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A particle-based photocatalyst with a permanent internal 

field by corona poling method is presented as a novel 

approach to enhance the hydrogen evolution reaction in a 

particulate-suspension system. Photocatalytic activity of 

K0.5Na0.5NbO3 was significantly improved by 7.4 times after 

the polarization. 

Semiconductor-based artificial photosynthesis, especially the 
production of hydrogen from water, is considered to be an ideal, 
renewable energy resource for the future.1, 2 The best quantum yield 
(QY) in a wide-band-gap photocatalyst that has been reported thus 
far is 56% for NiOx/NaTaO3:La at 270 nm;3 in visible-light-
sensitized photocatalyst, the highest QY is 2.5% for Rh2-

xCrxO3/GaN:ZnO solid solution at 420 – 440 nm.4, 5 Although 
energy-band modulations have been extensively studied,6, 7 a 
significant QY cannot be achieved simply by tuning the conduction- 
and valence-band positions. Nano-interface engineering can promote 
surface catalytic reactions by increasing the proportion of depletion 
region in a semiconductor by reducing the particle dimension.8 
However, non-stoichiometry with oxygen or cation vacancies 
introduces considerable surface defects, which act as recombination 
centers for photo-generated carriers.9 Deposition of cocatalysts is 
also an effective method of creating modifications for photocatalysis, 
providing low overpotential and highly catalytically active sites.10 
However, no satisfactorily cost-effective approach has yet been 
found because most suitable cocatalysts consist of precious metals, 
such as Pt, Au and Ag, or their oxides.11 In the study presented here, 
we proposed a feasible strategy for further increasing photocatalytic 
activity by imposing a persistent internal polarization on each 
semiconductor particle. 

Ferroelectric materials have spontaneous polarization, which can 
be reoriented between equivalent domain states by an applied 
electric field.12-14 It is well known that the polarization of 
ferroelectrics affects the electrical behavior of photoinduced charge 
carriers.15 In BiFeO3 film, large photocurrent flow arises when light 

is applied to illuminate the positively charged (+) surface.16 This 
photocurrent is caused by polarization-induced surface charge and 
the migration of oxygen vacancies on the (+) surface, which reduces 
the Schottky barrier and promotes the transfer of electrons to the 
electrolyte. In a BaTiO3

17, 18 and PSZT19 bulk pellet, the acceleration 
of the separation of electrons and holes by polarization has been 
demonstrated via the spatial selectivity of the photo reduction and 
oxidation reactions that occur on the (+) and (-) surfaces, 
respectively. Surprisingly, when coated on the (+) surface of PZT 
substrate, WO3 can produce hydrogen, despite the inadequate band 
position.15 This phenomenon is attributed to the fact that the 
photovoltage becomes several orders of magnitude larger than the 
band gap in ferroelectric materials, while the photovoltage in 
semiconducting materials is typically below 1 V. These phenomena 
are analogous to the behavior of charge carriers under an electric 
field. Therefore, a material with both ferroelectric and photocatalytic 
properties, a ferroelectric photocatalyst, enables the creation of a 
polarized photocatalyst; it can provide an electric bias effect on each 
particle. However, to date, there is seldom report about the effect of 
polarization on photocatalytic hydrogen evolution reaction (HER) in 
a Particulate suspension (PS) system because applying polarity on a 
powder is difficult. Very recently, Dunn et al fabricated the BaTiO3 
powder with a high tetragonal content by simple thermal treatment 
and showed that it has a 3-fold higher photocatalytic degradation rate 
of Rhodamine B dye compared to predominantly cubic material due 
to ferroelectricity of the tetragonal phase.20 Some researchers 
reported that the ferroelectric domain affects the activity of NaNbO3-
related film and particles by control of synthesis method.21, 22 
Inspired by this pioneer studies, we designed a further broad and 
general approach for imposing an internal field on each particle and 
investigated the effect of polarization on photocatalytic activity 
systematically. 

Herein, we report that the photocatalytic HER activity increases 
in a polarized PS system. The key factor is to introduce the corona-
poling method, which has previously been used for the poling of 
film or polymer, for the poling of powder. In this manner, a general 

Page 1 of 7 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Fig. 1 (a) Scheme of polarization behavior for a semiconducting 
powder. (b) Hysteresis curves of Na1-xKxNbO3 solid-solution 
ceramics. (c) Remanent polarization and crystal structure for 
(Na,K)NbO3 solid-solution compounds. 
 
and systematic route was developed that can impose internal electric 
fields upon all types of ferroelectric photocatalyst powders. As a 
proof of concept, KxNa1-xNbO3 solid solution was selected as such a 
ferroelectric photocatalyst (Fig. 1a). Under optimum conditions, 
K0.5Na0.5NbO3 exhibits superb catalytic activity after polarization, 
7.4 times higher than that of the non-polarized material. 

KxNa1-xNbO3 powders were synthesized using a conventional 
solid-state method. To investigate the ferroelectric property of 
KxNa1-xNbO3, the obtained powders were pressed into pellets and 
then sintered at a temperature close to the melting point. The 
prepared pellets achieved a high density of above 90%. Fig. 1b 
shows a well-saturated P–E hysteresis loop of NKN ceramics. The 
remanent polarization (Pr) and the coercive field (Ec) were 14.7 µC 
cm-2 and 14.0 kV cm-1, respectively, consistent with previous 
values.23-25 This result indicates that KxNa1-xNbO3 exhibits 
ferroelectric properties as reported.26 As shown in Fig. 1c, Pr of a 
NaNbO3-KNbO3 solid solution reaches its maximum value at 50 mol% 
Na dopant content, indicating that NKN has its highest ferroelectric 
property in solid solution. The origin of the ferroelectric property 
can be explained as a distortion in the crystal structure. As seen in 
the crystal structure of KNbO3, a rhombohedral distortion of the 
center ions (Nb5+) in the perovskite structure is found because of the 
large size of the K cation.27, 28 Meanwhile, NaNbO3 has the anti-
ferroelectric property at room temperature because of the small ionic 
radius of Na.29 Therefore, a small addition of KNbO3 to NaNbO3 
produces a ferroelectric phase. Moreover, the K0.5Na0.5NbO3 (NKN) 
composition is close to the morphotropic phase boundary (MPB) 
between two orthorhombic phases, thereby resulting in more 
polarization directions (a total of 12 directions along orthorhombic 
[110] axes) and a highly ferroelectric character.30, 31 

The crystalline structure and morphology of the KxNa1-xNbO3 
powders were investigated. As shown in Fig. 2a, the structures of 
both NaNbO3 and KNbO3 were identified as orthorhombic. (Full-
range data are provided in Fig. S1, supporting information.) At 0.45 
< x < 0.9 in the KxNa1-xNbO3 system, the observed diffraction peaks 
shifted from those associated with KNbO3 to those associated with 
NaNbO3 as Na was added, indicating that a solid solution was well 
formed over the entire range of composition. Fig. 2b displays an 

 
Fig. 2 (a) XRD graphs of KxNa1-xNbO3 samples with different Na 
substitutions. (b) SEM image of Na0.5K0.5NbO3 powder. (c) 
Rietveld-refined XRD patterns for K0.5Na0.5NbO3 powder. The 
circles represent measured points, and the solid red line represents 
Rietveld-refined data. The bottom gray line shows the difference 
between the measured and refined data. The marked 2θ positions 
represent the allowed Bragg peaks. 

 
SEM image of typical NKN powder. The average size of the NKN 
powder was estimated to be 1.5 µm, and the particles exhibited 
regular polyhedral morphology. All solid-solution samples have 
similar dimension (about 1~2 µm) and morphology (Fig. S2). 
Moreover, the specific surface area of KxNa1-xNbO3 solid-solution 
samples ranged from 0.3 to 0.8 m2 g-1, indicating the micro-size 
powders (Table S1). Using the Rietveld analysis, NKN was found to 
have a monoclinic structure with the following lattice parameters: a 
= 8.001 Å, b = 7.882 Å, c = 7.993 Å and β = 90.3°. 

To fabricate polarized powders directly, the corona-poling 
method was adopted. Conventionally, polarized powder has been 
obtained by grinding sintered pellets in directly contact with a DC 
voltage under a silicone oil bath. However, this approach results in a 
decrease of the remanent polarization because of friction forces 
between the particles; it has been confirmed that the HER activity of 
conventionally polarized powder increases only a little (Fig. S3). 
Stress-induced polarization reduction via domain formation is 
readily possible in all ferroelectrics, especially free-standing 
particles. Therefore, we adopted the well-known corona-poling 
method, which has the advantage of being a non-contact method and 
is known to be applicable for various substances such as films and 
polymers, as a powder poling method for the first time. 

Fig. 3a illustrates the lab-made corona-poling system modified 
for inducing polarity in powders. This system primarily consists of 
two electrodes: one is designed with a sharp-cornered shape (corona 
needle), and the other is designed with a smooth, large-diameter 
rounded shape (Cu disk). When the electric field is applied on the 
needle electrode, the electric-field intensity around the sharp point 
becomes much higher than it is elsewhere and strong enough to 
ionize a neutral fluid (air); accordingly, a plasma composed of 
positive ions and free electrons is formed. These charged particles 
are separated from each other by the electric field, and the separated 
electrons collide with other atoms/molecules, producing further 
electron/positive-ion pairs, which then continue to repeat this 
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Fig. 3 (a) Illustration of the corona-poling system. (b) Amount of 
hydrogen evolution for polarized and non-polarized Na0.5K0.5NbO3 
powder under UV-light irradiation. The experiment of aqueous 
methanol solution without any photocatalysts was also carried out. 
(c) Temporal profile of H2 evolution for polarized Na0.5K0.5NbO3 
powder. The gas phase was evacuated every 5 h after startup. 

 
process. If the needle electrode is more negative than the disk 
electrode, the ions are attracted to the needle, and the electrons are 
repelled to the disk (negative corona), inducing a negative charge on 
the upper surface of the material.32 In this study, the NKN powder 
was laid on the copper plate and polarized by the negative corona 
discharge. Then, we obtained the polarized sample in powder form 
without mechanically breaking the pellet. 

The photocatalytic HER activity of the NKN powders before and 
after polarization was examined under UV-light irradiation. As 
shown in fig. 3b, the H2 evolution rate of the polarized NKN powder 
was ~0.47 mmol g-1 h-1, which was 7.4 times higher than that of the 
non-polarized NKN powder (~63 µmol g-1 h-1). Small amount of 
hydrogen gas (34 µmol g-1 h-1) was observed from only an aqueous 
methanol solution, which is ascribed to photochemical H2 evolution 
by high power (450 W) of UV light.33 To exclude the photochemical 
reaction, we carried out the same measurement under a 300 W 
xenon-arc lamp (Fig. S4). No H2 evolution was observed under only 
an aqueous methanol solution, indicating that the majority of the H2 
evolution is caused by photocatalytic reactions. Moreover, the HER 
rate of NKN powder (13 µmol g-1 h-1) is similar to previously 
reported value.33 It is noted that polarized NKN powder also showed 
the higher photocatalytic activity (40 µmol g-1 h-1) than non-
polarized one under Xe lamp irradiation. Furthermore, at 320 nm, 
polarized NKN loaded with 1 wt% Pt recorded higher apparent 
quantum yields (3.9%) than the non-polarized one loaded with 1 wt% 
Pt (2.4%). Note that rate of increase by polarization was diminished 
when Pt co-catalyst loaded; it may imply that polarization effect 
plays a similar role with Pt co-catalyst in charge separation. Fig. 3c 
shows that the HER activity of the polarized NKN powder was still 
greater than 80% after reuse in three cycles for a total of 15 h, 
confirming the good stability of the polarized NKN powder. 
Moreover, the turnover number, the ratio of the number of reacted 
electrons to the amount of surface Nb, was estimated to be 890 for 
15 h. Therefore, it was clearly demonstrated that the HER activity in 
the PS system was enhanced by the polarization field. 

 
Fig. 4 A) Rate of hydrogen evolution for Na1-xKxNbO3 solid-
solution powders (a) before and (b) after corona poling. (c) 
Enhanced photocatalytic HER activity ratio of polarized powder to 
non-polarized powder. B) Amount of hydrogen evolution for (a) 
non-polarized and (b-c) polarized Na0.5K0.5NbO3 with (b) forward 
(light exposed to positively charged surface) and (c) backward (light 
exposed to negatively charged surface) illumination. 

 
To further investigate the effect of polarization in ferroelectric 

powder on photocatalytic HER, the composition dependence of the 
HER activity of the KxNa1-xNbO3 powders before and after 
polarization was analyzed (Fig. 4A). Each experiment was 
conducted over an interval of 5 hours under UV irradiation, and the 
points in the figure were estimated via linear-regression analysis; the 
error bars represent the standard deviation of the average 
measurement value. The polarization-enhancement ratio was defined 
as the activity ratio between the polarized powder and the non-
polarized powder. It is clearly shown that the ratio sharply increases 
as x approaches 0.5, and it reaches its maximum value at x=0.5. This 
data trend seems to be in good agreement with the behavior of the 
polarized field strength as a function of composition as shown in Fig. 
1c. Thus, the local maximum at x = 0.5 are consistent with the 
composition dependence of the polarization, demonstrating a 
positive correlation between the strength of the polarization field and 
the enhancement ratio of HER activity. However, some points (x =0, 
1) are not consistent with the above discussion: NaNbO3 and KNbO3 
are also enhanced by corona poling even though the Pr vale is almost 
0; it implies that secondary factors should be considered. Another 
factor that can affect the HER activity is change of the exposed 
surface via the corona discharge. The difference between the corona 
poling and the conventional method using two parallel electrodes is 
that the corona poling may inject a large amount of electrons into the 
sample. Hence, these injected electrons could form space charge 
layers inside the particles and induce a change of the exposed 
surface. Similar surface chemical modification has been shown to 
change the photoactivity, either through the introduction of defects, 
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dopants, or etc.34 Thus, the increase of the HER activity can also be 
attributed to change of the exposed surface by corona poling. The 
trend in the end point (x = 0, 1) for the KxNa1-xNbO3 can be 
explained in this manner. The photocatalytic performance is also 
affected by many factors, including the surface area, microstructure,  
morphology and optical characteristics. Over the whole range of the 
solid-solution composition, it was confirmed that microstructure and 
morphology is similar, and also absorbance and band gap is within a 
similar extent (see Fig. S2 and S5). 

These results demonstrate that the enhancement of HER activity 
in ferroelectric powder caused by polarization can be mainly 
attributed to the internal dipole field. After the poling process, a 
permanent internal electric field is generated in the powder by the 
remanent polarization (Fig. 1a). When the powder is irradiated with 
light and electrons and holes are photogenerated, the internal field 
promotes the separation of the electrons and holes. Moreover, the 
separated electrons are accumulated on the positive surface by the 
electric field. Therefore, the remanent polarization assists in the 
increase of the photocatalytic HER activity in the powder. 

As another piece of evidence, the effect of the polarization 
direction on the HER activity was observed in a sintered NKN pellet 
under UV irradiation (see Fig. 4B). To exclude the possibility of 
surface change via corona discharge, conventional poling method 
using two parallel electrodes was adopted; the pellet was poled under 
3 kV mm-1 bias in a silicone oil bath. For the photocatalytic 
hydrogen evolution reaction (HER), the UV light was exposed to the 
(+) and (-) NKN surfaces; this was defined as forward and backward 
illumination, respectively. As shown in Fig. 4B, enhanced HER 
under forward illumination was observed after poling. In contrast, 
the HER after poling under backward illumination was nearly the 
same as that of a non-polarized NKN pellet. As UV photons 
penetrate to a depth of 1 µm,35 the transport of photoinduced charges 
to the opposite side of the pellet can be excluded. Thus, it was 
confirmed that the activity increased only on the (+) surface, but 
there was no effect on the (-) surface, implying that the (+) surface 
plays an essential role in assisting the photocatalytic HER. The 
improved HER activity on the (+) NKN surface is attributed to the 
higher charge separation caused by the ferroelectric photovoltaic 
(FPV) effect. Because the photovoltage is one order of magnitude 
higher than the band gap of the material in polarized powders, 
electrons generated from the bulk region can be transported to the 
positively charged surface, which is similar to an additional bias 
effect. Inoue et al. have reported that polarization fields increase the 
HER activity of electrons on a positively charged surface via the 
FPV effect.15 In addition, the improved activity on the (+) NKN 
surface can be interpreted as an effect of efficient charge transfer via 
band bending. Because NKN is an n-type material, a Schottky 
barrier (or upward band bending) is formed throughout the interface 
between powder and water, retarding the electron transfer to the 
water. However, internal electric fields induce the downward 
bending of bands on the positive surface and the upward bending of 
bands on the negative surface. Thus, electron and holes can be easily 
transferred to the electrolyte on the positive and negative surfaces, 
respectively. Some have reported the photochemical behavior on the 
positively charged surface and interpreted it in terms of band 
structure. Cheong et al. have suggested that the Schottky-barrier 
height is reduced and that oxygen vacancies accumulate on the 
positively charged surface,16 promoting the charge transfer of 
photogenerated electrons to the electrolyte. Additionally, Rohrer et 
al. have proposed that the polarization for the positive domain 
reduces the upward band bending generated at the interface between 
semiconductor and electrolyte. Thus, bands may be bent downward, 
facilitating the charge transfer to the electrolyte.36, 37 Therefore, the 

improved HER activity on the (+) NKN surface is attributed to the 
improvement in 

 
Fig. 5 Decay profile of photoluminescence from K0.5Na0.5NbO3 
powders before and after corona poling 
 
the charge-separation property caused by the photovoltaic effect and 
the efficient charge-transfer characteristic promoted by band 
bending. 

In order to demonstrate this advantage of polarization more 
directly, time-resolved photoluminescence (PL) lifetime 
measurements were performed. As shown in Fig. 5, the electrons 
that were excited in polarized NKN have the longer life time than 
non-polarized one. PL decay profiles could be analyzed by multi-
exponential fitting models as following equation.38 
 

���� � 	∑�	
��/�	 (1) 
 
where Ai and τi is the amplitude and the life time, respectively. Also, 
the intensity-average life time, τavg, could be calculated by following 
equation.39 
 

〈�〉 � ∑�	�	�
∑�	�	  (2) 

 
Photoluminescence lifetime and the related parameters of polarized 
and non-polarized NKN powders are summarized in Table S2. The 
PL of both polarized and non-polarized NKN powders showed 
triexponential kinetics and the lifetime for polarized NKN powder 
was 3.31 ns, which is significantly longer than that of non-polarized 
one (1.64 ns). This result clearly demonstrates that the internal field 
can inhibit the charge recombination, promoting the separation of the 
electrons and holes.40 

The effect of polarization on the HER activity of nano NKN 
powder was also investigated. Nano NKN powder was synthesized 
via the polymeric complex method, consistent with the NKN phase 
(Fig. S6). The average size of the nano NKN powder was 45 nm, and 
the particles exhibited cubic morphology (Fig. S7). The H2 evolution 
rate of the nano NKN powder before the poling process was 0.06 
mmol g-1 h-1, but the activity after the poling process remained the 
same (not shown here). Size limits in ferroelectric photocatalysts 
were considered in terms of polarization decay. Generally, the 
polarization field decreases faster at the nanoscale than at the bulk 
level as the long-range ordering of the dipoles decreases, which is 
related to the changes in the atomic polarization, non-uniform strain, 
defect microstructure, and imperfect polarization screening at the 
surface.41 Therefore, the decay rate gradually increases with 
decreasing particle size via a disordering process, implying that 
photocatalytic HER activity at the nanoscale cannot be assisted by 
the polarization effect. Time-dependent polarization decay can be 
interpreted as the dynamics of ferroelectric-domain decay. The 
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dependence of the domain lifetime can be calculated based on the 
initial domain radius as follows:42 
 

���� � ����� �� �� ����
�/�  !"# (3) 

 
where τ is the lifetime, r is the initial domain radius, and RC is the 
critical radius for domain stability. For example, because RC of 
BaTiO3 is evaluated to be 74 – 104 nm, domains with the initial 
radius of 100 nm are only stable about 30 min according to equation 
(3).42 Also, SrBi2Ta2O9 films showed that domains of radius 75 nm 
exist only 10 min, whereas domains of radius 95 nm have lifetime 3 
orders of magnitude longer; it indicates the existence of a critical 
radius RC ~ 85 nm.43 In this manner, lifetime of nanoparticle of NKN 
could be evaluated by calculating the RC value. According to 
Molotskii et al., RC is proportional to 1/Ps

4/3 and 1/Ec
2/3.42 Therefore, 

RC of NKN could be simply estimated to be 45 ~ 60 nm from the RC 
of BaTiO3 by using Ps (14.7 µC cm-2) and Ec (14.0 kV cm-1) of 
NKN. It implies that polarization of NKN nanoparticles with a 
diameter not exceeding 50 nm may decay rapidly after removing the 
external field. This is why the nano NKN powder with a size of 45 
nm was observed to have the same HER activity before and after 
polarization. Thus, it is thought that a trade-off exists between 
maintaining the polarity and enlarging the surface area of such a 
material. Further research is ongoing to determine the optimum size 
for achieving superior catalytic activity via both a high polarity and a 
large surface area. 

Conclusions 

The proposed polarized K0.5Na0.5NbO3 powder prepared via a 

simple corona-poling method proved to be an effective 

ferroelectric photocatalyst for H2 evolution in a particulate-

suspension system. The activity-enhancement ratio of a KxNa1-

xNbO3 solid solution is dependent on the composition and size. 

The positively charged surface clearly plays an essential role in 

promoting the photocatalytic activity. Under optimal 

conditions, the photocatalytic activity of the K0.5Na0.5NbO3 

powder increased by up to a factor of 7.4. Furthermore, we 

envisage that the corona-poling procedure can be expanded to 

achieve powder polarization for the enhancement of the activity 

of photocatalysts in other fields, such as pollutant 

decomposition, CO2 reduction, etc. We believe that it can open 

a new avenue of exploration and design for a variety of 

particle-based catalysts with ferroelectric properties for the 

attainment of efficient catalytic performance. 
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Dramatically improved hydrogen evolution activity in a particulate-suspension system is 

demonstrated for K0.5Na0.5NbO3 powder polarized via simple corona poling, providing a key 

guideline for imposing an electric field on a ferroelectric photocatalyst. 
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