
Facile Synthesis of Oxyhydrides by Reaction with NaBH4 in an Open
System
Published as part of Chemistry of Materials special issue “Honoring the Outstanding Scientific Contributions of
Clare Grey”.

Megan E. Burrill, Islamiyat Ojelade, Erica Truong, Tomas Orlando, Rongfu Zhang, Yan-Yan Hu,
James M. Rondinelli, and Sossina M. Haile*

Cite This: Chem. Mater. 2026, 38, 4961−4974 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Oxyhydrides are an intriguing class of materials in which there is
partial replacement of the oxide ion with hydride ions and oxygen vacancies.
Conventional synthesis relies on vacuum sealed ampules, using long reaction times
at high temperatures, limiting accessibility. Here, we demonstrate a rapid, ambient-
pressure route to oxyhydride formation using NaBH4 under flowing argon in just 1
h. This approach significantly lowers experimental barriers, enabling broader
exploration of these materials. The maximum hydride incorporation, obtained
using a reaction temperature of 400 °C, is given by the formula SrTiO2.945H0.049,
where the hydride, oxygen vacancy, and unpaired electron concentrations are
determined through thermogravimetric analysis, quantitative solid-state nuclear
magnetic resonance spectroscopy (NMR), and electron paramagnetic resonance spectroscopy. Density functional theory simulations
of the 1H NMR shifts for candidate point defects support the assignment of the observed hydride peak, validating the efficacy of the
synthetic approach. A combination of in situ and ex situ studies of the reaction pathway reveal that hydride incorporation into the
perovskite occurs via direct solid−solid reaction, with higher reaction temperatures favoring NaBH4 decomposition and H2(g)
release over oxyhydride formation. The electronic defect structure established from the EPR and NMR studies indicate that, at
ambient temperature, anion vacant sites are occupied by single electrons, whereas hydride sites do not trap electrons. This work
establishes a scalable synthesis strategy and provides a computational-experimental framework for understanding defect chemistry in
oxyhydrides, opening pathways for their integration into energy and electronic applications.

■ INTRODUCTION
In oxyhydride perovskites, hydrogen has a negative oxidation
state and partially occupies the anion site, making for an
uncommon heteroanionic system. In these materials, the anion
site features a mix of oxide ions, hydride ions, and vacancies.
Within this class, titanate perovskite oxyhydrides ATiO3−x:Hy
(A = Ca, Sr, and Ba, denoted as ATO:H- in this paper) have
received considerable attention.1−3 Overall charge balance in
the presence of the positively charged defects on the anion site
is achieved by introduction of excess electrons into the system,
effectively reducing Ti4+ to a slightly lower oxidation state.4−6

Tunable defect concentrations suggest tunable properties.
However, control and quantification of the anion site
chemistry has been difficult to achieve, with many, though
not all, authors taking oxygen deficiency to be directly equal to
hydride content (x = y).7−10 Thus, the underlying factors that
govern the properties that emerge from the anion chemistry
remain somewhat opaque. These challenges have impeded
efforts to control properties for desired functionality.
Perovskite oxyhydrides are most commonly synthesized by

reacting the relevant precursor oxide with CaH2 in a vacuum-

sealed ampule at temperatures of 500−600 °C for up to a
week.1,4−15 The process requires extreme care as CaH2 is
pyrophoric, and hydrogen gas evolved during the reaction can
cause the ampule in which the reactants are sealed to
explode.16,17 Furthermore, removal of the byproduct CaO
and unreacted CaH2 from the desired perovskite phase can be
challenging. Reaction with NaBH4 provides an intriguing
alternative to reaction with CaH2, as the former is relatively
safe for handling and the expected byproducts, NaOH, B2O3
and NaBO2, along with any unreacted NaBH4, are soluble (or
decompose into soluble components) in water. Moreover, the
ready thermal decomposition of NaBH4 results in a relatively
high equilibrium hydrogen pressure at moderate temperatures,
reaching 1 atm at ∼530 °C.18 This property creates the
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possibility of using NaBH4 to generate oxyhydrides in an open
rather than sealed chamber because high hydrogen pressure
can be locally generated at temperatures low enough to favor
hydride incorporation into the solid. At high reaction
temperatures, oxyhydride formation is in competition with
simple release of oxygen (i.e., vacancy creation), even in a
closed reaction vessel, and hydride incorporation may be
precluded.
While NaBH4 is an atypical reagent for oxyhydride synthesis,

Nedumkandathil et al. have reported a comparative study of a
series of hydride reagents, including NaBH4, using the
conventional sealed ampule approach for the preparation of
BTO:H-.7 These authors found NaBH4 to be more effective at
removing oxygen from the host perovskite than CaH2, but that
it ultimately generated a lower concentration of hydride than
other hydride reagents. Leveraging the reducing power of
NaBH4, Tan et al.19 reacted SrTiO3 (STO) with NaBH4 at
moderate temperatures (300−375 °C) under flowing Ar and
obtained a visibly darkened product in just 30−60 min. The
authors, who were focused on the photocatalytic properties of
the resulting material, made the plausible assumption that the
oxide was simply reduced, without consideration of possible
hydride incorporation.
In the present work, we evaluate the feasibility of STO:H-

formation by the relatively straightforward reaction of STO
and NaBH4 under flowing Ar. Through a variety of
experimental and computational methods, including thermog-
ravimetric analysis (TGA), nuclear magnetic resonance
(NMR) spectroscopy, electron paramagnetic resonance
(EPR) spectroscopy, and density functional theory (DFT)
simulations, we demonstrate that this reaction not only reduces
the STO, but also results in hydride uptake. From these
comprehensive studies, we assess the nature of the electronic
defects in the STO:H- generated by this synthesis approach.
We further elucidate aspects of the reaction pathway via
selected in situ studies. Under the most favorable conditions,
the hydride content is comparable to that reported by
Nedumkandathil et al. for the reaction of BaTiO3 with
NaBH4 in a sealed ampule at 600 °C for 2 days.7 While the
hydrogen concentration is lower than obtained from reaction
of SrTiO3 with CaH2 (again in sealed ampules using higher
temperatures and longer times8,10,14), the accessibility of this
synthetic approach may enable a wider study of oxyhydride
materials.

■ METHODS

Synthesis
Pristine STO powder was synthesized using solid state reaction of
TiO2 (Sigma-Aldrich 13463−67−7, lot SZB90340 V) and SrCO3
(Sigma-Aldrich 7440−26−6, lot MKBC2844 V); after rotary ball
milling in ethanol for 24 h, the powder was dried, pressed into a 32
mm pellet, then calcined for 10 h at 1100 °C in static air with heating
and cooling ramp rates of 3 °C per minute. X-ray diffraction (XRD)
confirms formation of a phase-pure cubic perovskite, Figure S3a. After
calcination, the powder was ground in an agate mortar and pestle,
then sieved through a 75 μm mesh to reject large agglomerates. The
powder was heat-treated overnight in a 130 °C oven, then
immediately transferred to an argon glovebox. There it was combined
with NaBH4 (Aldrich 452882, lot SHBJ2594) in a 1:1 molar ratio and
ground for 30 min using an agate mortar and pestle. The mixture,
with a total mass of ∼1 g for each reaction, was lightly pressed into an
alumina crucible, removed from the glovebox, and quickly loaded into
a horizontal tube furnace that was open to air. The furnace was
purged with Ar gas (150 mL/min) for 2 h at room temperature to

remove residual gases prior to heating to the reaction temperature
(Trxn).

The targeted reaction is represented as

+

+ +

x

x x

SrTiO (s) NaBH (s)

SrTiO H (s) NaBO (s) H O(g)x x

3 4

3 3 2 2 2 (1)

Although several sodium borate compounds are known, and thus are
possible byproducts, this reaction captures the essence of the
synthesis approach.

Each synthesis reaction consisted of a 1 h dwell at Trxn between 350
and 425 °C under an Ar flow of 150 mL/min, supplied to remove the
product H2O. The temperature ramp rate was 6.33 °C/min
(corresponding to a 1 h ramp for the 400 °C reaction condition).
After reaction, the powder mixture was typically dark gray, however
some individual particles, toward the inlet side of the tube, were
white, indicating they had been oxidized. It was not possible to
exclude these particles, which constituted a very small fraction of the
total volume, from the analyzed material. Once removed from the
furnace, the powders were sonicated for 30 min in deionized and
degassed water, where degassing consisted of bringing the water to a
boil for several minutes then quickly cooling to ambient temperature.
In the absence of this degassing step, the product was typically
contaminated with carbonates, where the CO2 presumably originated
from the water. The sample produced from reaction at 425 °C was
washed with ethanol rather than water due to significant sparking
when such samples were first contacted with water. The powders were
collected by filtering the solution and then dried in an 80 °C oven.
Though impurity phases were generally not detected by standard X-
ray powder diffraction, elimination of surface adsorbates via degassing
the water used for washing and drying the powder was necessary to
obtain meaningful TGA and NMR measurements. Scanning electron
microscopy (SEM) imaging revealed that the primary particle size of
the oxide following solid state synthesis was ∼150−200 nm, and that
the particle morphology was unchanged by the reaction to form the
oxyhydride (Figure S13).

Oxyhydride powders in the as-synthesized condition were
characterized with XRD and TGA. Prior to NMR experiments, the
powders, including pristine STO, were further dried overnight under
flowing 10% H2/Ar gas at 200 °C and then stored in an Ar glovebox.
The possibility that an amorphous, boron-containing impurity may
have been overlooked in the XRD analysis of as-synthesized materials
was evaluated by subjecting the samples to a 4 h heat treatment at 900
°C (3 °C/min ramp up, 4 °C/min ramp down) under static air. This
treatment was intended to crystallize any such impurities, which
would then be detected in subsequent diffraction measurements.7

Building on our observation that 400 °C reaction yields the highest
hydride incorporation, we conducted a series of additional synthesis
experiments at this temperature to probe the underlying reaction
mechanism: one in which the dwell time was increased to 2 h, while
holding the STO:NaBH4 molar ratio at 1:1; one in which the molar
ratio was changed to 1:0.5, while holding the reaction time to 1 h; and
one in which the gas was changed to hydrogen (150 mL/min), with
other reaction conditions unchanged. To facilitate characterization of
bulk hydride species, free from contributions of surface species,
samples were also prepared using NaBD4 (Sigma-Aldrich 205591, lot
MKCV9090) as the reactant. The default 400 °C reaction condition
was employed, with all other steps identical to reaction with NaBH4,
including washing with degassed H2O. These steps ensure that the
bulk species are deuterium, while any surface species are related to
hydrogen. The full set of synthesis experiments are described in Table
S1. Based on the success of the reaction, we performed additional
preliminary studies using this approach on other perovskite titanates.
As with strontium titanate, each of the reactants underwent a color
change following the treatment, as depicted in Figure S15, suggesting
the generalizability of this approach.

The reaction pathway was further probed by several methods.
These included monitoring the composition of the reaction exhaust
gas, simultaneous thermal analysis of the reaction as it occurred, and
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in situ X-ray powder diffraction as described below. The experimental
details of these in situ measurements are provided in Tables S3−S4.

■ CHARACTERIZATION

Powder X-ray Diffraction

Powder diffraction with a copper source Rigaku Ultima IV and
a 30 μm thick Ni-filter was used to establish phase formation
and measure lattice parameter. The as-synthesized powders
were measured using a scan speed of 2.5° min−1 and a scan
step size of 0.04° in 2θ. After subjecting the powders to the
additional 900 °C heat treatment, diffraction data were
collected using the same instrument and scan speed and step
size of 1.5° min−1 and 0.04° in 2θ, respectively. Structure
refinements were performed using the GSAS-II program.20

Solid-State NMR Spectroscopy
1H and 11B magic-angle-spinning (MAS) NMR experiments
were performed on a Bruker Avance III-HD 400-MHz
spectrometer. Details of the 11B measurements are described
in the SI. Samples for 1H characterization were packed in an
Ar-glovebox into a 4 mm zirconia rotor and transferred to the
NMR spectrometer in a vacuum chamber. For all 1H experi-
ments, a spin−echo pulse sequence was used with a π/2 pulse
length of 2.4 μs. Data were collected at a MAS speed of 12.5
kHz and calibrated to adamantane (Sigma-Aldrich, 100277,
CAS 281−23−2) at 1.83 ppm relative to tetramethyl silane.
Qualitative 1-D NMR spectra were obtained by measuring 320
scans with a recycle delay time of 25 s, except for the sample
fabricated under H2, which required a delay time of 35 s for full
relaxation. For quantitative NMR determination of hydrogen
content, ∼1.5 mg of adamantane standard (Aldrich 100277−
25g, lot MKCK0000) was mixed with ∼170 mg of sample in
air and loaded into the rotor and 16 scans were collected. The
delay time was 20 s for the samples fabricated at 363−387 °C
and 15 s for the sample fabricated at 400 °C, in all cases longer
than five times the longest T1 relaxation of the hydride signal.
Fitting of the spectra to obtain the integrated intensities was
completed in DMFit; uncertainties were determined using the
built in Monte Carlo error estimation tool;21 two standard
deviations were used for computing the compositional
uncertainties. Spin−lattice relaxation times, T1, were measured
using a spin−echo, saturation-recovery pulse sequence; the
recovery delay times were chosen to ensure full relaxation to
equilibrium magnetization. For each recovery time, 16 scans
were acquired.

2H MAS NMR data were collected on a Bruker Avance III-
HD 800-MHz 63 mm bore spectrometer. A single-pulse
experiment was used with a delay time of 100 s, π/2 pulse
length of 3.8 μs, and 1024 scans. The sample was packed under
air into a 3.2 mm pencil rotor and spun at a MAS speed of 15
kHz. D2O at 0 ppm was used as the reference. Fitting was
completed in ssNake using the Quadrupolar model.22

Electron Paramagnetic Resonance (EPR)

Approximately 78 mg of the sample was packed into a 4 mm
thick-wall screw-cap quartz EPR tube. Continuous-wave
electron paramagnetic resonance (CW-EPR) measurements
were performed on a Bruker E580 spectrometer operating at
9.3 GHz and equipped with an Oxford ESR900 flow cryostat.
The spectra were recorded at 10 K using a modulation
amplitude of 1 G and a modulation frequency of 100 kHz.
The absorptive spectrum was obtained using Easyspin

software by numerical integration of the first-derivative

spectrum after baseline correction. The resulting absorption
spectra were then double-integrated to obtain the signal
intensity, which was normalized to the sample mass for
comparison.
Thermogravimetric Analysis (TGA)

Following a procedure demonstrated by Nedumkandathil [7],
total anion-site nonstoichiometry was determined from mass
uptake during reoxidation using a Netzsch simultaneous
thermal analyzer (STA) 449C. Samples, ∼180 mg in mass,
were placed in an alumina crucible and the gas flow conditions
set to 100 mL/min synthetic air as the purge gas and 30 mL/
min Ar as the protective gas. A buoyancy correction
measurement was performed using a similar mass of fused
alumina and identical data collection parameters. Mass was
recorded upon heating the samples at a rate of a 2 °C/min
ramp and holding for 2 h at 580 °C. In some cases, evolved
gases were analyzed using an inline mass spectrometer (Pfeiffer
GSD320). Uncertainty in the TGA analysis was determined
using the fluctuations in high and low bounds of the final mass
due to noise in the signal.
Reaction Pathway Characterization

To capture the full reaction products from a synthesis at 425
°C, a sample prepared at this temperature in the standard tube
furnace (with all other reaction conditions held at the default
values) was examined without applying the washing step.
Following the completion of the reaction, the sample was
quickly transferred into the glovebox and loaded into a Rigaku
airtight sample holder. The XRD pattern was measured in a
Rigaku Generation 2 Smartlab with a copper source and a 30
μm thick Ni-filter utilizing a scan speed of 1.5 ° min−1 and a
scan step size of 0.02 ° in 2θ.
In situ diffraction experiments to directly monitor the

reaction as it progressed were performed using a Rigaku
Generation 3 Smartlab equipped with an Anton Paar HTK
1200 M furnace, a molybdenum source, and a 15 μm thick Zr-
filter. Reactions were performed at 400 °C and at 425 °C for a
dwell time of ∼1.25 h. The sample mass was ∼0.2 g (with the
default 1:1 molar ratio of precursors). The Ar gas flow (210
mL/min) was directed downward through the sample, which
in turn, was placed on a fine mesh. The gas flow geometry is
somewhat different from the configuration in the horizontal
tube furnace employed for preparing samples but, nevertheless,
provides valuable insight into the progress of the reaction. So
as to mimic the synthesis procedure, diffraction patterns were
collected continuously, while the heating progressed. The data
collection period for each pattern (outside of the initial and
final patterns) was 13 min, corresponding to about an 80 °C
difference in temperature between the first and final positions
in the pattern. Scan speeds and angular range are detailed in
Tables S3−S4. The in situ TGA/DSC measurement utilized a
Netzsch simultaneous thermal analyzer (STA) 509 Select. The
28.3 mg sample (comprised of a 1:1 molar ratio of the two
precursors) was placed into an alumina crucible with no lid.
The measurement consisted of the usual, 1 h ramp to 400 °C,
followed by a 2 h dwell (twice as long as the usual condition)
at the reaction temperature. Total gas flow was 150 mL/min
Ar. The buoyancy correction measurement used empty
alumina crucibles. Though the vertical gas flow in the STA is
again different from that of the horizontal tube furnace, the
measurements provide valuable information regarding the
occurrence of thermal events. An identical reaction (1 h ramp
to 400 °C, 2 h dwell, 1:1 molar ratio with NaBD4, all other
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reaction conditions at default values) in the tube furnace was
directly monitored via direction of the exhaust gas to an inline
mass spectrometer (Pfeiffer Thermostar).

■ COMPUTATIONAL METHODS

Density Functional Theory (DFT): Defect Structure
Simulation
Density functional theory (DFT) relaxation calculations were
performed using the Vienna Ab initio Simulation Package
(VASP).23−25 All simulations employed projector augmented wave
(PAW) pseudopotentials with the PBE-GGA exchange−correlation
functional,26,27 a plane-wave cutoff energy of 600 eV, and a Γ-
centered 4 × 4 × 4 k-point grid. Electron configurations in the PAW
potentials were H (1s1), O (2s2 2p4), Ti (3s2 3p6 3d3 4s1), and Sr (4s2
4p6 4d0.001 5s1.999). Spin-polarized calculations with an initial magnetic
moment of 1 μB were applied for defect relaxations. A full relaxation of
the pristine SrTiO3 (STO) unit cell was carried out first, and the
resulting lattice parameters were used for defect-containing cells,
where only atomic positions were relaxed. This choice was justified by
comparing the dimensions of relaxed cells, with and without the
substitutional hydride defect. The difference in volume was found to
be less than 0.5%, validating the use of partial relaxation of the defect
cells. Each defect was considered in isolation (i.e., dilute limit
approximation), matching the experimental observation of a low
hydrogen concentration.

Although hydrogen incorporation in perovskite oxyhydrides is
typically assumed to occur at an oxygen site forming the substitutional
hydride defect, alternative incorporation sites are possible.28 Several
representative configurations considered in this work are illustrated in
Figure 1, where Kröger−Vink notation is used to denote the character

of the defects.29 NMR spectroscopy in combination with computa-
tional simulation of the peak positions of possible defects affords a
means of assessing the prevalence of alternative defects. Considered
here, in addition to the substitutional hydride defect (HO

• ), are the
interstitial proton (Hi

•), the complex formed between a Sr-vacancy
and one ((VSr−H)′) or two ((VSr−2H)x) protons, the complex
formed between a Sr-vacancy and a trapped H2 molecule ((VSr−
H2)″), and the complex formed between a Ti-vacancy and one ((VTi−
H)‴) or two ((VTi−2H)″) protons. Note that the interstitial proton is
equivalently defined as the hydroxyl defect residing on an oxygen site,
OHO

• , whereas (VSr−2H)× and (VSr−H2)″, with differing charge
states, are distinct. These defects are selected on the basis of the
computational study by Varley et al. that demonstrated these to be the
most energetically favorable configurations for hydrogen incorpo-
ration.28

In order to assess the NMR response of a representative surface
species, simulations of a single configuration of adsorbed surface
hydroxide, selected from previous work,30 were also performed.
Surface OH groups were modeled using the “2 × 1-DissA” structure
reported by Becerra-Toledo.30 The slab model employed a converged
z-axis of 40 Å, providing approximately 10 Å of vacuum to eliminate
spurious interactions between periodic images. These parameters
ensure reliable modeling of defect energetics and local structural
distortions associated with hydride incorporation.

Density Functional Theory: NMR and EFG Simulations
1H NMR shifts were simulated in Quantum Espresso (QE) using the
gauge including projector augmented wave (GIPAW) extension.31,32

The following PAW norm-conserving pseudopotentials were
employed: H.pbe-tm-new-gipaw-dc.UPF (1s1), O.pbe-tm-new-gi-
pawdc.UPF (2s2 2p4), Sr.pbe-tm-gipaw-dc.UPF (4d0 5s1 4d0 6s0 6p0
5d0), and Ti.pbe-tm-gipawsemi-dc.UPF (3s2 3p6 3d2) from
Ceresoli.33,34 A cutoff energy of 950 eV and a Γ-centered 4 × 4 ×
4 k-point grid were used to obtain the hydrogen defect properties.
Calculated isotropic magnetic shielding (σiso) were converted to
isotropic chemical shifts (δiso) using reference compounds as
described in Figure S1. As noted, ATO:H- oxyhydrides become
increasingly metallic as the hydride loading increases. In the NMR
spectrum, this is expected to induce a Knight shift.6,35 This effect
cannot be calculated in pseudopotential based-DFT methods, and
comparisons to experiment are thus qualitative.

2H EFG simulations were completed in QE using the GIPAW
extension and the same pseudopotentials as utilized for the 1H NMR
shift simulations. A cutoff energy of 950 eV, a Γ-centered 6 × 6 × 6 k-
point grid, and quadrupolar moments from the 2008 tables36 were
used to obtain the EFG tensor for the 2H defects. The relationship
between Ti−H−Ti bond length and value of the quadrupolar

Figure 1. Schematic representation of point defects as predicted by
DFT simulations; local distortions are exaggerated to enhance visual
clarity.

Figure 2. MAS NMR spectra of the products of the reaction of SrTiO3 and NaBH4/NaBD4: (a) 1H spectra collected at an MAS rate of 12.5 kHz
for products generated from reaction with NaBH4 at the temperatures indicated, along with that of pristine SrTiO3, showing the strong influence of
reaction temperature; (b) trend between the 1H shift and the reaction temperature; and (c) 2H spectrum collected at 15 kHz MAS for a sample
reacted with NaBD4 at 400 °C, showing the presence of a single dominant resonance. The full 2H spectrum, including SSBs, is shown in Figure S8.
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coupling constant, CQ, was explored by varying the Ti−H−Ti bond
length from 3.8802 to 4.2886 Å.

■ RESULTS AND DISCUSSION

XRD and NMR Evidence of Hydride Incorporation
XRD analysis shows that the average perovskite structure of
STO, while remaining cubic (Figure S3), expands following
reaction with NaBH4. The cell parameter increases with
reaction temperature, reaching a maximum value of about
3.9075 Å, Figure S3b. This slight increase in volume is
consistent with the full cell relaxation from DFT. While these
crystallographic changes indicate that reduction occurs, they
are inconclusive with respect to hydride uptake. In contrast,
clear evidence for hydride uptake is provided by the NMR
data. The 1H NMR spectra, Figure 2a, display a dominant peak
in the shift range between 0 and −6 ppm, the magnitude and
position of which vary systematically with reaction temper-
ature. The maximum magnitude of this shift is reached at a
reaction temperature of 400 °C (Figure 2b), beyond which
both the shift and the magnitude of this peak decline (see
Figure S6a for the complete set of spectra; for visual clarity, the
425 and 350 °C spectra are omitted from Figure 2a). This
peak, which lies at a shift significantly upfield, i.e., in a
significantly more shielded environment, of that typically
observed for protons in wide bandgap compounds,37,38 has
been assigned in the prior literature on BTO:H− to the
presence of the hydride ion within the bulk of the material.6,7,11

Thus, the relatively simple reaction of NaBH4 with STO in an
open environment indeed produces an oxyhydride.
Several additional peaks within the 0−10 ppm shift range,

which vary erratically with reaction temperature, are also
evident. These, which appear even in the case of the pristine
STO (also included in Figure 2a), are assigned to surface
species. In contrast to the bulk hydrogen, electronic shielding
is not expected for resonances associated with surface species
because there is no mixing of the atomic orbitals of the probed
species and the electrons inducing metallic behavior in the
bulk.39 The presence of these additional resonances creates
challenges in resolving the hydride peak when the extent of
hydride incorporation is small or the concentration of surface
species is large.
The bulk and surface assignments are supported by the

spectra of the deuterated analog (reaction temperature of 400
°C). For reaction with NaBD4, 2H species are expected in the
bulk, whereas ambient air exposure and H2O used during
washing would generate 1H species on the surface. The 2H
spectrum of this material, Figure 2c, is dominated by a single
peak at a shift of −9.8 ppm (assigned to bulk D-), whereas
peaks at positive shift values (where the resonances of surface
species are expected) are largely absent. The 1H spectrum of
this deuterated material (Figure S7) shows the reverse
behavior: it is missing the bulk hydride peak, whereas peaks
at 5 and 0 ppm are evident.
The spinning sideband manifold (shown in Figure S8) of the

2H spectrum of STO:D- was analyzed to gain insight into the
local structure. The analysis reveals the quadrupolar coupling
constant, CQ, to be 39 kHz and the asymmetry parameter, η, to
be 0.01. The latter indicates that the macroscopic cubic

symmetry is accompanied by a high local symmetry environ-
ment about the D- ion. The CQ value is slightly larger than the
value of ∼25 kHz reported for BTO:D- (D- content of 0.13−
0.31 mol/F.U.).6 Our EFG simulations, which show CQ and
Ti−D−Ti bond length to be inversely related (Figure S2),
suggest that the discrepancy may be due to the longer Ti−D−
Ti bond length in BTO:D-.
While the substitutional defect, HO

• is the generally accepted
form of the hydride ion in the literature on BTO:H-,4−7,12,40

and the assignment is strongly supported by the results we
report here as well as those in the prior literature,5−7,11 the
possibility of other sites of hydrogen incorporation cannot be
immediately ruled out. As an example, if the perovskite hosts
Schottky defects (charge balanced sets of cation and anion
vacancies), with the Sr−O vacancy pair being particularly
prominent in SrTiO3,

41 hydrogen may be incorporated at
those defect sites.28 Shown in Table 1 are the NMR chemical
shifts computed here for the most energetically favorable
hydrogen containing defects,28 where the defects are again
described using Kröger-Vink notation. Because the impact of
the Knight shift cannot be computed, the resonances of any of
these defects could, in principle, align with the experimental
observation of a peak in the 0 to −6 ppm range. However, in
the case of the material prepared by reaction at 363 °C, the
relatively small total reduction (quantified below) suggests a
limited Knight shift and therefore a peak position that can be
justifiably compared directly to the computed values. The
experimental value of −1.46 ppm for this sample is in
reasonable agreement with the computed value of −1.0 for the
substitutional hydride defect, increasing confidence that HO

• is
the site of hydrogen incorporation.
The assumption that the sample reacted at 363 °C has a

limited Knight shift raises the possibility that the downfield
resonances in the 0 to 3 ppm range correspond to alternative
compound defects involving cation site vacancies, with
computed shifts ranging between 0.3 and 2.1 ppm. However,
the absence of a correlation between reaction conditions and
peak position, as well as the observation of resonances in this
region for even pristine STO argues, as noted above, against
such an assignment and instead indicates that these resonances
reflect surface species. Because a Knight shift is not expected to
impact surface species, the computed peak position for such
species are, in principle, directly comparable to the
experimentally measured positions. However, there are a
plethora of possible arrangements of OH and H2O groups on
the surface of SrTiO3,

30,42 and the relevant configuration is not
immediately obvious. The calculation here for a single OH
configuration already yields two resonances. Nevertheless, the
computed shift values of 4.5 and 5.5 ppm for surface OH
groups, being significantly downfield of the resonance of the
bulk incorporated H species, correspond reasonably well to the
sharp surface feature observed experimentally at 3.6 ppm.
Quantification of Anion Site Chemistry
Quantification of the chemical composition of the STO:H-
materials requires that the products be free of impurity phases
following the washing procedure. In previous work, Nedum-
kandathil et al. reported the emergence of a BaTi(BO3)2 phase
following heat treatment to 900 °C of barium titanate

Table 1. Computed NMR Shifts for Various Defects Stable in Reducing Environments and Surface Hydroxide Groups

species HO
• Hi

• (VSr−H)′ (VSr−H2)″ (VSr−2H)x (VTi−H)‴ (VTi−2H)″ surface OH

Calculated shift (ppm) −1.0 −0.1 0.3 1.2, 1.3 1.4, 1.4 1.6 1.3, 2.1 4.5, 5.5
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oxyhydride produced from reaction of BaTiO3 and NaBH4.
7

As shown in Figure S12, the diffraction patterns of all the
materials after completion of an analogous high-temperature
treatment revealed only the presence of the perovskite phase,
arguing against the possibility that substantial amounts of
amorphous phases were retained following the synthesis.
Several reasons could account for the differences including the
differing reaction configurations (flowing gas to remove
evolved species vs a sealed environment), the use of different
solvents to wash the products, and inherent differences in
behavior between SrTiO3 and BaTiO3. The 11B NMR
spectrum collected from the Trxn = 400 °C sample (Figure
S11) similarly indicated negligible B containing compounds in
the washed product mixture of this work. Specifically, the
spectrum indicated that residual boron impurities are present
in only very low concentrations, estimated to be 6 × 10−4 wt
%.
The hydride content was directly determined from the

quantitative NMR analysis (in which adamantane was used as
an internal standard). The peak deconvolution is presented in
Figure S10. The hydride concentration is obtained from the
relative integrations of the hydride and adamantane peaks and
the relative masses of the two components (eq S1). In the case
of the sample prepared at 350 °C, it was not possible to
confidently identify a hydride peak, whereas in the case of the
sample prepared at 425 °C, despite a prominent hydride peak,
the high signal from surface species, presumably resulting from
the ethanol wash, prevented confident evaluation of the peak
integrals (Figure S6a). The results for the samples that could
be successfully analyzed are provided below, alongside the
chemical analysis derived from the TGA measurements.
The TGA profiles of the STO:H- and STO:D- materials

were in all cases characterized by an initial mass loss, followed
by a multistep mass gain, Figure 3a. The data furthermore
reveal a monotonic increase in mass gain with reaction
temperature from 350 to 400 °C, Figure 3a, consistent with the
overall features of the NMR spectra, Figure 2. To enable the
interpretation of these profiles, the exhaust gas from a TGA
experiment for the deuterated (Trxn = 400 °C) sample, Figure
3b, was analyzed. The combined TGA-MS data show clear
mass loss and elevated H2O signal up to 180 °C, with no
detectable release of D2O (or CO2). This low-temperature

mass loss is thus interpreted to reflect the removal of surface
sorbed water (and hydroxyl) species. The other alternative,
release of bulk oxygen, requires much higher temperatures
and/or much lower oxygen chemical potentials than the air
environment of the experiment. The absence of D2O from the
evolved gases in this temperature range indicates that the
surface species were adsorbed on the material after synthesis,
when the material was no longer in contact with a deuterium
source. This conclusion is supported by the 2H NMR spectrum
discussed above, Figure 2c, which is largely free of resonances
from 2H surface species.
The TGA mass gains, Figure 3, complete in two minor steps

followed by one major step. Taking the deuterated material as
an example (Figure 3b), the mass increases slightly from 180 to
400 °C, then there is a somewhat more abrupt, but still minor,
gain at 400 °C which is accompanied by a gradual tail
extending to about 540 °C. In the final step, the mass increases
sharply over the temperature range from 550 to 580 °C, with
mass gain continuing well into the isothermal hold.
Throughout the first step of mass gain, the H2O signal in
the MS remains elevated relative to its final value, indicating
that some of the change in mass in this regime (though
dominated by mass gain) is due to continued loss of surface
species. The second step is accompanied by a decrease in the
H2O MS signal and a very minor peak in the D2O signal at 435
°C. The partial temporal overlap between loss of surface
species and reoxidation may be responsible for the splitting of
the lower-temperature mass gain into two distinct steps. The
slight underestimation of the total reduction due to this
simultaneous reoxidation and removal of surface species in the
initial steps is no more than 0.01 mol/F.U. based on the
integration of the MS signal. In the final step, the dominant
mass gain event is accompanied by a large spike in release of
D2O at 580 °C. The peak in the H2O signal that appears at
approximately the same time is likely due to spillover in the
MS channels. Overall, these features suggest that the first two
mass gains are largely due to the filling of oxygen vacancies and
that the final is due to deuterium/oxygen exchange
accompanied by deuterium oxidation.
Based on the interpretation of the mass profile for the

deuterium-containing material, the total reduction for all
materials was derived from the difference between the

Figure 3. Thermogravimetric analysis of STO:D- and STO:H-: (a) Overlay of TGA profiles of samples obtained at the reaction temperatures
indicated in the legend. The sample obtained from reaction with NaBD4 (at 400 °C) is also included. Gas is a mixture of synthetic air (100 mL/
min) and Ar (30 mL/min). (b) TGA-MS profile during reoxidation of the STO:D- fabricated at 400 °C. The ion current profiles corresponding to
H2O (blue) and D2O (green) channels are plotted in arbitrary linear units. The isothermal hold (in both panels) is at 580 °C.
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minimum and maximum mass values, Figure 3a (taking the
impact of hydrogen content on the mass to be negligible). This
total reduction amount was then divided into the portion given
by the two lower temperature mass gain steps and that given
by the higher temperature mass gain event. Full details of the
analysis are provided in the SI (eqs S4−S6 and Table S5). The
total TGA-determined reduction, with the portions loosely
assigned to hydride content (from the mass gain at high
temperature) and anion vacancies (from the two-step mass
gain at low temperature) distinguished, is compared in Figure
4 to the hydride content determined by quantitative NMR

spectroscopy. There is reasonable correlation between the two
regions of mass gain and the anion defect types. Figure 4
includes data for the hydride and vacancy concentrations of the
material prepared by reaction at 425 °C. The manner by which
these values was estimated is described below.
The derived chemical formulas, denoting the full anion

chemistry, are summarized in Table 2. The vacancy
concentration reported is that obtained from the difference
between the total TGA-determined reduction and the hydride

content, yielding a result that is independent of the details of
the mass uptake profiles. Surprisingly, the vacancy concen-
tration varies somewhat erratically with reaction temperature.
At Trxn = 400 °C, the oxyhydride incorporates only
approximately 1.1% of the hydrogen available from the
NaBH4. Nevertheless, at reaction temperatures of 375 to 400
°C, the hydride content exceeds the vacancy content,
indicating that hydride incorporation is favored over simple
removal of oxygen at these conditions.
Electronic and Defect Structure

In BTO:H-, the strong upfield shift of the hydride NMR
resonance has been attributed to the electrically conducting
nature of the material.6 Metallicity is induced by excess
electrons that balance the HO

• and VO
••, leading to the Knight

shift introduced above.6,35 For simple metals, in which the
conduction bands have significant s-orbital character, the
applied magnetic field induces a spin polarization of the
conduction electrons, producing a Fermi-contact hyperfine
field that adds to the magnetic field experienced by the
nucleus. The Knight shift thus manifests as a downfield shift.43

In the case of transition metals with partially filled d-orbitals at
the Fermi level, such as Ti3+, the exchange interaction of
unpaired d-electrons with those in the filled s-orbitals of the
hydride results in an excess of opposite-spin electrons in the
hydride s-orbitals. This excess opposite-spin density at the
nucleus generates a negative Fermi-contact shift for the
hydride species, as observed here. An alternative model has
been proposed by Misaki et al.,44 in which the nuclear
shielding is attributed to occupancy on the hydride sites by two
hydrogen atoms. There is no evidence of such a configuration
in the present study.
In a material in which the 1H NMR shift is dominated by

such Fermi contact interactions, conduction electrons at the
Fermi level provide a fluctuating magnetic field at the nucleus,
which facilitates the energy transfer required for spin
relaxation. Accordingly, the spin−lattice relaxation time, T1,
as measured as a function of temperature, is inversely
correlated to the square of the shift.45 This is recognized as
the Korringa relationship, and such behavior has been
observed for oxyhydride materials.6 Here, across multiple
STO:H- samples with different HO

• concentrations and
measured at a fixed temperature, we observe a “Korringa-
like” pattern, where 1/T1 is approximately linear with 1H shift
(Figure S9). Our data are consistent with the hyperfine
interactions between the 1H spins and conduction electrons at
the Fermi level acting as the major mechanism driving the 1H
spin−lattice relaxation.
The EPR measurements reveal the nature of the electronic

defects in STO:H- (at 10K), Figure 5. The spectra, Figure 5a,
display a sharp feature at a g-value of 2.00, characteristic of free
electrons,46,47 along with other features which vary with
reaction temperature. For the less-reduced samples (Trxn =
350, 363 °C), a second sharp feature is observed at a g-value of
1.97, characteristic of unpaired electrons localized on a Ti
atom, making the cation effectively Ti3+.48,49 As the reaction
temperature is increased (Trxn = 375−400 °C), this signal is
obscured by a broad feature at a g-value of 1.93. In light of the
large hydride content of these materials, this feature is assigned
to Ti3+ neighboring H−. The spectrum of the Trxn = 425 °C
material is rather distinct from the others. Here, a strong
resonance at g = 1.99 emerges and can be attributed to oxygen

Figure 4. Comparison of the anion site chemistry in STO:H-
determined by TGA and by NMR spectroscopy as a function of
reaction temperature. The mass gains in TGA are converted to anion
site concentrations. The oxygen vacancy content is taken to be the
difference between the total TGA-derived anion deficiency and the
NMR-derived hydride content. *Due to significant amounts of surface
species, values are estimated from the 1H shift position and EPR
signal, as described in the SI.

Table 2. Sample Compositions Determined through TGA
and Quantitative NMR; Formulas Written as SrTiO3−xHy

Trxn
(°C)

1H shift
(ppm)

anion vacancy concentration
(mol/f.u.) final formula

425 −3.84 0.021 ± 0.006 SrTiO2.964H0.015
a

400 −5.22 0.0057 ± 0.0004 SrTiO2.945H0.049

387 −4.22 0.0143 ± 0.0006 SrTiO2.958H0.028

375 −3.57 0.0119 ± 0.0005 SrTiO2.972H0.016

363 −1.92 0.0129 ± 0.0004 SrTiO2.983H0.004

350 N/A 0.0067 ± 0.0002 SrTiO2.993

aComposition of the 425 °C sample is estimated from the 1H shift
and EPR as described in the SI.
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vacancies.49,50 The schematic inset in Figure 5b is intended to
guide the interpretation of spectral features.
The total concentration of electronic defects (n) in STO:H-

is formally given by ntot = 2[vO••] + [HO
• ]. Presuming these

electrons are unpaired, the total integrated EPR signal
intensity, Figure 5b, is expected to be directly proportional
to this concentration. From the NMR and TGA measure-
ments, we obtain the values of [vO••] and [HO

• ] and thus an
independent determination of ntot. As shown in Figure 5c, the
expected correlation between EPR signal intensity and
electronic defect concentration is observed.
Beyond revealing the nature of the electronic defects and

their total concentration, the EPR measurement, along with
the independent measurement of the hydride concentration,
allows an exploration of the electronic origin of the Knight
shift. As the spin polarization of the hydride 1s-orbital is
induced by the electrons in the conduction band (i.e., near the
Fermi level, mostly Ti-3d), the magnitude of the Knight shift is
expected to be related to the concentration of band-state
electrons. This concentration may be distinct from the ntot
reflected in the total EPR signal if a portion of the electrons are
trapped. In the case of oxygen-deficient SrTiO3−δ, which has
been the subject of numerous studies due to the reports of
simultaneous n-type conductivity and blue luminescence,51,52

there is general agreement that the vacancy serves as a double

donor, from which one electron is easily excited, while the
other electron is deeply trapped.52 If this behavior also occurs
in STO:H-, then each anion vacancy is charge balanced by only
one electron in the conduction band. In such a scenario, the
concentration of electronic defects that are expected to
contribute to the Knight shift is given by nfree = [vO• ] +
[HO

• ]. Alternatively, the anion vacancies could each trap two
electrons, such that nfree is simply equal to the hydride
concentration, or the vacancies could be fully unoccupied
(with no trapped electrons), such that nfree = ntot. Shown in
Figure 6 are the correlations of the 1H shift with these three
possible scenarios. We observe the strongest agreement
between shift and electron concentration for the model in
which oxygen vacancies trap one electron, Figure 6a.
Significantly, the y-intercept in Figure 6a is an extrapolation
to the shift for a sample with no free electronic carriers. The
value, −0.62 ppm, is in close agreement with the computed
value for HO

• of −1.0 ppm.
Figure 6c shows that there is poor correlation between the

EPR signal and the 1H shift, supporting the conclusion that
oxygen vacancies, the concentrations of which vary erratically
with synthesis temperature (Table 1), trap electrons at the
ambient temperature of the NMR measurements. On the other
hand, the correlation between hydride concentration and 1H
shift is significant, Figure 6b. At first glance, this contradicts the

Figure 5. Results of EPR measurements: (a) spectra with g-values of each feature indicated by dashed lines, (b) normalized integral of the total
absorptive EPR signal between 3000 and 4000 G as a function of reaction temperature (full spectra are shown in Figure S15), and (c) integral EPR
signal against the carrier concentration determined through TGA and NMR (see text). The inset in (b) schematically shows possible positions of
the defect states relative to the band edges. The open square in (c) for 425 °C is computed from the observed trend.

Figure 6. Trends observed between 1H shift and defect chemistry, where latter is defined as (a) free carriers, given by sum of oxygen vacancy
concentration and hydride concentration; (b) hydride concentration; and (c) unpaired electrons, given by EPR signal integral.
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interpretation that the concentration of electrons that induce
the shift is given by [vO• ] + [HO

• ]. However, for three of the
four data points shown in Figure 6b, the vacancy concentration
is effectively constant (363, 375, 387 °C), and in the fourth
case (400 °C), the vacancy concentration is substantially lower
than the large hydride concentration (Table 1). These effects
conspire to generate an approximately linear correlation with
[HO

• ]. In selected prior studies, the 1H shift was shown to be
linearly correlated to the hydride concentration.7,44 A plausible
explanation for those observations is that the synthesis
conditions of those studies results in a correlation between
the anion site vacancy concentration and the hydride
concentration.
The correlations presented in Figures 5c and 6a enable,

respectively, estimation of the concentration of electronic
defects, ntot and nfree, in the sample prepared using Trxn = 425
°C. The results are included in the figures. With ntot and nfree
both known, [vO• ] and [HO

• ] are easily obtained as described in
the SI, eqs S2−S3. Through this analysis, we observe the
hydride content in the Trxn = 425 °C material to be lower than
that of the Trxn = 400 °C material, whereas the vacancy content
is higher (Figure 4). This agrees with the large EPR resonance
at g = 1.99, assigned to oxygen vacancies that is observed in the
Trxn = 425 °C material.
Reaction Pathway and Influences on Hydride Uptake

Several aspects of the preparation of STO:H- from reaction of
STO with NaBH4 are noteworthy. Most significant is the
nonmonotonic dependence of hydride content on Trxn. The
formation of STO:H- by the direct pathway, eq 1, can be
expected to be thermodynamically favored with increasing
temperature because the reaction evolves gaseous H2O as a
byproduct. Thus, one might anticipate that the hydride content
in the oxyhydride would increase monotonically with Trxn, in
contradiction to what was observed. The known decom-
position of NaBH4 (ΔH0 = −108, ΔS0T = 89.5 at 400 °C, ΔG0

= −197.5, all in kJ/mol18)

+1
2

NaBH (s)
1
2

solid(Na, B) H (g)
i

i4 2
(2)

raises the possibility of a different pathway to oxyhydride
formation in which the reaction occurs by a sequential process
involving decomposition to release H2 which then reacts with
the oxide. Because reaction 2 is also favored with increasing
temperature, this scenario should also result in an increase in
hydride content with Trxn. Thus, one might expect that for
either pathway, the hydride content in the oxyhydride would
increase monotonically with Trxn. The decline in hydride
content beyond Trxn = 400 °C suggests a mechanism that
interferes with hydride uptake at high temperature. We
propose that the oxyhydride forms by the direct pathway
and the decomposition of NaBH4 at T ≥ 425 °C interferes
with the product formation by decreasing the concentration of
this vital solid-state reagent.
There has been some attempt in the literature to determine

the relative roles of solid−solid and gas−solid reactions using
hydride precursors, from which it was concluded that no single
answer applies to all syntheses.16,53 On the other hand, the
direct pathway is supported by literature indicating that
perovskite titanate oxyhydrides cannot be formed by simple
reaction of H2 with oxides at ambient pressure.7 In the
analogous case of oxynitride synthesis, it is known that NH3
reacts far more readily with oxides than N2 does. The

oxynitride synthesis is understood in terms of the higher
chemical potential of the reactant species (nitrogen) when it is
in the form of ammonia than when it is in the form of
dinitrogen,54 and the same may hold here for hydrogen when it
is present in sodium borohydride versus when it is in the form
of dihydrogen.
If the formation of STO:H- were to occur by reaction with

gaseous H2, then the diminishing hydride content beyond the
optimal reaction temperature of ∼400 °C could possibly be
explained by too rapid a removal of the H2 generated from the
thermally enhanced decomposition. That is, the Ar gas flow,
introduced to remove the expected product H2O (eq 1),
removes the generated H2 (even though the equilibrium
concentration is low at these temperatures18) before it has
sufficient time to react with the oxide. If true, then supplying
H2 rather than Ar would be expected to enhance the extent of
hydride incorporation. In fact, the opposite was observed.
When the gas was changed from Ar to H2, the lattice parameter
matched that of pristine STO (Figure S3b) and no hydride
peak was detected in the NMR spectrum (Figure S6b), though
the spectrum was notably distinct from that of pristine STO.
The material underwent a mild change in color to a pale blue,
suggesting slight reduction. Because the thermodynamics of
hydride formation should be favorable under H2, we propose
that the near-absence of hydride uptake may be due to sluggish
surface reaction kinetics in the presence of hydrogen. The
distinctive surface feature in the 1H NMR spectrum of the
material resulting from the reaction under H2 provides some
support for this hypothesis (Figure S6b). Thus, gaseous H2
generated from decomposition of NaBH4, as in eq 2, is not the
source of the incorporated hydride ions, leaving the direct
reaction as the only possible pathway. Accordingly, oxyhydride
formation is bypassed when the reaction temperature is so high
that the precursor undergoes decomposition, where decom-
position here refers explicitly to release of gaseous H2.
Before turning to the in situ studies aimed at directly

revealing the reaction pathway, it is valuable to first consider
the nature of the full set of products (i.e., not washed)
generated from a reaction temperature at 425 °C. The XRD
pattern of this material reveals peaks which appear to match
those of metallic Na, Figure 7, Figure S5. The remaining peaks
are fully attributable to the oxyhydride and a small amount of
residual NaBH4. Notably, reaction of Na with liquid water to
form NaOH and H2 is highly favorable at ambient temperature
and would occur with a standard enthalpy of −140 kJ/mol
(Na). The reaction with aqueous CO2 is even more favorable
and even more exothermic.55 Thus, in principle, the presence
of Na in the reaction product could explain the sparking
observed when contacted with water and the increased
reactivity when the water contained dissolved CO2. However,
metallic Na melts at 98 °C, and the material removed from the
reaction vessel showed no physical evidence that a component
in the mixture had been molten at any point in the reaction.
The lack of evidence of molten phases during the reaction

raises the possibility that the peaks which seemingly match Na
are due to a different phase. A search through plausible
candidates yielded NaH, a computationally predicted com-
pound with the B2 or CsCl structure type, as a phase that
matched the peaks (OQMD entries 305282 and 2386256,57).
Refinement against the measured XRD data, Figure 7, shows
an excellent fit with a final Rwp of 6.83%. The refined phase
mixture is composed of 93.9 wt % cubic STO (a0 = 3.90508(4)
Å), 3.9 wt % cubic NaH (a0 = 3.0311(3) Å), and balance
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NaBH4. The cell parameter of NaH is almost precisely √2 ×
that of BCC Na (4.2872 Å), making the two patterns
indistinguishable in X-ray diffraction without extending to large
Q. Thus, refinement with Na, Figure S5, yielded a similar fit to
refinement with NaH.
The in situ thermal analysis, Figure 8, reveals several features

of the reaction pathway. In the DSC trace, an exothermic event
initiates at ∼340 °C, which coincides with the initiation of
substantial detection of D2 and D2O in the mass spectrometer

and is consistent with the exothermic nature of the
decomposition of NaBH4 (eq 2). The release of D2O along
with the D2 suggests that the NaBD4 decomposition is
accompanied by reaction with the oxide. Both measurements
(which were performed independently) reveal the effects of
thermal overshoot when the programmed dwell time (at 400
°C) begins. The exothermic response immediately declines as
the temperature decreases following the brief overshoot, then
stabilizes to a finite value during the hold. The D2 and D2O
signals similarly peak at 400 °C, but then each display a second
broad peak that occurs approximately 15 min into the hold
period. The overall behavior indicates that decomposition of
NaBH4 rises rapidly between 350 and 400 °C, then gradually
declines over time. The thermal analysis further reveals notable
mass gain. This is attributed to oxygen leaks into the system.
The total mass gain equates to approximately 0.21 mol O per
mole NaBH4, and thus a small amount of oxidized products of
NaBH4 (such as sodium hydroxide or boron trioxide) could
account for the observation. The mass profile is clearly distinct
from the DSC profile, implying that oxidation cannot account
for the large DSC peak, which corresponds much more closely
to NaBD4 decomposition reflected in the MS signals.
The in situ XRD studies of the reaction carried out at Trxn =

400 °C, Figure 9, and 425 °C, Figure S4c, show that the

patterns are largely unchanged from the initial room
temperature measurement to the first measurement at Trxn,
other than steady thermal expansion of NaBH4. In both cases,
multiple peaks of poorly crystalline phases appear during the
hold period and are retained in the final room temperature
product. This significant difference from the ex situ measure-
ment is attributed to the difference in gas flow configuration
between the two experiments. In the horizontal flow reactor
moderately volatile products are steadily removed whereas they
are deposited onto the fine mesh sample holder in the XRD.
The plethora of possible Na−B−O−H solids hindered

Figure 7. XRD pattern of the unwashed reaction products from a
reaction at 425 °C, collected using an airtight sample holder. Upper
scale reports 2θ for Cu Kα radiation.

Figure 8. In situ monitoring of the reaction between STO and
NaBH4/NaBD4 as recorded by STA (NaBH4, upper two panels), and
by in-line MS detection of the exhaust gases from the standard tube
furnace configuration (NaBD4, lower panel). The experiments were
conducting independently with identical programming; temperatures
are those recorded by the STA instrument.

Figure 9. In situ XRD patterns of a 1:1 molar mixture of NaBH4 and
STO upon heating to and holding at 400 °C, with identified peaks
indicated with dashed lines. NaBH4 undergoes significant thermal
expansion and the peaks corresponding to this phase visibly shift to
smaller Q on heating, whereas the STO peaks remain relatively fixed.
The feature at ∼2.4 Å−1 is the Sr K-edge. Upper scale reports
equivalent 2θ for Cu Kα radiation.
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identification of the product phases. Significantly, in both in
situ XRD experiments, the peaks attributed to NaH begin to
form at Trxn, confirming that the peaks cannot be due to
metallic sodium which melts at 98 °C. In contrast to Na, the
experimentally reported phase of NaH is known to be stable to
800 °C.58 At the conclusion of the experiment, exposure of the
sample to air was observed to degrade the Na-bearing phase
(Figure S4d), as would be expected for either NaH or Na.
An important difference between the two reaction

conditions is that while the NaBH4 experiences partial
decomposition at Trxn = 400 °C, the peaks from the
borohydride are almost entirely absent in the pattern obtained
after an hour at Trxn = 425 °C. Complete decomposition of
NaBH4 at 425 °C is consistent with the proposal that hydride
incorporation into the perovskite occurs primarily via solid−
solid reaction. At this high temperature, simple decomposition
of the reagent proceeds, bypassing the targeted reaction.
Like sodium, sodium hydride is known to react violently

with water and with water containing dissolved CO2. Both
reactions (given below) release H2, which is highly
combustible

+ +NaH(s) H O(l) NaOH(aq) H2 2 (3)

+ + +2NaH(s) CO (aq) H O(l) Na CO (s) 2H2 2 2 3 2
(4)

Similar to metallic sodium, these reactions are quite
exothermic. The standard enthalpy of reaction (3) is −84
kJ/mol(Na).55,59 In the case of the formation of the carbonate
from a solution in equilibrium with 1000 ppm of CO2 in the
atmosphere the enthalpy of reaction (4) is extremely large in
magnitude, −170 kJ/mol. In the present experiments,
degassing eliminated sparking for materials produced at Trxn
≤ 400 °C, but not completely for the material produced at Trxn
= 425 °C. This is consistent with the greater level (and
potentially complete) decomposition of NaBH4 at Trxn = 425
°C, which then results in a higher proportion of NaH in the
product.
The presence of NaH as a product of the reaction between

STO and NaBH4 indicates that the global reaction chemistry
differs from the targeted reaction of eq 1. While not every
product has been identified, a simplified reaction that generates
only NaH as the Na-bearing product is expressed as

+

+ +

+

x

x
x

x

SrTiO (s) NaBH (s)

SrTiO (s) NaH(s)
2

B O (s)

3
2

H O(g)

x

3 4

3 3 2 3

2 (5)

This reaction inherently results in a negligible hydride content
in the perovskite in contrast to the idealized reaction pathway
in which NaBO2 is the byproduct, eq 1. When sodium hydride
is the product, the sodium, rather than contributing to
reducing the oxide, competes to retain hydrogen. This can
be understood as a consequence of the relatively small (in
magnitude) ΔG for NaH oxidation and is consistent with prior
work which demonstrated NaH fails to hydride BTO.7 The
greater effectiveness of CaH2 in generating oxyhydrides than
NaBH4 and NaH may then reflect the larger (in magnitude)
ΔG for Ca oxidation than Na oxidation. The complete reaction
pathways are undoubtedly more complex than eqs 1 and 5, but
it is apparent that, overall, the solid−solid reaction pathway is

possible at moderate temperatures, peaking at ∼400 °C, and at
higher temperatures, the decomposition of NaBH4 is
increasingly favored.
A final aspect of the reaction warrants brief attention.

Somewhat surprisingly, neither increasing the reaction time
(from 1 to 2 h), nor decreasing the NaBH4:STO molar ratio
(from 1:1 to 0.5:1) had a noticeable impact on the perovskite,
as characterized by 1H NMR (Figure S6a) and XRD (Figure
S3b). The in-line MS data collected during the reaction
between STO and NaBD4 (Figure 8) reveals that the rate of
NaBD4 reaction with the STO, as reflected in the D2O signal,
decreases after the first hour of the isothermal hold at 400 °C.
This is consistent with the observation that an increase in
reaction time has little effect on the hydride content.
Moreover, the low total concentration of D2O, as indicated
by the poor S/N in this channel, demonstrates that even at the
peak of the reaction, the amount of water released is small
relative to the deuterium (hydrogen) released. This result is
consistent with the low extent of hydride incorporation in the
final product, though it does not directly address the evidently
strict decline in incorporation after 1 h. The reason for the
insensitivity of the extent of hydride incorporation to a
decrease in NaBH4 reactant relative to STO is also not entirely
obvious. These observations point to a subtle interplay
between the driving forces for the solid−solid reaction and
the gas phase decomposition of NaBH4.

■ CONCLUSIONS
In this work, we demonstrate that STO:H- can be formed
through a simple reaction between SrTiO3 and NaBH4 in an
open system and occurs in a shorter time and at significantly
lower temperatures than conventionally used for reaction with
CaH2. The synthesis yields a similar amount of hydride
substitution as has been reported for reaction with NaBH4
under vacuum at 600 °C for 2 days using a 0.3:1 molar ratio of
NaBH4:BTO,7 while being easier and safer to implement. In
addition, the final composition is readily controlled through
variation of reaction temperature. Increasing temperature
initially favors hydride incorporation, but when the temper-
ature is too high (>400 °C), decomposition of the NaBH4 and
loss of H2 to the gas phase become favored over reaction with
the oxide. The thermal trend reflects the incorporation of
hydride into the perovskite from NaBH4 via a direct solid−
solid reaction rather than by reaction of the oxide with H2
generated from the decomposition of the hydride precursor.
Significantly, NaH with the B2 crystal structure, a computa-
tionally predicted but not previously experimentally realized
compound, was identified as a high-temperature reaction
product stable at 425 °C. Retention of hydrogen in this
compound is unfavorable for hydride incorporation into the
perovskite lattice. Separately, the surprising observation that
introduction of H2 into the Ar flow, where Ar is supplied to
remove the product gases, entirely prevents hydride incorpo-
ration suggests surface poisoning that impedes the desired
reaction.

1H NMR studies of these materials fully support the
assignment of the shielded peak, occurring in the shift range
from −1 to −6 ppm, to a hydride species, with surface species
responsible for peaks in the 0 to 10 ppm range. The atypical
direction of the Knight shift results from the exchange
interaction of unpaired d-electrons in the conduction band
with those in the filled s-orbitals of the hydride. Direct
measurements of the Ti-local environment using EPR
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measurements show that as the reaction temperature increases
to 400 °C, the overall concentration of unpaired electrons
increases. The features in the spectra could be assigned to (i)
free electrons, (ii) localized electrons at Ti (effectively Ti3+),
(iii) localized electrons at Ti that neighbor hydride species, and
(iv) localized electrons at anion vacancies. The feature due to
anion vacancies is particularly prominent for the material
obtained at Trxn = 425 °C. The picture of the room
temperature electronic structure that emerges of these
materials is one in which anion vacancies trap single electrons
and the concentration of conduction band electrons equals the
sum of the vacancy concentration and the hydride concen-
tration (nfree = [vO• ] + [HO

• ]). By combining quantitative NMR,
TGA, and EPR measurements, it was possible to fully define
the anion site stoichiometry. At reaction temperatures of 375
°C−400 °C, the hydride content exceeds the vacancy content,
and thus reactions of oxides with NaBH4 should not overlook
the possibility of hydride incorporation.
Overall, the simplicity of this reaction scheme, in

combination with the short reaction times required and
evidence of its viability for a broad range of materials, opens
pathways for the widespread exploration of the properties and
applications of oxyhydrides. Furthermore, more precise control
of the gas phase chemistry than employed here, including
elimination of trace O2 and H2O, may enable higher hydride
incorporation.
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