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The hybridization between oxygen 2p and transition-metal 3d states largely determines the electronic structure near
the Fermi level and related functionalities of transition-metal oxides (TMOs). Considerable efforts have been made to
manipulate the p—d hybridization in TMOs by tailoring the spatial orbital overlap via structural engineering. Here, we
demonstrate enhanced p—d hybridization in Ba**-doped LaNiO; epitaxial films by simultaneously modifying both the
spatial and energetic overlaps between the O-2p and Ni-3d orbitals. Combining x-ray absorption spectroscopy and first-
principles calculations, we reveal that the enhanced hybridization stems from the synergistic effects of a reduced charge-
transfer energy due to hole injection and an increased spatial orbital overlap due to straightening of Ni-O-Ni bonds. We
further show that the enhanced p—d hybridization can be utilized to promote the oxygen evolution activity of LaNiO3. This
work sheds new insights into the fine-tuning of the electronic structures of TMOs for enhanced functionalities.
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1. Introduction

In transition-metal oxides (TMOs), the hybridization be-
tween the p orbital of oxygen and the d orbital of the transition-
metal ion plays a decisive role in the properties of the oxide,
such as conductivity,[’"?) magnetism, >4 ferroelectricity,?!
catalytic properties,®! etc. Generally, the p—d hybridization
in TMOs is controlled by altering the spatial overlap between
the two orbitals via engineering the bond angle and/or bond
length. In perovskite oxides ABO3, the B—O-B bond angle is
related to the Goldschmidt tolerance factor ¢,

t=(ra+ro)/V2(rz+ro),

where r4, rp, and ro represent the radii of the A, B, and oxy-
gen ions, respectively.”! Increasing # toward unity is expected
to straighten the B—-O-B bond angle and thus enhance p—d hy-
bridization. This can be done by introducing larger ions at the
A site via chemical substitution. In thin films, epitaxial strain
has been commonly used for structural engineering.®°) Strain
accommodation is complicated in ABOs3 films and is usu-
ally associated with distortions in both bond angle and bond
length.!'% For instance, in-plane compressive strain tends to
shorten the in-plane B—O bond length while simultaneously
increasing the buckling of the in-plane B—O—-B bonds. The
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two competing effects determine the p—d hybridization under
strain. The B—O-B bond angle can also be modulated via the
interfacial BOg oxygen octahedral coupling.!'!! This type of
geometric constraint effect is only effective within a few unit
cells from the interface, providing another tool for controlling
the p—d hybridization in ultrathin films.['>"'4 On the other
hand, p—d hybridization also depends on the charge transfer
energy A, the energy cost of transferring an electron from the
O-2p band to the transition metal d band. For early TMOs,
the energy of the O-2p orbital lies below the d orbital of the
transition metal, and the p—d hybridization is weak.[!>] By
contrast, for late TMOs such as nickelates, resonant inelastic
x-ray scattering spectroscopy has revealed abundant oxygen
holes in the ground state due to strong p—d hybridization. %]
A negative effective charge-transfer energy A’ has been sug-
gested, where A’ = A — Wd;Wp , with Wy and W), denoting the
bandwidths of the Ni-3d and O-2p bands, respectively. For
a given transition metal, x-ray absorption spectroscopy (XAS)

has demonstrated that p—d hybridization increases with the ox-
idation state, which is understood by a reduced A resulting
from the reduction of the transition-metal 3d level with re-
spect to the O-2p level.['7-18] These results suggest viable ways
to manipulate the p—d hybridization and related properties in
TMOs.
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Rare-earth nickelates (RNiO3, with R = rare earth) have
gained renewed interest due to the discovery of superconduc-
tivity in infinite-layer films as well as in Ruddlesden—Popper
perovskites under high pressure.l'®!1 The RNiO3 family
shows a typical bandwidth-controlled metal—insulator transi-
tion (MIT) depending on the R size (equivalent to 7).[?%23]
LaNiO3 (LNO) with t = 0.94 is metallic down to the lowest
temperature. For smaller R ions, the MIT occurs upon cool-
ing, and the transition temperature consistently increases with
decreasing t. Apparently, the more bent Ni-O-Ni bonds at
smaller ¢ suppress the hybridization between O-2p and Ni-
3d orbitals and reduce the bandwidth, favoring an insulating
ground state.[?*] Here, we start with LNO, which shows the
strongest p—d hybridization among the RNiO3 family. A series
of high-quality La;_,Ba,NiO3 (LBNO, 0 < x < 0.25) single-
crystal films were successfully stabilized on (001)-oriented
StTiO3 (STO) substrates using pulsed laser deposition (PLD).
Ba”* ions with a radius of = 1.35 A (significantly larger than
the radius of La’*, r = 1.06 A) are intentionally used to dope
LNO to further increase ¢ and thus enhance p—d hybridization.
Detailed XAS measurements of the oxygen K edge confirm
the enhancement in p—d hybridization with increasing Ba dop-
ing concentration x. First-principles calculations suggest that
Ba doping not only straightens the Ni-O—-Ni bond angle by in-
creasing ¢ but also reduces A by lowering the on-site energy
of Ni 3d compared to the O-2p state. The steric effect of Ba
doping is further revealed by comparing the O K edge spectra
of Ba-doped LaNiO3 (LBNO) (x = 0.2) with Lag gSr,NiO3
(LSNO) and Lag gCa(,NiO3 (LCNO) at the same hole doping
level. With the large p—d hybridization, we further demon-
strate enhanced catalytic performance for oxygen evolution in
LBNO films compared to the parent LNO film.

2. Experimental details
2.1. Material characterizations

LBNO films were prepared using pulsed laser deposition
(PLD), which was in situ monitored by reflection high-energy
electron diffraction (RHEED). The ceramic targets were ab-
lated with a KrF excimer laser (wavelength A = 248 nm). The
energy and repetition rate of the laser were set to 550 mJ and
5 Hz, respectively. Deposition was conducted at 600 °C under
an oxygen pressure of 10 Pa. Prior to the growth, the STO
substrates were etched in a buffered HF (BHF) solution for
23 s, followed by annealing at 1000 °C for 150 min in order to
obtain a single terminated surface with clear terraces.

X-ray diffraction (XRD) measurements were performed
on a high-resolution PANalytical X’Pert> materials research
diffractometer with Cu Ky radiation (A = 1.5406 A). The
electrical transport properties were measured on the physical
property measurement system (PPMS) using the four-probe

method. X-ray absorption spectroscopy (XAS) measurements
were carried out in the total electron yield (TEY) mode at the
soft x-ray spectroscopy microscopic beamline station at the
Shanghai Synchrotron Radiation Facility (SSRF).

2.2. Theoretical details

Our density functional theory (DFT) calculations were
performed using the accurate full-potential projector aug-
mented wave method,!?>! as implemented in the Vienna Ab ini-
tio Simulation Package (VASP).!?®! The exchange—correlation
potential was treated in the Perdew—Burke—Ernzerhof (PBE)
form[?”! of the generalized gradient approximation with a ki-
netic energy cutoff of 600 eV. The Brillouin zone was sam-
pled with 7 x 7 x 5 Monkhorst—Pack k-point meshes for the
V2 x/2%x2 supercells. The convergence criterion for the
electronic energy was 10~° eV and the structures were relaxed
until the Hellmann—Feynman force on each atom was less than
1 meV/A. The in-plane lattice constant was constrained to the
optimized STO value (a = 3.824 A). In order to better describe
the electronic correlations of the localized Ni-3d electrons, the
GGA + U method was adopted. (28] Here, the Coulomb interac-
tion parameter U and exchange interaction parameter J were
chosen to be 5.0 eV and 1.0 eV, respectively.*’! The Kohn—
Sham eigenvalues of the core level calculated in the initial-
state approximation>%! were used to align band structures for
the hole-doped case. We determined the average on-site en-
ergy of the O-2p and Ni-3d states from the effective Hamilto-

nian obtained by the wannier90 tool.3!!

2.3. Electrochemical measurements

Electrochemical analysis was carried out using a three-
electrode system with a 1 mol/L KOH solution (Bio-Logic
VMP3), where Hg/HgO and platinum filaments were used
as the reference and counter electrodes, respectively. Lin-
ear sweep voltammetry was conducted at a scanning rate of
5 mV/s to assess the oxygen evolution reaction (OER) activ-
ity. The reversible hydrogen electrode (RHE) potential was
evaluated according to the following equation: E(RHE) =
Ey+0.059 x pH+ E(SCE), where Ey was 0.098 V, pH = 13.6
for the 1.0 mol/L KOH solution, and E(SCE) was the working
voltage (V).

3. Results and discussion

The crystal structure of the LBNO films was first exam-
ined by high-resolution XRD. As seen from the XRD linear
scans in Fig. 1(a), all films were phase-pure and (00/) single-
oriented for 0 < x < 0.25. Note that an impurity phase of
NiO was detected for x = 0.3 (see Fig. S1), probably due to
the large difference in ionic radius between La’" and Ba’*.
The discussion in this study is limited to x < 0.25 hereafter.
Clear Laue fringes around the film peaks can be observed for
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all the films, attesting to their high quality. The film thick-
ness determined from the fringes is around 20 nm. As x in-
creases, the film peak gradually shifts to lower Bragg angles.
The out-of-plane lattice constant c¢ is extracted and plotted
against x in Fig. 1(b). The ¢ for x = 0.25 was determined by
fitting the spectrum with the Interactive XRDFit program (see
Fig. $2).13%1

For LNO, ¢ was determined to be 3.79 A, smaller than the
bulk value (3.84 A) because of the in-plane tensile strain due
to STO. Upon doping with Ba, ¢ almost linearly increases with
x, which is consistent with the larger size of Ba>" compared

to that of La3*. The strain states of LBNO films were evalu-
ated by XRD reciprocal space mapping (RSM) (see Figs. 1(c)
and S3). All the films shared the same in-plane Q value as
the STO substrate, confirming the coherently strained state.
The surface morphology of the film was studied by atomic
force microscopy (see Figs. 1(d), 1(e) and S4). Clear terraces
with single-unit-cell heights were observed for all films, re-
sembling the prepared STO surface, indicative of a layer-by-
layer growth mode. The characterizations suggest that high-
quality LBNO films were realized and that Ba’>* ions were
successfully doped into the LNO lattice.

3.92
@) § STO L (b) 5 1.0 nm
L (002) 3.88}
. L s ? 05
L 3841 o
© PN 0.0
0 3.80
£ -®
=1 L
) L L !
. 0 0.1 02 0.3 3
3 . 1.0
8
z 79 7 1.0 nm
z (c)
% . 0.5
= E TE 7.8
: G 0.0
o 7.7
| 1 [ N R N PR | 7.6 I A N -1.0
20 22 24 44 45 46 47 48 49 260 —255 —250
20 () Q) (nm™h)

Fig. 1. (a) XRD linear scans showing the regions around the STO (001) and (002) peaks for LBNO films with various Ba doping concentrations x.
(b) The out-of-plane lattice constant, ¢ as a function of x. (c) RSM around the (—103) reflection for the x = 0.15 film. (d) and (e) AFM images of

LBNO films with x = 0.05 and 0.15, respectively.

The effects of Ba doping on the electronic structure of
LNO were investigated by XAS measurements conducted at
the SSRF. Figure 2(a) shows the XAS spectra at the Ni-L; 3
thresholds, which characterize excitation from the Ni 2p core
level to the 3d states. Each spectrum is normalized to the peak
intensity of the La-My edge, which strongly overlaps with the
Ni-L, edge. Surprisingly, the spectra hardly change as x in-
creases up to 0.25. At first glance, this could be due to the
relatively low Ba>* doping level in the LBNO system. More-
over, given the negative A’ of LNO, the doped holes prefer to
occupy oxygen sites instead of Ni sites.*3 This is different
from typical Mott insulators, like LaTiO3, where the doped
holes primarily occupy the Ti 3d band and the Ti-L edge spec-
trum changes significantly with doping.!**! We next consider
the oxygen K edge spectra, which probe excitation from the
oxygen Is core level to the 2p state. In TMOs, the oxygen 2p
states are usually hybridized with the 3d states of the transition
metal, and the resultant ligand hole state manifests as a pre-
peak in the oxygen K edge spectra.[3! As shown in Figs. 2(b)
and 2(c), two main changes can be observed in the spectra of

LBNO. First, the prepeak shifts to lower energy with increas-
ing x, reaching 200 meV at x = 0.25. The decreasing absorp-
tion threshold is in agreement with observations of hole-doped
Nd,>NiO,_ 510! and suggests a reduced energy difference be-
tween the oxygen 1s core level and the hybridized state of O-
2p and Ni-3d. We notice that a systematic shift of the prepeak
has been reported in NdNiO3 films subjected to tensile strain,
where a comparable energy shift of 270 meV is observed at a
strain level of +4%.1*7! In LBNO films with various x, the
strain effect is overestimated, since all films are coherently
strained to the STO substrate and the variation in Ni-O bond
length should be minimal. Second, the prepeak broadens as
x increases. The full width at half maximum (FWHM) in-
creases from 0.95 eV at x =0 to 1.33 eV at x = 0.25. It has
been widely recognized that the FWHM of the prepeak is a di-
rect measure of the strength of p—d hybridization.!?”-*8 Thus,
the broadened prepeak suggests enhanced p—d hybridization
in LBNO with increasing Ba doping. Figure 2(d) depicts the
temperature dependent resistivity curves of the LBNO films.
Their resistivity increases with x, and the films remain metal-
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lic. The increased resistivity is somewhat in contradiction to
the enhanced p—d hybridization in LBNO films with larger x.
This discrepancy can be explained by the chemical disorder in-
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The increased disorder effect is reflected in the small resistiv-
ity upturn observed at low temperatures for x > 0.15.
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Fig. 2. (a) XAS of Ni Ly 3 edges measured for LBNO films with various Ba>* doping concentrations x. (b) XAS of the oxygen K edge. The
FWHM of the prepeak and the energy shift relative to LNO are extracted and plotted as a function of x in panel (c). (d) Temperature-dependent

resistivity curves of LBNO films.

To decipher the origin of enhanced p—d hybridization in
LBNO, we further compared LBNO with LSNO and LCNO
films that had identical levels of hole doping (x = 0.2). Ap-
parently, the doping-induced structural changes are differ-
ent in the three samples because of the different ionic radii
of the dopants, namely, Ba®*(1.35 A) > Sr**(1.13 A) >
La3*(1.06 A) > Ca?"(0.99 A). The films were prepared with
the same deposition parameters to preclude any effects due to
extrinsic factors, such as oxygen vacancies. All films show
a layer-by-layer growth pattern and are coherently strained
to the STO substrates (see Figs. S5 and S6). As shown in
Fig. 3(a), the film peak of LCNO shifts slightly to a higher
Bragg angle than that of pure LNO, which is indicative of re-
duced ¢ due to doping with the smaller ions of Ca’*. By con-
trast, doping with Sr’* and Ba”* results in larger values of ¢
than that of LNO. XAS measurements on the Ni-L edge reveal
no discernible changes among LCNO, LSNO, and LBNO (see
Fig. S7), which is indicative of the same nominal oxidation
state of nickel. Figure 3(b) compares the oxygen K edge XAS
for the three films and LNO. The FWHM and the energy shift

of the prepeak with respect to LNO are extracted and plotted in
Fig 3(c). This shows that the prepeak shifts to a lower energy
as aresult of hole doping, and the peak shift is more evident for
larger dopants. The observation is consistent with the down-
ward shift of the prepeak in LBNO films with increasing x (see
Fig. 2(c)). Considering that the LCNO, LSNO, and LBNO
samples had the same hole-doping level, the systematic shift
of the prepeak can be mainly ascribed to the doping-induced
structural modulations. On the other hand, it is surprising to
find that LCNO shows stronger hybridization than LNO, even
though Ca?" is smaller than La3*. This means that, aside from
the structural effect, hole-injection-induced changes in band
structure also contribute to the variation of p—d hybridization.
Importantly, FWHM significantly increases from ~ 1.13 eV
in LCNO and LSNO to ~ 1.3 eV in LBNO. Such an enhance-
ment can only be ascribed to the larger structural modulation
induced by Ba’* doping. We compare the transport behav-
ior of the four films in Fig. 3(d). The hole-doped samples
show larger resistivity than the parent LNO film due to the in-
creased disorder scattering. Among the three doped films, the
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LBNO film shows smaller resistivity than LSNO and LCNO.  the enhanced p—d hybridization results in higher conductivity

This means that, in the presence of the same level of disorder, for LBNO.
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Fig. 3. (a) XRD linear scans of LBNO, LSNO, and LCNO at the same hole doping level (x = 0.2). The scan of pure LNO is also shown as a
benchmark. (b) O K edge XAS measured for the four films. The extracted FWHM and energy shift are plotted in panel (c). (d) Temperature-

dependent resistivity curves.
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structure due to Ba>* doping.

First-principles calculations were performed to under-  Compared to LNO, Ef shifts to a lower energy for the hole-

stand the effect of hole doping on the electronic structures of ~ doped samples. The overall change of DOS is marginal for
LNO. Figure 4(a) compares the density of states (DOS) near
the Fermi level (Eg) for LNO, LCNO, LSNO, and LBNO. For

simplicity, the doping level was set to 25% in the calculation.

different dopants. The on-site energies of O-2p and Ni-3d are
plotted in Fig. 4(b). This shows that the on-site energy of Ni-
3d is smaller in the hole-doped LNO than in the parent com-
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pound LNO. Importantly, as the radius of the dopant increases,
the on-site energy of the Ni-3d band decreases, while the on-
site energy of the O-2p band shifts to a higher energy. As a re-
sult, the charge transfer energy (A) decreases with increasing
dopant radius, as schematically illustrated in Fig. 4(c). Conse-
quently, the reduced A leads to enhanced p—d hybridization in
hole-doped LNO. To investigate the doping-induced structural
effects, we also calculated the mean Ni-O-Ni bond angle, as
plotted in Fig. 4(b). The Ni-O-Ni bond angle decreases from
160.5° in LNO to 158° in LCNO, which is consistent with
the decreased ¢ due to the smaller radius of Ca>* ions. Note
that XAS measurements suggest stronger p—d hybridization in
LCNO than in LNO (see Fig. 3(c)). This means that the effect
of a reduced A dominates over the effect of the buckling of
Ni—O-Ni bonds in LCNO. By contrast, the Ni-O-Ni bond an-
gles increase to 162° and 166° for LSNO and LBNO, respec-
tively. The larger Ni-O-Ni bond angle increases the spatial
overlap between the Ni-3d and O-2p orbitals and further en-
hances their hybridization. Therefore, our first-principles cal-
culations suggest that the strong p—d hybridization in LBNO
originates from the joint effects of the reduced A and the in-
creased Ni—O-Ni bond angle due to Ba>* doping.

TMOs represent an important class of materials with
diverse functionalities. Recently, TMOs have been recog-
nized as promising catalysts for the OER owing to their su-
perior performance and earth abundance.?”! It has been sug-
gested that the OER activity is maximized in TMOs that have
strong p—d hybridization and a near-unity occupancy of the
transition-metal e, orbital.[**! This places RNiO3 among the
most promising TMO catalysts that fulfill the two design prin-
ciples. In Figs. 5(a)-5(c), we compare the OER performance
of LBNO with those of LNO, LCNO, and LSNO. The poten-
tial required to reach a current density of 50 pA/cm? is defined
as the OER onset potential for TMOs, i.e., the overpotential
(m).1*91 As can be seen in Figs. 5(b) and 5(c), the parent LNO
film shows an overpotential of 0.38 V and a current density
of 70 uA/cm? at 1 = 0.4V, in good agreement with previous
studies. 3®*!1 Under hole doping, 1 decreases to ~ 0.36 V for
LCNO and LSNO and then to 0.34 V in LBNO. Moreover, the
LCNO and LSNO films show comparable current densities of
110 pA/cm? and 100 pwA/cm?, which increase to 140 pA/cm?
in LBNO. These results reveal that the LBNO film has en-
hanced OER performance, in accordance with the enhanced p—
d hybridization shown in Fig. 3(c). During the OER, the reac-
tion intermediates (*OH, *O, *OOH) interact with the surface
oxygen of LBNO. The enhanced p—d hybridization in LBNO
can facilitate electron transfer between the catalyst and oxy-
gen adsorbates, leading to improved OER activity. Note that
the nominal eg electrons in LNO decrease and deviate from
unity due to hole doping, which can suppress OER activity. [33]
The enhanced OER performance observed in the hole-doped

samples suggests that the enhanced hybridization dominates
over the change in e, electrons at a doping level of 20%. We
further compared the OER performance of LBNO films with
thicknesses of 10 nm and 30 nm (Fig. S8). XRD measure-
ments indicate a sort of relaxation of the in-plane tensile strain
for the 30-nm film. It is found that the OER activity improves
with increasing film thickness, manifested by a larger current
density for the 30-nm film. Note that the OER catalysis takes
place at the surface of the film. Thickness-dependent surface
changes should be minimal for the two LBNO films, and the
different OER performances can be attributed to the variation
in their strain states. The results are supported by the previous
study on strain-dependent OER performance in LNO epitaxial
films.*! The in-plane compressive strain tends to favor elec-
tron occupation of the Ni-d > orbital, which has greater overlap
with the O-2p adsorbate orbital, leading to an enhancement in
OER activity. On the contrary, the in-plane tensile strain sup-
presses the OER activity by promoting the Ni-d,»_» orbital
occupation. In this regard, strain engineering can be a promis-
ing way to further boost the OER performance of LBNO films.

(a)
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[
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= . | .
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Potential V vs. RHE 50 50 30 50
B 2N SR )
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Fig. 5. (a) Linear sweep voltammetry (LSV) curves measured for LNO,
LCNO, LSNO, and LBNO. The overpotential (1) and current density at
n = 0.4 V are compared in panels (b) and (c), respectively.

4. Conclusion

In summary, high-quality LBNO films were epitaxially
stabilized on STO substrates using PLD. XAS measurements
confirmed enhanced p—d hybridization with increasing Ba
doping levels. By comparing LBNO with LCNO and LSNO
that had the same hole-doping level, we confirmed that the
joint effects from the reduced A due to hole injection and the
straightened Ni-O-Ni bond angle due to increased ¢ give rise
to enhanced hybridization in LBNO. We further showed that
the enhanced p—d hybridization can be utilized to boost the
OER performance of LNO. Therefore, our results shed new
insights into the engineering of orbital hybridization in TMOs
for enhanced functionalities. Moreover, superconductivity has
been recently realized in hole-doped infinite-layer nickelate
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films, which show a certain resemblance to the superconduct-

ing cuprates.[*?] Given the prominent cation effect on the criti-

43]

cal temperature in cuprate superconductors,**! it would be in-

teresting to examine the La;_,Ba,;NiO, infinite-layer films in
a future study, as superconductivity has not yet been addressed
in these materials.
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