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Study on Growth of Tungsten Bronze Phase from Niobate
Perovskite Ceramics in Controlled Atmosphere for
Photoferroelectric Applications

Xi Shi,* Yang Bai, Christoph Wichmann, Michael Moritz, Michel Kuhfuß, Christian Papp,
and Neamul H Khansur*

Recent research has found that by introducing A-site deficiency into Ba/Ni
co-doped (K,Na)NbO3 ABO3-type perovskite, a beneficial interface for
photoferroelectric applications is formed between the perovskite and tungsten
bronze (TB) phases. To date, such an interface is formed only spontaneously,
and the growth mechanism of the TB phase in the perovskite phase is unclear.
This work investigates controlled interface formation using KNBNNO
(K0.50Na0.44Ba0.04Ni0.02Nb0.98O2.98) annealed at different temperatures for
different durations, and in various atmospheres. Structural, microstructural,
and chemical analyses suggest that vacuum, N2, and O2 atmospheres
promote the growth of the TB phase from the sample surface, of which the
thickness increases with annealing temperature and duration. In contrast,
annealing in air does not promote such growth due to lower evaporation of K
and Na. Among all atmospheres, the growth starts the earliest, i.e., at 800 °C,
in vacuum compared to that as late as 1000 °C in O2. The association of
growth of the TB phase with the degree of alkali volatilization that is
dependent on the atmosphere, and that with the resultant variation in
diffusion rate, uncovers the formation mechanism of the beneficial interface
that may also be applicable to other KNN-based materials for advanced
photoferroelectric applications.

1. Introduction

The (K,Na)NbO3 (KNN) perovskite structure is a solid solution of
ferroelectric KNbO3 and antiferroelectric NaNbO3. KNN presents
an orthorhombic phase at room temperature and experiences
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orthorhombic-tetragonal and then
tetragonal-cubic phase transitions as the
temperature increases.[1] Among others,
KNN can be modified by BaZrO3,

[2] (Bi,
Na, K)ZrO3,

[3] and (Bi, Na)TiO3,
[4] and

thus constructs morphotropic phase
boundaries (MPB) between tetragonal
and rhombohedral phases around room
temperature. A common issue for sin-
tered KNN is stoichiometric deviation
caused by the hygroscopic and volatile
nature of K and Na, which ends up with
the formation of secondary phases, such
as the tungsten bronze phase that are
considered detrimental to the piezoelec-
tric properties.[5] KNN-based piezoce-
ramics are lead-free and have attracted
research interest owing to their good fer-
roelectric and piezoelectric performance
comparable to those of the lead-based
counterparts. For instance, excellent
piezoelectric coefficient (d33) values of
416 pC/N and 704 pC/N, which are com-
parable to that of the Pb(Zr,Ti)O3 (PZT)
based compositions, have been achieved
in textured (K,Na,Li)(Nb,Ta,Sb)O3

[6] and
(K,Na)(Nb,Sb)O3─CaZrO3─(Bi,K)HfO3 ceramics,[7] respectively.
Compared to other lead-free piezoceramics, KNN-based ceram-
ics usually exhibit better temperature stability in terms of piezo-
electric properties,[8] a larger mechanical quality factor (Qm),[9]

and better fatigue resistance.[10,11] These advantages make
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KNN-based piezoceramics potential candidates as substitutes for
lead-based piezoelectric components such as sensors, actuators,
and transducers for applications in electronics, motor vehicles,
and medical diagnosis.[12-15]

Similar to other polar perovskite oxides, most KNN-based ce-
ramics have a wide bandgap of >3 eV. Photoferroelectric materi-
als, on the other hand, are those materials that exhibit both pho-
tovoltaic and ferroelectric effects[16] for which a lower bandgap
is crucial for visible range absorption to ensure good photo-
voltaic performance. Reducing the bandgap whilst retaining
good ferroelectric and piezoelectric properties could make KNN-
based ceramics also an interesting candidate for photoferroelec-
tric applications[16,17] such as phototransistor,[18] photoswitch,[19]

photo field-effect transistor,[20] light-effect transistor,[21] mono-
lithic solaristor,[18] etc. An effective method to reduce the bandgap
of KNN is doping the B-site with non-d0 transition metal
cations and, in the meantime, creating oxygen vacancies (V ⋅⋅

O).
For instance, doping (K0.5Na0.5)NbO3 with as low as 2 mol%
Ba(Ni1/2Nb1/2)O3-𝛿 (BNNO) can result in a reduced bandgap of
<2 eV from over 3.8 eV, due to the eased charge transfer from,
or to, Ni 3d states in the newly introduced Ni2+- V ⋅⋅

O defect
dipoles.[22–24] The drawback of such a doping method is that the
concentrations of both Ni2+ and V ⋅⋅

O must be precisely controlled
so that the bandgap reduction does not significantly alter dis-
tortion of the crystal structure.[17] Ferroelectric and piezoelectric
properties vanish upon a significant alteration of structural dis-
tortion. However, as mentioned above, KNN has the common
issue of off-stoichiometry, which makes precise control of the
dopant concentration difficult.[25]

Nevertheless, it has been found that by introducing >5 mol %
A-site deficiency in the starting reactants of the (K0.5Na0.5)NbO3-
BNNO composition, a polar tetragonal tungsten bronze
(K,Na,Ba)𝛼(Ni,Nb)𝛽O𝛾 phase (TTB) (<20 mol%) forms alongside
the orthorhombic perovskite (K, Na, Ba)x(Ni, Nb)yOz phase
(>80 mol %). Contrary to the detrimental secondary phases
formed in other KNN-based ceramics, the TTB phase here is
proven beneficial, as a special interface that is referred to as a
pseudo-morphotropic phase boundary (pseudo-MPB) is formed
between the perovskite and TTB phases. This pseudo-MPB
helps to reduce the bandgap by 1–2 eV as well as to optimize the
ferroelectric and piezoelectric properties.[22] Designing A-site
deficiency has become a favored method as it not only relaxes the
strict requirement for the stoichiometry of the starting reactants
but also offers to create and tune the pseudo-MPB during post-
sintering thermal treatment.[17] The previous study has found
that the TTB phase can further grow from small tungsten bronze
“seeds” already existing in highly A-site deficient (10–15 mol
%) samples or can emerge from “seed-free”, pure perovskite
samples with lower A-site deficiency (<5 mol %) via annealing
in N2 and O2 atmosphere. Loss of K and/or Na during annealing
is thought to be the reason for the growth or emergence of the
TTB phase.[17]

However, the growth mechanism of the TTB phase from the
perovskite phase is still unclear at this stage. Further understand-
ing requires to study possible influential factors that promote the
TTB phase to appear from the “seed-free” samples. In this work,
the growth of the TTB phase in an A-site deficient KNBNNO ce-
ramic under different annealing conditions, including various
atmospheres and annealing temperatures and periods, is sys-

tematically analyzed. Characterization methods, including SEM
(scanning electron microscopy), XPS (X-ray photoelectron spec-
troscopy), and XRD (X-ray diffraction) are deployed, from which
the growth mechanism of the TTB phase is clarified. This study
guides bandgap engineering of KNN-based ceramics via the con-
struction of the pseudo-MPB for photoferroelectric applications
benefiting from building advanced interfacial configurations in
a controlled manner.

2. Results and Discussions

Figure 1 shows the XRD patterns collected from the surface of
the unannealed KNBNNO sample and those annealed in O2, air,
N2, and vacuum at 1000 °C for 8 h. Reflections assigned to the
TTB phase are marked in the figure. The unannealed sample
contained a single perovskite phase, which was confirmed us-
ing Le bail fitting. This perovskite phase was best modeled as
an Amm2 (orthorhombic) space group with lattice parameters
of a ≈3.965 Å, b ≈5.635 Å, and c ≈5.664 Å. This is consistent
with the result in the previous work. Differently, reflections as-
signed to a TTB phase, in addition to the perovskite phase men-
tioned above, were observed for samples annealed in vacuum,
N2, and O2 (Figure 1b). This TTB phase was also confirmed by
Le bail fitting, being modeled as a P4bm (polar tetragonal) space
group.[17,22] It is to be noted that the presence of the TTB phase
altered unit cell parameters of the perovskite phase, with the evi-
dence of unit cell volume and crystal structure distortion tending
to decrease as the TTB phase grew. This speculates the influence
of the TTB phase growth on the spontaneous polarization of per-
ovskite unit cells. Nevertheless, observations in previous works
suggest that during sintering, the perovskite phase might have
formed before the TTB phase with the mass transfer of Na and K.
The rest of the reactants would form the TTB phase as it failed to
satisfy the stoichiometry required for the perovskite phase.[17,22]

By comparing the intensities of the reflections belonging to
the TTB phase, it could be estimated that a larger amount of the
TTB phase was possibly formed in the N2-annealed sample than
that in the O2-annealed sample. This observation contradicts the
previous study in which a larger amount of the TTB phase was
formed in O2-annealed samples than in N2-annealed samples
due to possibly faster migration of K and Na in forms of K2O
and Na2O in the O2 atmosphere,[17] as will be discussed below.
For the sample annealed in air, no noticeable evidence for the
possible existence of the TTB phase was found. Such an observa-
tion was also supported by the fact that the unannealed sample
and sample annealed in the air generally exhibited a translucent
green color, while the samples annealed in vacuum, O2, and N2
changed to a more opaque, darker color (See Figure S1, Support-
ing Information). The different extents of transparency reflected
the difference in the amount of TTB phase present in the sam-
ples. The difference between the annealed samples implies that
the diffusion rates of Na and K from the perovskite phase, thus
triggering the formation of the TTB phase, were likely faster in
vacuum and N2 atmosphere, but they were slower in air atmo-
sphere.

To study the distribution of the TTB phase grown in different
atmospheres, Figure 2 shows cross-sectional SEM images taken
from the samples annealed in air, O2, N2, and vacuum at 1000 °C
for 2 and 8 h. The perovskite phase was seen darker in the SEM
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Figure 1. Surface XRD patterns of the unannealed KNBNNO ceramic sample and the ones annealed in O2, air, N2, and vacuum at 1000 °C for 8 h: a)
for full range and b) for enlarged 2𝜃 range of 25°–60°. Reflections assigned to the TTB phase are marked.

image, contrasting with the brighter TTB phase. Grains of the
TTB phase appeared as densely distributed bright spots close to
the surface and were sporadically allocated along the depth of the
sample.

After careful examination, no TTB phase was found in any
sample annealed in air for 2 and 8 h (Figure 2a,e). The sam-
ple annealed in air stayed identical to the unannealed sample in
which a single perovskite phase was also confirmed in previous
studies.[17,22] This observation came as a surprise because 800 °C
is considered to be the theoretical temperature that can trigger
the diffusion and hence loss of K and Na, which should create
a favorable environment for the formation of the TTB phase.[17]

For samples annealed in O2, the TTB phase was found only after
being annealed at 1000 °C (Figure 2b,f). However, no new phase
was formed in samples annealed at 800 and 900°C in O2. The N2
atmosphere played a similar role to that of the O2 atmosphere for
the emergence and growth of the TTB layer when annealing the
samples for 2 and 8 h at 1000 °C (Figure 2c,g). For samples an-
nealed in vacuum, the TTB layer started to form already at 800 °C
after being annealed for 2 h, and the layer could be seen in all
samples annealed at 800–1000 °C for 2 and 8 h (see Figure 2d,h;
Figure S2, Supporting Information).

Except for air-annealed samples with no TTB layer (it could be
argued that the white dots in Figure 2e are TTB phases, while the
concentration is quite minor and the thickness could not be mea-
sured), the TTB concentration as a function of the distance to the
surface is plotted in Figure 2 i–n. The TTB thickness is evaluated
based on the sample area with a TTB concentration of ≥ 10% (see
the blue dotted lines in Figure 2i–n) and is discussed in detail in
Figure 3. Regardless of annealing times, the TTB concentration at
the surface for vacuum and O2-annealed samples was all ≈20%
and generally declined with depth. It is noted that the increas-
ing trend at ≈85–90 μm inward the sample surface in Figure 2k
could be due to errors from image analysis caused by similar con-
trasts of the TTB and the perovskite phase. The 2 h-annealed
samples showed an abrupt decline in TTB concentration away
from the surface, while for 8 h-annealed samples the TTB lay-
ers grew deeper. For N2-annealed samples, the TTB concentra-
tion at the surface was also significantly higher than other sam-
ples annealed in other conditions (i.e., 40% for the 8 h-annealed

sample, see Figure 2m). Nevertheless, the significantly high TTB
concentration close to the interface (≈80%) for the 2 h-annealed
sample (see Figure 2j), as well as the concentration fluctuation
in the 8-hour-annealed sample (see Figure 2m), could be due to
the pores and surface impurities with the same contrast as TTB,
which affected accurate concentration calculation. Overall, it is
suspected that the TTB layer grows from the surface, reaching
a concentration of 20% to 40% (depending on the atmosphere)
and then gradually spreading deeper inward with elongated an-
nealing time.

This evidence indicates that the post-sintering annealing atmo-
sphere played a decisive role in the formation of the TTB layer,
and temperature influenced the growing process. This can be wit-
nessed in the comparison between samples annealed in vacuum
where the TTB phase already started to grow at 800 °C (See Figure
S2, Supporting Information) and those, annealed in O2, where
the TTB phase was formed only at a sufficiently high tempera-
ture of 1000 °C. Regarding the air atmosphere, possible growth
of the TTB phase could not be excluded if the annealing tempera-
ture or period was further increased. However, further increasing
the annealing temperature would approach the samples’ sinter-
ing temperature (1150 °C), making the post-sintering annealing
procedure less meaningful in practice as a perovskite-TTB com-
posite could have been fabricated solely during sintering.[17,22]

To provide a quantitative overview of the TTB phase, the
growth of the TTB layer (area with TTB concentration ≥ 10%)
in annealed samples at different conditions is presented in
Figure 3a,b. For samples annealed in vacuum (see Figure 3a),
the layers varied from an insignificant growth of 1.5 μm thick at
800 °C for 2 h to ≈39.8 μm thick at 1000 °C for 8 h. Overall, higher
annealing temperature and/or longer annealing period tended to
result in a thicker TTB layer due to the increasing vapor pres-
sure values of K and Na with the temperature increase.[26] Simi-
lar trends were seen for samples annealed in other atmospheres,
see Figure 3b for the evolution of TTB layers of samples annealed
in O2, N2, and vacuum at 1000 °C for different annealing times.
The layers in samples annealed in N2 were thickest, i.e., 16.2,
25.9, and 78.9 μm for annealing periods of 2, 4, and 8 h, respec-
tively. For O2-annealed samples, the layers were ≈9.9, 29.7, and
39.6 μm for annealing periods of 2, 4, and 8 h, respectively. With
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Figure 2. Cross-sectional SEM micrographs of KNBNNO ceramic samples annealed in a,e) Air, b,f) O2, c,g) N2, and d,b) vacuum at 1000 °C for a–d)
2 h and e–h) 8 h. For O2, N2 and vacuum annealed samples, Figure 2 i–n showed the TTB concentration with the dependence of distance from sample
interface. The blue dotted lines defined that the regions of a valid TTB layer, where the TTB concentration is ≥ 10%.

consideration of calculation errors, it is found that at 1000 °C the
TTB layers tend to grow at a similar rate in vacuum and O2 con-
ditions. In contrast, N2 seemed to provide a more favorable en-
vironment for its growth, where the TTB layer grown at 1000 °C
for 8 h was almost as twice thick as those annealed in vacuum
and O2. Nevertheless, the nonexistence of TTB layers in samples
at lower annealing temperatures or fewer hours in O2 confirmed
the above-mentioned hypothesis of easier formation and growth
of TTB layer in vacuum and N2 than in O2. The origin of a thicker
TTB layer for N2-annealed sample may be affected by reduced
concentrations of K at the surface. This is supported by the XPS
data and previous works which indicate that the formation of the
TTB phase could have been accelerated by the variation in K/Na

ratio from their stoichiometric ratio, i.e., K on the sample surface
was replaced by the Na during the N2 annealing.

To understand the dynamics of the alkali elements, the an-
nealed samples were further investigated using XPS. Spectra
were collected from samples annealed at 1000 °C for 2 h in air,
O2, and N2 atmosphere. Results for the K 2p region are shown
in Figure 4. The air-annealed sample showed two major peaks at
295.7 and 292.9 eV. The peak at 292.9 eV also contained shoulders
at higher and lower binding energy. These results are in agree-
ment with previous XPS data of KNN ceramics.[27] The two ma-
jor peaks, fit in the green curves (Figure 4a), are attributed to the
spin-orbit-splitting of the K 2p orbitals of non-crystalline K2O.[28]

The two shoulders, which are fitted by the blue curves (Figure 4a)
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Figure 3. Layer thickness of tungsten bronze phase for a) samples annealed in vacuum for 2, 4, and 8 h at 800, 900, and 1000 °C and b) samples annealed
at 1000 °C for 2, 4, and 8 h in vacuum, N2, and O2.

at 291.4 and 294.2 eV represent signals from K in the perovskite
structure. Due to the high surface sensitivity of XPS, the inten-
sity ratio of the two species might imply their locations in the
sample. Therefore, the less pronounced contributions of K from
the perovskite lattice in the XP spectra suggests a higher abun-
dancy in the bulk of the sample. According to the quantification,
34% of the sampled volume (<10 nm) was assigned to K, where
22% and 12% were attributed to K2O and K in the perovskite,
respectively. A similar spectrum was obtained from the sample
annealed in O2 atmosphere (Figure 4b). The overall concentra-
tion of K slightly decreased to 29%, consisting of 19% attributed
to K2O and 10% attributed to K in the perovskite. This indicated
a thinner K2O layer at the sample surface. After being annealed
in N2 atmosphere, the intensity of the K signals drastically de-
creased (Figure 4c). The overall concentration of K was reduced
to 4.7%. Meanwhile, signals corresponding to Na started to grow
to a similar surface concentration as K in air and O2 annealed
samples, (i.e., 36%, see Figure S3 and Table S1, Supporting In-
formation). Apparently, K on the sample surface was replaced by
Na during annealing in N2. Also, the signals in blue (Figure 4c),
corresponding to the perovskite, further increased with respect
to the K2O. After annealing in N2 atmosphere, 1.6 % out of the

4.7% K was attributed to the perovskite. The data thus suggest
that the removal of K and the agglomeration of Na at the sur-
face is beneficial for the formation of the TTB phase. Overall, it
should be mentioned that the current work highlights the differ-
ent degrees of alkali volatilization and associated growth in sur-
face TTB phase; however, oxygen vacancy and associated defect
mechanisms should also be considered for a better understand-
ing the photoferroelectric properties of these materials.

3. Conclusion

To pave the way toward controlled construction of the
perovskite-tungsten bronze phase interface for advanced
opto-ferroelectric and opto-piezoelectric applications,
K0.50Na0.44Ba0.04Ni0.02Nb0.98O2.98 (KNBNNO) ceramic has been
studied in this work in terms of understanding formation and
growth of the tungsten bronze phase from pure perovskite phase
via a post-sintering annealing process. Ceramic samples have
been fabricated and then annealed in vacuum, N2, O2, and air
atmosphere at 800–1000 °C for 2–8 h. A newly grown tungsten
bronze phase with different thicknesses has been found at the
surface of the pure perovskite phase after being annealed in

Figure 4. XPS results with an excitation energy of 1486.6 eV for the KNBNNO samples annealed in a) air, b) O2, and c) N2 at 1000 °C for 2 h.
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N2, O2, and vacuum, whereas the new phase has not formed
during annealing in air. Evidence has shown that the formation
temperature of the tungsten bronze phase could be as low
as 800 °C in vacuum whilst as high as 1000 °C in O2 with a
positive relationship between annealing temperature/period and
thickness of the newly formed tungsten bronze phase. Analyses
of this study indicate that the growth of the tungsten bronze
phase is determined by the different degrees of volatilization rate
of K and Na in certain atmospheres. More volatile K2O appears
in vacuum and N2 upon the KNBNNO perovskite phase being
heated, while this process is slower in O2 and negligible in air
given the same annealing temperature and period. This finding
provides guidance to future works on bandgap engineering
through microstructural design and manipulation for perovskite
photoferroelectric materials based on alkali niobates.

4. Experimental Section
K0.50Na0.44Ba0.04Ni0.02Nb0.98O2.98 (KNBNNO) ceramic samples that

were designed to have 2 mol% A-site deficiency were fabricated with a con-
ventional solid-state reaction method. K2CO3 (≥ 99%, J.T. Baker, USA),
Na2CO3 (≥ 99%, Sigma–Aldrich, USA), BaCO3 (99.98%, Aldrich Chem-
istry, USA), NiO (99.999%, Aldrich Chemistry, USA), and Nb2O5 (99.9%,
Aldrich Chemistry, USA) powders were weighed according to the stoi-
chiometry, which was counterchecked by an X-ray fluorescence spectrom-
eter (XRF, Axios max 4 kW, PANalytical, UK). After ball milling, the dried
powder was calcined at 825 °C for 4 h in air. The calcined powder was
milled for the second time before being uniaxially pressed into green bod-
ies and eventually sintered at 1150 °C for 2 h in air. Previous works can be
referred to for fabrication details.[17,22]

Sintered ceramic samples were polished to 500–600 μm thick, and then
each sample was cut into several 4 mm × 4 mm square-shaped pieces
using a diamond wire saw (DWS175 Diamond WireTec GmbH & Co.KG,
Germany). The cut samples were annealed under different conditions: i)
vacuum, air, N2, or O2 atmosphere, ii) at 800, 900, or 1000 °C, and iii) for 2,
4, or 8 h. An atmospheric oven connected to corresponding gas cylinders
was used to carry out the annealing and the heating and cooling rates were
kept at 5 K min−1.

A total number of 30 annealed samples were studied. SEM (Quanta
200, FEI Co., USA) was used to characterize the cross-sectional surface
of annealed samples. Software ImageJ was used to evaluate the thickness
of different compound layers observed in the samples. The cross-section
SEM image at the depth direction was divided by rectangular slices with
the same width (2–5 μm) and the TTB concentration of each small region
was estimated. The area with TTB concentration of ≥ 10% is regarded
as the TTB layer, which is the criteria for measuring the TTB layer thick-
ness. The XRD patterns were collected from the sample surface using a
D8 Advance diffractometer (Bruker AXS GmbH, Germany). XPS (ESCALAB
250Xi, Thermo Fisher Scientific, USA) was also carried out on the sample
surface with an Al K𝛼 source (spot size of 500 μm) and a CEM (channel
electron multiplier) detector. Prior to XPS measurement, the sample sur-
faces were cleaned by an Ar cluster gun. The XP spectra were fitted with
CasaXPS (V 2.3.18PR1.08) using Voigt functions (GL(30)). Linear back-
grounds were subtracted in all spectra. The obtained integrated peak area
(Ai) was corrected using an inelastic mean free path (IMFP, 𝜆i), photoion-
ization cross-section (𝜎i), and kinetic energy (Ekin) of the emitted photo-
electron:

A
′
i =

Ai × Ekin

𝜆i × 𝜎i
(1)

where A′
i is the corrected area. 𝜆i and 𝜎i values were obtained from the

TPP-2 M algorithm with SESSA (Version 1)[29] and from the atomic and
nuclear data tables.[30,31]
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