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Epitaxial growth of hexagonal BaNiO;_; thin films on SrTiO; (111) substrates
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Transition metal oxides containing nickel species in oxidation states higher than 34 often exhibit high catalytic
activity, which makes them promising for applications as advanced electrocatalysts for water splitting and fuel
cells. Here, we examine the structure and properties of BaNiO; (BNO) thin films, containing formally Ni**,
grown on SrTiO; (111) substrates using oxygen-plasma—assisted molecular beam epitaxy. X-ray diffraction and
scanning transmission electron microscopy measurements reveal that BNO films have a hexagonal structure
with ¢- and a-axes of mixed textures showing epitaxial relationships BNO (0001) || SrTiO; (111) and BNO
(1010) || SrTiO;3 (111), respectively. The formation of the a-axis texture is dominant due to the smaller lattice
mismatch with the substrate. Density functional theory calculations confirm that the hexagonal BNO film with
the a-axis texture is energetically more favorable than the competing c-axis texture. Detailed spectroscopy data
analysis indicates that hexagonal BNO films contain mixtures of Ni**, Ni**, and Ni** species, with Ni** being
dominant. Our study provides insights into stabilizing Ni** in complex oxides, which is important for further

exploration of the potential of materials containing Ni*".
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I. INTRODUCTION

ABOs-type perovskite rare earth nickelates RNiO3 (where
R denotes lanthanide) are an extensively investigated family of
complex oxides due to their rich phase diagrams [1-3]. This
oxide family demonstrates exotic physical properties, such
as metal-insulator transitions [4], charge ordering [5], un-
usual magnetic ordering [6], and colossal resistive switching
[7,8]. Integration of nickelates into heterostructures through
thin film epitaxy can induce orbital degeneracy breaking and
quantum confinement effects that effectively modulate their
functional properties [2,9,10]. The sensitivity of nickelates to
the details of the structure and composition is made evident
by the fact that superconductivity was only observed in the
reduced R;_,Sr,NiO, and R;_,Ca,NiO, epitaxial thin films
[11-14], whereas it is absent in the bulk R;_,Sr,NiO; [15,16].

Recently, nickelates have also garnered special attention
in catalysis because of their excellent electrocatalytic per-
formance [17-20], which can be attributed to the small or
negative charge transfer energy (A) defined as the differ-
ence between the nickel 3d-band and the oxygen 2p-band
edge (negative A corresponds to the nickel 3d-band below
the oxygen 2p-band maximum) that results in strong nickel
3d-oxygen 2p hybridization [21]. Hole doping in RNiO3
can push the nickel formal valence above 3+ [22], which
can further increase the extent of nickel 3d-oxygen 2p hy-
bridization [19], thereby promoting an enhancement in the
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electrocatalytic activity [18,20]. However, it has been shown
that the synthesis of parent perovskite phases R|_,Sr,NiO3
and R;_,Ca,NiO; in the form of thin films is challenging due
to the instability of the high-valence nickel species [22-25].
Phase segregation was observed when attempting to deposit
SrNiO3_s (SNO) on (001)-oriented perovskite-like single-
crystal substrates using oxygen-plasma-—assisted molecular
beam epitaxy (OPA-MBE) [26,27]. Two coexisting oxygen-
deficient Ruddlesden-Popper phases, Sr,NiO3 and SrNi, O3,
formed instead, and nickel ions were stabilized in the energet-
ically preferred Ni2* state [26]. Previous studies reported the
formation of single unit cell (u.c.). SNO in superlattices with
LaFeOj; and SrTiO3 (STO) [27,28]. However, the instability of
SNO in the top layer of these superlattices limits exploration
of the impact of Ni** on the mechanisms and characteristics
of electrocatalytic reactions that occur primarily at the surface.

Bulk SNO is expected to form a hexagonal structure with a
face-shared arrangement of NiOg octahedra because its tol-
erance factor (¢) is larger than unity [29]. Due to the high
Gibbs formation energy of Ni** [30], there has been very
limited success in the synthesis of bulk hexagonal-structured
SNO until recently [31,32]. Replacement of strontium with
larger size barium can stabilize hexagonal closest packing
[32]. Thus, bulk hexagonal-structured BaNiO3; (BNO) has
been successfully synthesized by several groups [18,33-38].
However, we are not aware of reports on synthesis of BNO
epitaxial thin films.

Here, we examined the structural and electronic properties
of BNO thin films synthesized by OPA-MBE. We observed
that hexagonal-phase BNO thin films with c-axis and a-axis
mixed textures are stabilized on STO (111) substrates. We
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used density functional theory (DFT) simulations to evalu-
ate the phase stability of BNO thin films on (111) oriented
perovskite single crystal substrates. We found that hexagonal
BNO thin films are energetically more stable than those in the
cubic perovskite phase when deposited on substrates with lat-
tice parameters ranging from 3.8 to 4.1 A. The a-axis texture,
BNO (1010)/ STO (111), is energetically more favorable due
to the smaller lattice mismatch with the substrate compared to
the c-axis texture, BNO (0001)/STO (111). X-ray photoelec-
tron spectroscopy (XPS) and X-ray absorption spectroscopy
(XAS) measurements revealed that BNO films contain nickel
species with valences of Ni**, Ni**, and Ni**, with Ni**
being dominant.

II. RESULTS AND DISCUSSION

To prepare the STO substrate, we employed a wet etch-
ing method similar to that described elsewhere [39]. BNO
films were grown on STO (111) substrates by OPA-MBE.
Barium and nickel were evaporated from effusion cells, and
their evaporation rates were calibrated using a quartz crys-
tal microbalance prior to growth. The substrate temperature
was maintained at 650 °C, and the activated oxygen partial
pressure was kept at ~5 x 107° Torr throughout the growth
process. To prevent the oxygen vacancy formation in BNO
films, an alternating deposition and annealing approach was
employed, as described in our previous work [23]. In situ
reflection high-energy electron diffraction (RHEED) was used
to monitor the overall growth process, as shown in Sup-
plemental Material Fig. S1 [40]. After growth, the samples
were gradually cooled in an activated oxygen atmosphere at
a chamber pressure of ~2 x 107> Torr. The temperature was
ramped down from 650 to 500°C at a rate of 25°C/min,
followed by a 1 hour annealing step at 500 °C. Subsequently,
a second ramp was performed from 500 to 250 °C at a rate of
5°C/min, followed by a 2 hours annealing step at 250 °C. Fi-
nally, the samples were cooled to room temperature at a rate of
1°C/min [41,42]. High-resolution out-of-plane X-ray diffrac-
tion (XRD) 6—26 scan [Fig. 1(a)] reveals two well-defined
families of peaks (h0hO, h = 1,2,3,4) and (0001, [ = 2, 4),
indicating that the BNO film nucleates with both a-axis and
c-axis textures. The simulations (see Supplemental Material
Fig. S2 [40]) clearly show the overlap of the (2020) and
(4040) a-axis peaks with the (0002) and (0004) c-axis peaks,
respectively. To examine the film’s symmetry and epitaxial
relationships, two off-axis phi scans were performed along the
film (2240) and (1013) reflections, and along the substrate
(112) reflection, as shown in Fig. 1(b). The STO (112) phi
scan shows three peaks separated by 120°, corresponding to
the threefold triangular surface symmetry of the STO (111)
substrate. A phi scan was performed to probe the in-plane
orientation of the c-axis texture by measuring the BNO (1013)
reflection at an appropriate x angle. The alignment between
the six BNO features and the three STO peaks confirms
the sixfold rotational symmetry of hexagonal c-axis BNO,
which directly grows on the in-plane triangular STO (111)
surface with an epitaxial relationship of BNO (0001) [1010] ||
STO (111) [112]. Likewise, the in-plane orientation of the
a-axis texture was determined with a phi scan of the BNO
(2240) reflection at an appropriate x angle, which reveals the
epitaxial relationship BNO (1010) [0001] || STO (111) [112].

The 30° offset between the two BNO phi scans is a con-
sequence of the observed epitaxial relationships and the
selection of particular reflections for the phi scans. The six
observed BNO peaks indicate the overall sixfold rotational
symmetry of the a-axis texture, which arises from the three
in-plane tetragonal BNO domains rotated by 120°, as depicted
in Supplemental Material Fig. S3(a) [40]. Reciprocal space
mapping (RSM) (Supplemental Material Fig. S3(c) [40]) re-
veals that the BNO film was partially relaxed.

Additional structural information on the BNO film was
obtained using high-angle annular dark field-scanning trans-
mission electron microscopy (HAADF-STEM). Figure 1(c)
shows an atomic-resolution HAADF-STEM image of the
BNO/STO heterostructure viewed along the STO < 112 >
direction. An interfacial transition region (marked by an arrow
and extensively described in Supplemental Material Fig. S4
[40]) was observed at the BNO/STO interface. Beyond the
interfacial transition region, the a-axis texture of hexagonal-
phase BNO [see the schematic in Fig. 1(d)] was clearly
observed in the left side of the STEM image, as confirmed
by the fast Fourier transform (FFT) patterns [Fig. 1(e)]. In
addition, we observed a lattice structure with a slightly differ-
ent appearance on the right side of the STEM image (marked
by a yellow rectangle). FFT patterns [Fig. 1(f)] in this re-
gion perfectly match those [Fig. 1(e)] on the left side of the
STEM image, suggesting that it is not related to the c-axis
texture, but to be the a-axis texture. To validate our findings
further, we rotated the simulated STEM-HAADF image of
the g-axis texture by up to 2° (Supplemental Material Fig. S5
[40]), and the results showed a strong correspondence with
the STEM-HAADF image. The distortions on the hexagonal
lattice are likely due to the compressive and tensile strains
along the in-plane and out-of-plane directions, respectively.
The c-axis texture detected in the XRD experiments was not
observed in the HAADF-STEM images. To verify its pres-
ence, we performed a phi scan for a peak inclined to the
(0001) planes and found it at the anticipated d-spacing and
inclination angle [Fig. 1(b)]. Since the (000/) and (h0h0)
peaks locate closely when [ = h, resolution of the out-of-
plane 6—260 scan is not sufficient to estimate the volume
fractions corresponding to these different orientations. How-
ever, at high diffraction angles where the peaks are better
resolved, it appears that the (0001) orientation is considerably
less abundant. Consequently, the probability of lifting out a
region of (0001)-oriented BNO for STEM imaging is quite
low and we identified only (h040) orientation in the focused
ion beam sections we imaged.

In order to understand why both the ag-axis and c-axis
textures were formed during hexagonal (h)-BNO growth, we
examined the dependence of their potential energies on the
strain imposed by a cubic perovskite lattice terminated with
a (111) plane. In both cases, we varied the perovskite lattice
constant and recalculated the in-plane vectors of the supercells
representing the textures of the a- and c-axes accordingly. The
internal atomic coordinates and the supercell vectors in the
out-of-plane direction were fully relaxed. Similar calculations
were performed for the perovskite BNO simulated as a contin-
uation of the STO (111) substrate. The supercells for strained
perovskite and hexagonal BNO on STO(111) are shown in
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FIG. 1. Synthesis of epitaxial hexagonal BNO film on STO (111) and structural characterization. (a) High-resolution XRD 6—26 scan
showing the presence of mixed textures of the a- and c-axes. (b) Phi scans along two different planes demonstrating two distinct epitaxial
relationships. (c) STEM-HAADF image viewed along the STO < 112 > zone axis, highlighting two “different” lattice structures in the selected
regions. The hexagonal structure of BNO (pink spheres, barium; white spheres, nickel; red spheres, oxygen) is overlaid for comparison. The
black arrow denotes the interfacial transition layer. (d) Schematics illustrating the epitaxial relationships of the two textures on STO (111). (e)
and (f) Fast Fourier transforms of the two selected regions in (c), revealing the corresponding reciprocal space information.

Supplemental Material Fig. S6 [40]. Figure 2 shows the crys-
tal structure orientations of the a-axis and c-axis textures as
viewed along the STO < 111 > direction and strain energy
comparisons among the two h-BNO textures and perovskite
BNO. The c-axis texture is under an identical compressive
biaxial lattice mismatch of ~1.93% in both in-plane direc-
tions along BNO [1120] || STO [110] and BNO [1010] || STO
[112], as shown in Fig. 2(a). On the other hand, compressive
mismatches of ~1.93% and ~0.52% are present along the
BNO [1120] || STO [110] and BNO [0001] || STO[112] di-
rections, respectively, for the a-axis texture [Fig. 2(b)]. The
smaller lattice mismatch in the a-axis texture along BNO
[0001] || STO [112] is observed due to a coincidence lattice
match with the 30°-rotated STO (111) in-plane lattice con-
stant, i.e., \/6asto (asto = 3.905A, /6asro = 9.57 A) with

2cpno (cprno = 4.81 A, 2cpn0 = 9.62 A). The calculated en-
ergy minimum for the a-axis texture falls at a smaller lattice
constant than that of the c-axis texture due to their unique
strains, as shown in Fig. 2(c). The g-axis texture has its min-
imum energy at asy, = 5.57 A, while the c-axis texture has
an energy minimum when asy, equals the bulk lattice param-
eter of BNO, i.e., 5.63 A. For the STO (111) substrates, the
strain energy associated with a-axis—textured BNO is 25 meV
lower per formula unit (f.u.) than for its c-axis counterpart,
indicating that the a-axis texture is the most energetically
favorable configuration. For comparison, the perovskite BNO
(111)/STO (111) configuration is significantly less stable (by
~1.3eV per f.u.) than either c-axis or a-axis textures, in-
dicating that perovskite BNO is unlikely to nucleate. These
calculations are consistent with experimental observations of
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FIG. 2. Crystal structures and corresponding BNO potential energy for the film/substrate orientations for two h-BNO textures viewed down
the STO < 111 > zone axis. (a) Crystal structure of the c-axis texture with an epitaxial relationship of BNO (0001) [1010 || STO (111)[112]
and (b) a-axis texture with an epitaxial relationship of BNO (1010) [0001] || STO (112) [111]. (c) Energy per formula unit versus substrate
lattice parameter for the two textures of h-BNO and the perovskite BNO phase supported on cubic substrates.

mixed textures in the h-BNO film. This coexistence of the two
phases is attributed to the small difference in their stability at
the epitaxial strains imposed by the STO (111) substrate. In
addition, based on our DFT simulations [Fig. 2(c)], both tex-
tures are sensitive to strain, which therefore can be utilized to
favor preferential formation of one texture over another. While
the potential energy minima for these textures are relatively
close to each other, the quadratic dependence of the poten-
tial energy on the lattice parameter ensures that the energy
difference between these phases increases at least linearly
with increasing tensile or compressive strain. Specifically, for
the LaAlOs substrate (lattice parameter, ~5.36 A), the energy
difference between textures is expected to be three time larger
than that found for the SrTiO; substrate, thus highly increas-
ing the likelihood of achieving a single-phase a-axis texture of
h-BNO film. Conversely, employing a single-crystal substrate
with a large lattice constant, e.g., KTaO; (lattice parameter,
~5.64 A), will switch the texture prevalence from the a-axis
to the c-axis, even if marginally so.

To identify the nickel valence in BNO, we conducted in situ
XPS along with ex sifu L- and K-edge XAS measurements.
The reference spectra for Ni** and Ni** were measured us-
ing an oxygen plasma annealed NdNiO3; (NNO) film and a
NiO film, respectively [26]. Nickel 2p and 3p XPS spectra
are shifted so that the corresponding oxygen ls peak falls at
530.0 eV. As shown in Fig. 3(a), the nickel 2p line shapes
for BNO show a clear distinction from the Ni** and Ni**
reference spectra. The nickel 2p3/, main feature peak for
BNO (marked by a red dashed line) is shifted to a higher
binding energy relative to that of NNO, suggesting that the
nickel valence in BNO should be higher than 34-. Based on the
chemical shift (~2 eV) of the nickel 2p; > peak relative to the
nickel 2p peak of NNO, we speculate that the nickel valence in
BNO is dominated by Ni**. Additionally, a shoulder located
at the lower binding energy side is also observed in the nickel
2p3s feature for BNO, indicating the presence of mixed
nickel valence in BNO. The nickel 2p3,, shoulder feature peak
energy is the same as that of NNO, suggesting that the nickel

valence in BNO includes Ni**. The nickel valence assignment
(a mixture of Ni** and Ni**) from nickel 2p XPS is consis-
tent with nickel 3p XPS [Supplemental Material Fig. S7(a)
[40]) and corroborated by XAS measurements collected at the
nickel K-edge [Supplemental Material Fig. S7(b) [40]) and
the nickel L-edge. Figure 3(b) shows the total electron yield
(TEY) mode nickel L-edge spectra for BNO, along with that
of the Ni** and Ni?* references. The main feature peaks at
the L, 3 edges shift toward higher photon energy compared to
the Ni** reference, indicating that the dominant formal nickel
valence in BNO should be higher than Ni**. The measured
energy shift (~1.5eV) of the nickel L-edges relative to that
in NNO suggests that the dominant nickel valence in BNO
is Ni** [43], consistent with our XPS analysis. Moreover,
the shoulders (observed at the lower photon energy side) of
both the L3- and L,-edges match the peak positions of the
Ni** and Ni** reference spectra, confirming the presence of
a mix of Ni**, Ni**, and Ni** in BNO. In contrast to XPS,
which mainly detects the near surface (the effective attenu-
ation length of XPS is ~5nm) [44], XAS (the attenuation
length of TEY mode is > 10 nm) [45] can probe deeper. Thus,
we conclude that the Ni2* feature, observed in nickel L-edge
XAS but mostly absent in nickel 2p XPS, could be ascribed
to the contribution from the region close to the interface.
This is confirmed by our STEM measurements (Supplemental
Material Fig. S8 [40]), which capture NiO secondary phases
close to the interfacial regions. The existence of the insulating
NiO secondary phases in BNO films can strongly affect the
in-plane electrical transport behavior. These secondary phases
might be responsible for the observed insulating behavior
manifested by a high resistivity of 2.1 x 10> Q cm at 300 K, as
shown in Fig. 3(d). In contrast, NNO shows metallic behavior
with a resistivity of only ~3.2 x 10~* Q cm at 300 K [26].
The valence states of transition metals (TMs) in oxides
can also be qualitatively assessed by the pre-edge spectral
feature at the oxygen K-edge. For the same TM, a lower
oxygen K-pre-edge peak energy corresponds to a higher TM
valence state [46]. Moreover, a higher intensity of the oxygen
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FIG. 3. Spectroscopy data and in-plane transport behavior. (a) In situ nickel 2p XPS. The nickel 2p, 3 peak position is marked by dashed
lines. (b) Nickel L-edge XAS. The nickel L,-edge peak position for BNO, NdNiO;, and NiO is marked by red, green, and gray dashed
lines, respectively. (c) Oxygen K-edge XAS. The oxygen K-pre-edge position for NdNiO5 and NiO is marked by green and gray dashed lines,
respectively. (d) Temperature-dependent resistivity of BaNiO; and NdNiOs. The green arrow denotes the metal-insulator transition temperature

for NdNiOs.

K-pre-edge peak suggests stronger TM 3d and oxygen 2p
hybridization. We compared the oxygen K-pre-edge feature of
BNO with the reference spectra of NNO and NiO. As shown
in Fig. 3(c), the oxygen K-pre-edge feature peak of BNO falls
at the same position (~528eV) as that of NNO, suggesting
that the nickel valence in BNO is close to Ni**. Compared to
NNO, the higher oxygen K-pre-edge peak intensity of BNO
indicates stronger nickel 3d-oxyten 2p hybridization, which
can be ascribed to the contribution from Ni** (we should note
that the oxygen K-pre-edge feature peak position of Ni** is
very close to that of Ni3+) [19,46]. Moreover, the coincidence
of a small feature at ~532¢eV with the oxygen K-pre-edge
feature peak of NiO also implies the presence of Ni>* in BNO,
in agreement with the nickel L-edge XAS measurements.

III. SUMMARY

We have synthesized BNO thin films on (111)-oriented
STO substrates by OPA-MBE. Our XRD and STEM studies
demonstrate that BNO films can be stabilized in the hexagonal
phase with a-axis and c-axis mixed textures, and thus display

epitaxial relationships of BNO (1010) [0001] || STO (111)
[112] and BNO (0001) [1010] || STO (111) [112] for a-axis
and c-axis texture, respectively. We found that the preferential
formation of the a-axis texture is due to the smaller lattice
mismatch with the STO substrate. Our DFT calculations con-
firm that the a-axis texture is energetically favorable over
the competing c-axis texture and demonstrate that the a-axis
texture prevalence stems from its better match to the in-plane
lattice parameters of the STO substrate and, therefore, the
lower energy penalty associated with the lattice mismatch.
Spectroscopy data demonstrate that the nickel valence in BNO
films is a mixture of NiT, Ni**, and Ni*t oxidation states,
with Ni** being dominant. STEM measurements demonstrate
that NiO secondary phase formation (which contributes to the
Nizt feature) occurs close to the interface, and an interfacial
transition region exists at the BNO/STO interface. Electron-
energy-loss spectroscopy (EELS) measurements reveal the
interfacial transition region is ~9 u.c. thick, and the compo-
sition changes from Sr;_,Ba, TiO; (close to the substrate) to
BaTi;_,Ni O3 (close to the BNO film). These results highlight
the possibility of stabilizing the Ni** valence state in thick
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oxide thin films, which will offer a good platform to inves-
tigate the effects of a high nickel valence on electrocatalytic
performance.
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