) BFO ﬁlms as seen
in Supplementary Fig. 6a, b. H+ and OH− were preferred to be
adsorbed by BFO with upward and downward polarizations
respectively, as seen in Fig. 4a, b. Our ﬁrst-principles calculations
show that ionic reaction occurs to construct M–O–H bonds when
H and OH are in contact with O and Fe in the energy-favorable
FeO2 plane of BFO surface44, leading to the upward and downward atomic displacement of Fe ions with respect to their original
states as seen in Fig. 4c, d. Such surface atomic displacements
were further corroborated by the structural analysis using annular
bright-ﬁeld (ABF) high-resolution STEM near the BFO surface in
Fig. 4e–g, where we can clearly see that Fe atoms moved upward
(downward) once in contact with acidic (water or alkali) aqueous
solutions, respectively. This dramatic atomic displacement indicates the direction of surface polarity reverses, which can be
deﬁned as45
e XN
P¼
Z Δ
ð2Þ
m¼1 m Zm
Ω
4

where Ω is the volume of unit cell, N is the number of atoms in


the unit cell, Zm
is the Born effective charge46 (calculated ΔZm
for
Bi: 4.85, Fe: 4.10 and O: −2.61 along [110]). Here, ΔZm is the
displacement of the atom away from its central symmetric position. Based on the calculations, we can obtain the polarization of
surface layers for the above-mentioned four slab model (Supplementary Fig. 7), implying that ionic adsorption and interaction
on the BFO surface provide a driving force to induce upward/
downward bulk polarization switching.
In order to further phenomenologically understand the bulk
ferroelectric switching, we performed phase-ﬁeld simulations to
demonstrate the polarization reversal based on the chemical
adsorption-induced change of surface charge. For BFO ﬁlms with
downward polarization (positively charged surface), the surface
would be negatively charged by OH− adsorption, which is
evidenced by our EFM measurement shown in Supplementary
Fig. 6c, d, which results in an enhancement of overall electrostatic
energy (see Methods). Our phase-ﬁeld simulation demonstrates
that the accumulation of negative (positive) charge on the BFO
surface can lead to polarization reversal from downward
(upward) to upward (downward) state, as shown in Fig. 4h, i.
It further reveals that the polarization of a 30 nm thick BFO ﬁlm
can be reversed by an accumulation of surface charges with a
density of ~ 1012 electrons/cm2. However, for BFO ﬁlms with a
thickness ≥ 90 nm (with high energy barrier for polarization
switching), the polarization cannot be switched under the
same surface charge density. This phenomenological insight is
also supported by the thickness-dependent polarization switching
as shown in Supplementary Fig. 8. In tradition, electrostatic
energy can be stored in a body by charging it. The ionic
introduction of H+/OH− on the surface can induce the increase
of the electrostatic energy and a decrease of the chemical
energy, so that a controllable/dynamic charge transfer in
accompany with an efﬁcient energy conversion across the
interface may be achieved. The present bulk polarization
switching behaviors over the whole ﬁlm within the volume are
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Fig. 4 Chemical-bonding-induced switching of ferroelectric polarization. BFO polarizations are switched from upward/downward to downward/upward
with adsorbed of four H (a) and two OH (b), respectively. BFO surface Fe and O atomic displacements along z-axis with four H (c) and two OH
(d) adsorption by density function theory. Scanning transmission electron microscopy images of initial BFO thin ﬁlm (e) after contact with acidic-solution
(f) and Milli-Q water (g). The arrows in a, b, and e represent the out-of-plane component of the polarization. Scale bar, 2 nm (e). h, i Phase-ﬁeld
simulations of bulk polarization switching processes based on the emerging surface charge

also directly evidenced by cross-sectional STEM imaging as
shown in the Supplementary Fig. 9.
Erasable type-printing of bulk polarization. With a full understanding of the ionic interaction process, a deterministic control of
the interplay between chemical and electrostatic energies could be
an effective pathway towards the determination of interfacial
structures and an in-situ reversible polarization switching of BFO
in aqueous solution. Based on previous results, the interfacial
chemical potential was mainly tuned by H+ or OH− concentration near the BFO surface. Therefore, we discover that a BFO thin
ﬁlm with initial upward polarization can be switched to downward
polarization once in contact with acidic aqueous solution (pH = 3
in whole solution), and then the downward polarization can be
further switched back to its original upward state when this
sample was in contact with Milli-Q water again (pH = 7 in whole
solution), as shown in the PFM results in in Fig. 5a–c. Such a
reversible bulk polarization switching can be achieved back and
forth with the acidic aqueous solution and water treatments in

sequence (Supplementary Fig. 10). This reversible ionic interaction
switching process of polarization in BFO is summarized in Fig. 5d,
demonstrating its potential to type print the polarization as
desired nano-patterns in large-scale. As illustrated in Fig. 5e,
the above reversible polarization switching combined with the
micro/nano-lithography technique can help achieve erasable largescale type-printing of ferroelectric polarization (details can be
shown in Methods). Here, we use the greatest work of art in
Chinese calligraphy “Preface to Orchid Pavilion” (created by Xizhi
Wang and copied by Chengsu Feng in Tang Dynasty about 1400
years ago) as a templet in Fig. 5f, which can be certainly extended
into multiple art formats47. One of the Chinese characters “水”,
translated into “water”, has been printed out as reversed polarization using Milli-Q water and then acquired using PFM as
shown in Fig. 5f, which demonstrates that ferroelectric polarization can be large-scale type printed into microscopic patterns
using green energy. These results can not only give insights that
physical and chemical energy inter-conversion may occur when
surface chemistry meets condensed matter physics, but also pave
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Fig. 5 Erasable type-printing of bulk ferroelectric polarization. PFM images of an initially upward-polarized BFO grown on a STO substrate with a LSMO
layer (a), the polarization reversed to downward after being exposed to acidic solution (pH = 3) (b) and cyclically switchable after being exposed to Milli-Q
water and acidic solution (c). Scale bar, 2 μm (a–c). d Shows out-of-plane projections of the polarization direction vs. pH value of aqueous solution for
initial upward-polarized BFO. e A schematic of printing and erasing the ferroelectric polarization by exposing the BFO to aqueous solution with different pH
value. f PFM images of a Chinese characters 水 (water) from a calligraphy artwork47, designed by the printing process in e. Scale bar, 10 μm (f)

the way to implant ferroelectric polarizations into applications
such as prototype lab-on a chip microﬂuidic devices, bio-sensing,
and nanoscale catalyzing etc. with low-cost manufacturing.
Conclusions. We demonstrate an aqueous-solution-induced
reversible switching of bulk polarization by controlling chemical
bonds at the BFO surface. The large-area erasable type-printing of
polarization is driven by the strong ionic interaction and consequent atomic displacement of Fe with respect to perovskite
oxygen octahedral, which provides a brand-new strategy to
achieve ferroelectric-based data storage and sensing devices. The
inter-conversion of chemical and electrostatic energies across the
ferroelectric/water interface offers controllable interfacial structures and dynamic charge transfer process via polarization
switching, which may also build up a platform for high-efﬁcient
catalysis (overcoming the limitations imposed by the Sabatier
principle15, where the surface chemical properties are not ﬁxed
but may be dynamically controlled by switching the polarization),
energy storage, etc.
Methods

Epitaxial growth of BFO thin ﬁlms. Epitaxial BFO thin ﬁlms were grown using a
pulsed laser deposition on atomically smooth (001) STO substrates with LSMO
conductive buffers. Both LSMO and BFO ﬁlms are deposited in an oxygen
atmosphere of 20 Pa at a constant temperature of 700 °C. The growth rate is
1 nm/min and the cooling rate is 5 °C/min under an oxygen atmosphere were used.
A laser energy density of 1.2 J/cm2 and a repetition rate of 5 Hz were used during
the deposition. The thickness of the ﬁlms was controlled at ~ 30 nm.
6

Polarization switching and PFM measurements. The upward (downward)
polarization switched to downward (upward) by scanning the surface with a tip
under +5 V (−5 V) bias exceeding the coercive voltage. The polarization direction
can be characterized by PFM, which is based on the detection of the bias-induced
piezoelectric surface deformation. The PFM measurements were carried out on
commercial scanning probe microscope (SPM) systems (nanoscope-V multimode
AFM) equipped with external lock-in ampliﬁers (SRS 830, Stanford Research
Instruments) under ambient conditions. The ferroelectric domain structures were
imaged by a commercially available Pt-coated Si tips under an AC voltage which
amplitude and frequency were controlled as 1 Vpp and 22 kHz. In this work, all the
PFM phase images are out-of-plan phase images.
Liquid PFM and high-resolution AFM measurements. Similar with the case at
ambient conditions, liquid PFM measurements were performed by applying an AC
voltage (1 Vpp, 36 kHz) to a Pt-coated Si tip in contact with the BFO surface. A
commercial liquid tip holder (Veeco) was used to bias the tip directly during
contact with BFO surface in water. The PFM phase signal, which contains information about the orientation of the polarization of the sample beneath the tip, was
captured in Milli-Q water as shown in Supplementary Fig. 1. The high-resolution
AFM imaging were performed in tapping mode with oxide-sharpened Si3N4
cantilevers silicon cantilevers (spring constants between 36 and 75 N/m). The
images were recorded in air, at room temperature and a scan rate of 1 Hz per line.
XPS measurements. XPS measurements were carried out at room temperature
in an ultra high vacuum system with the surface analysis system (ESCALAB
250Xi/ThermoFisher). A monochromatic Al Kα X-ray source (1486.7 eV), operating at 15 kV (90 W) was used for the measurement. The photoelectrons were
analyzed at a take-off angle of 90°. High-resolution spectra were collected with
analyzer pass energy of 20 eV. All spectra were calibrated according to the deviation between the C 1s peak and the standard binding energy of C 1s at 284.8 eV.
First-principles calculations. First-principles calculations within the framework of
density functional theory (DFT) are performed with VASP package48. We use the
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generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)
for the exchange-correlation functional49. Pseudopotential of projector augmented
wave (PAW) are employed50. The energy cutoff for plane waves is 500 eV. The
centered 3 × 3 × 1 k points are used to sample the Brillouin zone. The tolerance for
total energy convergence is 10−4 eV. Structure relaxation is converged until the
forces on all atoms are less than 0.04 eV/Å. The lattice constant of bulk R3c BiFeO3
is 5.71 Å, in good agreement with the corresponding experimental one (5.63 Å).
The energy gap of bulk R3c BiFeO3 is 2.1 eV, also in good agreement with the
corresponding experimental one (1.9 eV)51. The Coulomb interaction Ueff = 4 eV is
applied on Fe atoms. The Fe atoms exhibit antiferromagnetism both at intra-layers
and inter-layers.

Received: 28 April 2018 Accepted: 27 August 2018

References
1.
2.
3.

High-resolution STEM measurement. The crystal structures of the BFO were
performed using a JEOL 2100F (JEOL, Tokyo, Japan) transmission electron
microscope operated at 200 keV and equipped with CEOS (CEOS, Heidelberg,
Germany) probe aberration corrector, double spherical aberration (Cs) correctors.
The spatial resolution of the microscope is 90 pm at the incident semi-angle of 20
mrad. The image simulation was carried out based on a fast-Fourier-transform
multi-slice approach for the STEM conﬁguration.

4.
5.
6.
7.

EFM measurement. The EFM is implemented on commercial SPM systems
(Nanoscope-V Multimode AFM) with tapping mode. To detect the electrostatic
forces, a voltage is applied to AFM tips (−1 V) coated with the Pt metal which are
scanned across the surface with a constant tip-sample separation (80 nm). The
surface charge can be detected with phase differences induced by electrostatic
forces on the oscillating tip during scanning.

8.
9.

10.

Phase-ﬁeld simulations. Ferroelectric polarization switching in BFO thin ﬁlms
was simulated using the phase-ﬁeld model by solving the time-dependent Ginzburg-Landau (TDGL) equation for the temporal evolution of the polarization
vector ﬁeld,

11.

∂Pi ðr; t Þ
δF
; i ¼ 1; 2; 3
¼ L
∂t
δPi ðr; t Þ

13.

ð3Þ

12.

14.

where Pi(r, t) is the polarization, L is a kinetic coefﬁcient that is related to the
domain wall mobility, and F is the total free energy that includes contributions
from the Landau energy, elastic energy, electric energy, and gradient energy.
ZZZ 

F¼
fLandau þ felastic þ felectric þ fgrad dV
ð4Þ

15.
16.
17.
18.

Detailed descriptions of the total free energy F were presented in some depth in
our previous publication52. The Landau, elastic and electrostrictive coefﬁcients
used are described in the reference53. The equation was solved by a semi-implicit
Fourier spectral method using a discreet grid of 256 Δx × 1 Δx × 128 Δx (Δx is the
number of grid points and equals to 1 nm in this work) with the periodic boundary
conditions along x and y directions in the ﬁlm plane. We assume that the electric
potential at the bottom of thin ﬁlm is zero because of contacting with the
conducting substrate which is set as the ground, while at the top of thin ﬁlm the
electric potential is assumed to be continuous.54–56.

Φj z¼0 ¼ 0; Φj z¼h0  Φ z¼hþ0 ¼ 0


∂φ
∂φ
P z  ε0 εb
þ ε0 εb j z¼h0 þ σ surface ¼ 0
j
∂z z¼h0
∂z

σ surface  ∇  P
ε0 εr

20.

21.
22.
23.

ð5Þ
24.

In addition, we only consider surface charge density σsurface at the top of thin
ﬁlm. The electrostatic potential φ(r) is described by:
∇2 φ ¼

19.

ð6Þ

25.
26.
27.

where ε0 is the permittivity of free space, and εr is the permittivity of BFO.

28.

Erasable large-scale type-printing of ferroelectric polarization. Polarization
printing process were demonstrated in Fig. 5e, the sequence involves switching the
initial upward polarization to downward by acidic-solution ﬁrstly, then creating a
patterned coating on the BFO surface by photoengraving, reversing the downward
polarization of exposed polar surface to upward direction with water treatment and
removing the photoresist. Taking advantage of photolithography methods, we can
achieve large-scale ferroelectric polarization printing rapidly and effectively.

29.
30.
31.
32.

Data availability
The authors declare that the data supporting the ﬁndings of this study are available
within the paper and its Supplementary Information Files.

33.

Markovic, N. M. Electrocatalysis: Interfacing electrochemistry. Nat. Mater. 12,
101–102 (2013).
Tarascon, J. M. & Armand, M. Issues and challenges facing rechargeable
lithium batteries. Nature 414, 359–367 (2001).
Drummond, T. G., Hill, M. G. & Barton, J. K. Electrochemical DNA sensors.
Nat. Biotechnol. 21, 1192–1199 (2003).
Fujishima, A. & Honda, K. Electrochemical photocatalysis of water at
semiconductor electrode. Nature 238, 1972–238 (1972).
Stamenkovic, V. R., Strmcnik, D., Lopes, P. P. & Markovic, N. M. Energy and
fuels from electrochemical interfaces. Nat. Mater. 16, 57–69 (2017).
Miller, J. R. & Simon, P. Electrochemical capacitors for energy management.
Science 321, 651–652 (2008).
Pham, T. A., Ping, Y. & Galli, G. Modelling heterogeneous interfaces for solar
water splitting. Nat. Mater. 16, 401 (2017).
Scott, J. F. Applications of modern ferroelectrics. Science 315, 954 (2007).
Ferris, R., Yellen, B. & Zauscher, S. Ferroelectric thin ﬁlms in ﬂuidic
environments: a new interface for sensing and manipulation of matter. Small
8, 28–35 (2012).
Kalinin, S. V. et al. Ferroelectric lithography of multicomponent
nanostructures. Adv. Mater. 16, 795–799 (2004).
And, J. L. G. & Rohrer, G. S. Spatial separation of photochemical oxidation and
reduction reactions on the surface of ferroelectric BaTiO3. J. Phys. Chem. B
105, 8275–8277 (2001).
Garrity, K., Kolpak, A. M., Ismail-Beigi, S. & Altman, E. I. Chemistry of
ferroelectric surfaces. Adv. Mater. 22, 2969 (2010).
Kim, P. et al. High energy density nanocomposites based on surface-modiﬁed
BaTiO3 and a ferroelectric polymer. ACS Nano 3, 2581–2592 (2009).
Liu, Y. et al. Built‐in electric ﬁelds dramatically induce enhancement of
osseointegration. Adv. Funct. Mater. 27, 1616–3028 (2017).
Kakekhani, A., Ismail-Beigi, S. & Altman, E. I. Ferroelectrics: a pathway to
switchable surface chemistry and catalysis. Surf. Sci. 650, 302–316 (2016).
Shaik, S., Mandal, D. & Ramanan, R. Oriented electric ﬁelds as future smart
reagents in chemistry. Nat. Chem. 8, 1091–1098 (2016).
Aragonès, A. C. et al. Electrostatic catalysis of a Diels–Alder reaction. Nature
531, 88–91 (2016).
Ahn, C., Rabe, K. & Triscone, J. -M. Ferroelectricity at the nanoscale: local
polarization in oxide thin ﬁlms and heterostructures. Science 303, 488–491
(2004).
Lu, H. et al. Mechanical writing of ferroelectric polarization. Science 336,
59–61 (2012).
Kalinin, S. V. et al. Atomic polarization and local reactivity on ferroelectric
surfaces: a new route toward complex nanostructures. Nano Lett. 2, 589–593
(2002).
Herklotz, A. et al. Reversible Control of interfacial magnetism through ionicliquid-assisted polarization switching. Nano Lett. 17, 1665–1669 (2017).
Parravano, G. Ferroelectric transitions and heterogenous catalysis. J. Chem. Phys.
20, 342–343 (1952).
Shin, J. et al. Atomistic screening mechanism of ferroelectric surfaces: an
in situ study of the polar phase in ultrathin BaTiO3 ﬁlms exposed to H2O.
Nano Lett. 9, 3720–3725 (2009).
Li, X., Wang, B., Zhang, T. -Y. & Su, Y. Water adsorption and dissociation on
BaTiO3 single-crystal surfaces. J. Chem. Phys. C 118, 15910–15918 (2014).
Yun, Y. & Altman, E. I. Using ferroelectric poling to change adsorption on
oxide surfaces. J. Am. Chem. Soc. 129, 15684–15689 (2007).
Li, X., Bai, Y., Wang, B. C. & Su, Y. J. Water adsorption induced in-plane
domain switching on BaTiO3 surface. J. Appl. Phys. 118, 15 (2015).
Lee, H. et al. Imprint control of BaTiO3 thin ﬁlms via chemically induced
surface polarization pinning. Nano Lett. 16, 2400–2406 (2016).
Lebeugle, D., Colson, D., Forget, A. & Viret, M. Very large spontaneous
electric polarization in BiFeO3 single crystals at room temperature and its
evolution under cycling ﬁelds. Appl. Phys. Lett. 91, 022907 (2007).
Das, R. R. et al. Synthesis and ferroelectric properties of epitaxial BiFeO3 thin
ﬁlms grown by sputtering. Appl. Phys. Lett. 88, 242904 (2006).
Wang, J. et al. Epitaxial BiFeO3 multiferroic thin ﬁlm heterostructures. Science
299, 1719–1722 (2003).
Catalan, G. & Scott, J. F. Physics and applications of bismuth ferrite. Adv.
Mater. 21, 2463–2485 (2009).
Kumar, M. M., Palkar, V. R., Srinivas, K. & Suryanarayana, S. V.
Ferroelectricity in a pure BiFeO3 ceramic. Appl. Phys. Lett. 76, 2764–2766
(2000).
Choi, T., Lee, S., Choi, Y., Kiryukhin, V. & Cheong, S. -W. Switchable
ferroelectric diode and photovoltaic effect in BiFeO3. Science 324, 63–66 (2009).

NATURE COMMUNICATIONS | (2018)9:3809 | DOI: 10.1038/s41467-018-06369-w | www.nature.com/naturecommunications

7

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06369-w

34. Yang, S. Y. et al. Above-bandgap voltages from ferroelectric photovoltaic
devices. Nat. Nano. 5, 143–147 (2010).
35. Ihlefeld, J. F. et al. Optical band gap of BiFeO3 grown by molecular-beam
epitaxy. Appl. Phys. Lett. 92, 142908 (2008).
36. Ji, W., Yao, K., Lim, Y. -F., Liang, Y. C. & Suwardi, A. Epitaxial ferroelectric
BiFeO3 thin ﬁlms for unassisted photocatalytic water splitting. Appl. Phys.
Lett. 103, 062901 (2013).
37. De Luca, G. et al. Nanoscale design of polarization in ultrathin ferroelectric
heterostructures. Nat. Commun. 8, 1419 (2017).
38. Yu, P. et al. Interface control of bulk ferroelectric polarization. Proc. Natl
Acad. Sci. 109, 9710–9715 (2012).
39. Rodriguez, B. J., Jesse, S., Baddorf, A. P., Kim, S. H. & Kalinin, S. V.
Controlling polarization dynamics in a liquid environment: from localized to
macroscopic switching in ferroelectrics. Phys. Rev. Lett. 98, 247603 (2007).
40. Mandal, S., Ghosh, C., Sarkar, D., Maiti, U. & Chattopadhyay, K. X-ray
photoelectron spectroscopic investigation on the elemental chemical shifts in
multiferroic BiFeO3 and its valence band structure. Solid State Sci. 12,
1803–1808 (2010).
41. Wang, P. W., Guttag, M. & Tu, C. -S. Surface modiﬁcation of multiferroic BiFeO3
ceramic by argon sputtering. J. Surf. Engg. Mater. Adv. Techn. 4, 295 (2014).
42. Morozovska, A. N. & Eliseev, E. A. Phenomenological description of coercive
ﬁeld decrease in ferroelectric semiconductors with charged inhomogeneities.
Phys. B 355, 236–243 (2005).
43. Zubko, P., Jung, D. & Scott, J. Space charge effects in ferroelectric thin ﬁlms.
J. Appl. Phys. 100, 114112 (2006).
44. Sobhan, M., Xu, Q., Yang, Q., Anariba, F. & Wu, P. Tunable atomic
termination in nano-necklace BiFeO3. Appl. Phys. Lett. 104, 461–274 (2014).
45. Neaton, J. B., Ederer, C., Waghmare, U. V., Spaldin, N. A. & Rabe, K. M. Firstprinciples study of spontaneous polarization in multiferroic BiFeO3. Phys. Rev.
B 71, 014113 (2005).
46. Pick, R. M., Cohen, M. H. & Martin, R. M. Microscopic theory of force
constants in the adiabatic approximation. Phys. Rev. B 1, 910–920 (1970).
47. Wikimedia Commons contributors, File:LantingXu.jpg. Available at
https://commons.wikimedia.org/w/index.php?title=File:LantingXu.
jpg&oldid=215195285 (2016).
48. Kresse, G. & Furthmüller, J. Efﬁcient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).
49. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865 (1996).
50. Kresse, G. From ultrasoft pseudopotentials to the projector augmented-wave
method. Phys. Rev. B 59, 1758–1775 (1999).
51. Neaton, J. B., Ederer, C., Waghmare, U. V., Spaldin, N. A. & Rabe, K. M. Firstprinciples study of spontaneous polarization in multiferroic BiFeO3. Phys. Rev.
B 71, 4113 (2004).
52. Chen, L. Q. Phase-Field method of phase transitions/domain structures in
ferroelectric thin ﬁlms: a review. J. Am. Ceram. Soc. 91, 1835–1844 (2008).
53. Zhang, J. X., Schlom, D. G., Chen, L. Q. & Eom, C. B. Tuning the remanent
polarization of epitaxial ferroelectric thin ﬁlms with strain. Appl. Phys. Lett.
95, 122904 (2009).
54. Highland, M. J. et al. Equilibrium polarization of ultrathin PbTiO3 with
surface compensation controlled by oxygen partial pressure. Phys. Rev. Lett.
107, 187602 (2011).

8

55. Stephenson, G. B. & Highland, M. J. Equilibrium and stability of polarization
in ultrathin ferroelectric ﬁlms with ionic surface compensation. J. Appl. Phys.
100, 051601 (2006).
56. Vorotiahin, I. S. et al. Tuning the polar states of ferroelectric ﬁlms via surface
charges and ﬂexoelectricity. Acta Mater. 137, 85–92 (2017).

Acknowledgements
The work in Beijing Normal University is supported by the National Key Research and
Development Program of China through Contract No.2016YFA0302300. We also
acknowledges the support from NSFC (grant no. 51332001, 11474328, 11774396,
11504020, and 11674027), and the MOST (grants 2016YFA0300902 and 2015CB921001).
We thank X. Liu and F. Meng for their sample preparation of STEM measurement.

Author contributions
J.Z. and Y.T. conceived the experiments and prepared the manuscript. Y.T. performed the
PFM measurements, aqueous solution treatment, and the lithography. S.M. and L.W. performed the ﬁrst-principles calculations. L.G. and Q.Z performed the (S)TEM measurements.
H.H. performed the phase-ﬁeld simulations. Y.Z. performed the thin ﬁlm growth. H.Z., F.M.,
L.-Q.C., and C.-W.N. were involved in the preparation and revision of the manuscript. All
authors were involved in the analysis of the experimental and theoretical results.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467018-06369-w.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018

NATURE COMMUNICATIONS | (2018)9:3809 | DOI: 10.1038/s41467-018-06369-w | www.nature.com/naturecommunications

