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1 Introduction

Hydrogen spillover drives room temperature
sensing on spark plasma sintered BaTiOz with Pt
electrodesy

Jon G. Bell, ©*2 Shangxiong Huangfu,® Luca Artiglia, ©° Thomas Graule®
and Michael Stuer @2

Chemiresistive gas sensing using metal oxide semiconductors has been rationalised in terms of reactions
between gas phase species and the surface of the metal oxide either through oxygen vacancy creation/
passivation or ionosorbed charged oxygen species; however, no convincing spectroscopic evidence has
been observed for the formation of gas sensing charged oxygen surface states. We have investigated the
H, sensing characteristics of Pt-coated BaTiOz prepared by spark plasma sintering using a combination
of electrochemical impedance spectroscopy (EIS) and synchrotron-based near-ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS). We reveal that for undoped BaTiOs, oxygen vacancies are
formed at the surface of platinum-coated BaTiOsz after reduction in hydrogen at 1000 °C and, after
controlled reoxidation in air at 470 °C, are passivated by hydroxyl species detected using NAP-XPS over
the temperature range 22-150 °C. EIS was used to monitor the change in electrical properties for both
the reoxidation treatment at 470 °C and H, gas sensing over the temperature range of 22-175 °C while
moving through the Curie temperature of BaTiOs. NAP-XPS was used to determine the BaTiOsz surface
species present as a function of H, pressure and temperature. The results are discussed in terms of
oxygen vacancy electron donor creation at the BaTiOs—Pt interface and grain boundaries, H,
dissociation on Pt and spillover onto BaTiOs, driving electronic transport in the conduction band,
reaction of dissociated H, with surface hydroxyl species, and the presence of temperature- and H
concentration-dependent colossal dielectric permittivity and Schottky barrier height. As the H, partial
pressure increased, the grain boundary Arrhenius activation energies and pre-exponential factors
followed the Meyer-Neldel rule, indicating a possible relationship between activation energy and
frequency of collisions in charge trapping centres. These observations confirm the presence of surface
reactions between dissociated hydrogen, oxygen vacancies, adsorbed H,O, and hydroxyl species that
possibly mediate the H, spillover process, which drives the decrease in electrical resistance at the grain
boundary regions.

The two predominant models for describing chemiresistive gas
sensing are: (1) the ionosorption model, involving extrinsic

There is an increasing demand for highly sensitive metal oxide-
based gas sensors, such as SnO,, WO3, and ZnO, for flammable
and toxic gas detection due to their simplicity and low
production costs.® Although these materials are understood
phenomenologically, the mechanism of gas sensing remains
elusive due to ambiguous results from spectroscopic studies.>
Methods for tailoring the gas sensing properties thus remain
challenging due to this lack of mechanistic understanding.**
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charged oxygen species at the grain surface; and (2) the surface
conductivity model, involving intrinsic grain surface oxygen
vacancies.*

During processing of n-type metal oxides in oxygen con-
taining atmospheres, it has been postulated that adsorption of
oxygen occurs at grain surfaces, which, depending on the
temperature, can become charged due to electron transfer from
the semiconductor conduction band to adsorbed molecular
oxygen, forming charged ionosorbed oxygen species (0,, O,
0%7).2% If the semiconductor Fermi level is greater in energy
than the adsorbed molecular oxygen lowest unoccupied
molecular orbital (LUMO), electrons are transferred from the
semiconductor conduction band to the LUMO of the O, mole-
cule, and adsorbed superoxide (O, ") is formed on the surface.’
The type of ionosorbed oxygen species generated is a function of

J. Mater. Chem. A, 2024, 12, 31993-32013 | 31993


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta02865a&domain=pdf&date_stamp=2024-11-22
http://orcid.org/0000-0002-7903-4582
http://orcid.org/0000-0003-4683-6447
http://orcid.org/0000-0002-5937-0626
https://doi.org/10.1039/d4ta02865a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta02865a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA012046

Open Access Article. Published on 26 October 2024. Downloaded on 3/3/2026 10:05:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

temperature, as higher temperatures drive the dissociation of
0, to atomic O*".>° Superoxide O,~ forms below 200 °C, and
increasing the temperature above this drives electron transfer,
forming O~ and finally O*~.° The injection of electrons from the
conduction band to the molecular oxygen LUMO causes an
accumulation of negative charge on the oxygen surface states
and results in the formation of a positively charged depletion
layer at the semiconductor surface, resulting in upward band
bending and an increase in the Schottky barrier height.> The
filling of oxygen acceptors stops when the Fermi level and
adsorbed O, LUMO equalise energetically. At this point, the
depletion layer width and Schottky barrier height reach
a maximum value, and consequently, the capacitance and
resistance of the semiconductor increase significantly. The
mechanism of ionosorbed oxygen formation is shown in eqn
(1)—(6) below. Here ‘ads’ represents physical or physisorption,
‘lono’ refers to ionosorption, and ‘lattice’ represents oxygen
incorporated into the metal oxide crystal lattice.”

0, (gas) = O, (ads) (1)

0, (ads) + e~ = O, (iono) )

0, (ads) + e~ = 0,°~ (iono) (3)
0,> (ads) + e~ = 20 (iono) (4)
O~ (ads) + e~ = 0% (iono) (5)

0% (ads) = O?~ (lattice) (6)

The exposure of dielectric materials to hydrogen causes
resistance and dielectric degradation, resulting in component
failure.”® Typically, hydrogen reacts with dielectric oxides in two
ways. The first operates at high temperatures where hydrogen
can react with lattice oxygen to create electron-donating oxygen
vacancies (V, ) resulting in a decrease in electrical resistance, as
shown in eqn (7).

. " 1
o, 2V, +2 + 5Oz(g) (7)

However, this reaction operates at high temperatures, as is
typically employed in defect chemistry studies.”'® Conversely, at
lower temperatures, H, can dissociate and produce two elec-
trons, which decreases the material resistance. On metals, H,
typically dissociates homolytically, depending on the electro-
negativity of the metals, whereas dissociation on metal oxides
generally follows heterolytic dissociation due to surface
defects." Following this, the free protons bond with perovskite
oxygen to form OH species. Water vapour can also cause
component degradation by adsorbing at oxygen vacancy sites
and forming OH species.”

Incorporation of a noble metal catalyst layer can facilitate
oxygen dissociation and spillover onto the semiconductor
surface at temperatures close to 500 °C, whereas this occurs at
room temperature for H,."* The postulated sensing mechanism
for reducing gases, such as H, and CO, occurs due to the

31994 | J Mater. Chem. A, 2024, 12, 31993-32013

View Article Online

Paper

reaction either with ionosorbed oxygen species or lattice oxygen
in the vacancy model, producing H,O and CO,, respectively,
which are then desorbed from the surface. Since oxygen is
removed, the concentration of ionosorbed oxygen decreases for
ionosorption, causing a release of electrons back to the
conduction band and lowering of the grain boundary Schottky
barriers, resulting in increased electronic conductivity.>* Addi-
tionally, the noble metal catalyst layer can also facilitate the
dissociative chemisorption of molecules such as H, and
increase the sensor sensitivity towards these species.'* However,
since the reaction of H, and CO with charged oxygen species
causes oxygen removal from the surface, this would result in
non-reversible gas sensing at room temperature as the
concentration of surface reaction sites is progressively reduced
over time with increasing gas sensing switching cycles. The
most convincing evidence for the operation of the ionosorption
mechanism originates from electron paramagnetic resonance
(EPR) studies of Chang.'* However, a lack of consensus on the
assignment of the paramagnetic monotonic oxygen species, and
disagreement between theory and experiment, render the
findings inconclusive. Therefore, no convincing evidence for
ionosorption has been presented to date.

An alternative explanation for gas sensing, opposed to the
ionosorption model (IM), is the surface conductivity model
(SCM) proposed by Blackman.® The reactive species here are
intrinsic positively charged lattice oxygen vacancies located at
the grain surface, which form under low pO, conditions.
Blackman compares the effects of gas switching on surface
band bending for both the ionosorption and surface conduc-
tivity models and uses air to CO gas switching as an example for
n-type materials. Under air, for IM, charged oxygen species are
present, and for SCM, no oxygen vacancies are present. This
results in conduction and valence band upward bending for IM
and flat band situation for SCM. The upward band bending is
due to surface negative charges that are compensated by posi-
tive charges, causing the formation of a depletion layer. On
exposure to CO, the extrinsic charged oxygen is removed due to
CO, formation and the CB and VC bend down with a corre-
sponding increase in the Fermi level. Consequently, the
conductivity increases. For the SCM, CO exposure causes
intrinsic lattice oxygen to be removed, creating oxygen vacan-
cies, which donate electrons to the conduction band. Oxygen
vacancy creation causes the establishment of a positive surface
charge and an accumulation of electrons at the interior of the
grain-surface interface to compensate this positive charge,
which causes the Fermi level to increase in energy, resulting in
downward bending of the conduction and valence bands rela-
tive to the bulk. As the pO, is increased, the surface oxygen
vacancies are filled, and the conduction band (CB) electrons are
localised, as shown in eqn (7). Therefore, the bands bend back
to the flat-band situation, and the Fermi level decreases,
resulting in a decrease in conductivity.* Hence, the SCM
replaces the extrinsically charged oxygen species with intrinsic
lattice oxygen vacancies. In both models, the bands bend rela-
tively down on exposure to CO, the difference being the relative
starting point of the surface band energy. However, Blackman's
model neglects the influence of the Madelung potential near the

This journal is © The Royal Society of Chemistry 2024
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surface of the crystalline lattice. This would introduce intrinsic
upward band bending; hence, band bending is a superimposi-
tion of the Madelung potential and the band bending intro-
duced by surface oxygen vacancies.'® There is a growing body of
experimental evidence that suggests surface intrinsic oxygen
vacancies are the species responsible in gas sensing materials,
such as In,03, SNO,, ZnO, TiO,, SrTiO;, and KTaO;, rather than
extrinsic grain boundary charged oxygen.'”>* The operation of
either mechanism may depend on material properties, pro-
cessing conditions, gas type, sensing temperature, etc. and may
not be mutually exclusive but could also involve a cooperative
effect. Therefore, there is still much to discover regarding the
role of oxygen vacancies and ionosorbed oxygen for gas sensing
metal oxides such as SnO,.?

The gas sensing properties of BaTiO; have not been explored
as widely as materials such as SnO, and WO;, although its
physicochemical properties make it an interesting candidate for
gas sensing applications.*® BaTiO; is a perovskite material that
undergoes a crystallographic tetragonal to cubic phase shift that
results in a ferroelectric to paraelectric transition at the mate-
rial's Curie temperature (7¢), which is between 100 °C and 130 °©
C, depending on processing conditions.””*® The electrical
properties of undoped BaTiO; can be shifted from p-type to n-
type by careful control of the oxygen partial pressure, temper-
ature, and time during synthesis or post-synthetic modification.
It is possible to produce undoped BaTiO; with n-type semi-
conducting grains and insulting grain boundaries that also
exhibit a positive temperature coefficient of resistivity (PTCR)
effect,”*® which is characterised by a dramatic increase in
resistivity at the T by several orders of magnitude.”® The PTCR
effect in undoped and donor-doped BaTiO; results from an
increase in the back-to-back Schottky barrier height at the grain
boundaries due to electron-trapping surface states. This grain
boundary Schottky barrier is ferroelectrically compensated
below the T, resulting in a material with low resistance.
However, as the material passes through T, the ferroelectric
phase disappears, and electrons are trapped at the grain
boundaries. This causes an increase in the grain boundary
depletion width and the Schottky barrier height, which in turn
causes a large increase in the resistance and relative permit-
tivity. Hence, this effect is widely exploited in dielectric, current-
limiting, and self-limiting heating applications.?®*"** Chem-
isorbed gases have been shown to act as electron traps and
produce the PTCR effect.>*** Therefore, the presence of ion-
osorbed oxygen may significantly increase the relative permit-
tivity at the Tc, as these species would act as electron-trapping
surface states. Additionally, a Schottky barrier can be estab-
lished at the BaTiO;-metal electrode interface, with the barrier
height determined by the type of electrode material used. Bril-
Ison demonstrated that the barrier height is directly related to
the heats of chemical reactivity between the metal and semi-
conductor for a range of metals (Pd, Pt, Au) and semiconductors
(znO, ZnS, CdS, GaP). Small heats of reaction resulted in the
largest Schottky barriers, particularly for Pt.** Supporting this,
Cann et al. observed that the enhancement of the metal-anion
interaction, due to the presence of oxygen vacancies, caused
a reduction in the barrier width, increasing the probability of

This journal is © The Royal Society of Chemistry 2024
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electron tunnelling.*® Typically, the Schottky barrier height is
the difference between the metal work function (®,,) and the
semiconductor affinity (x) and is approximately 1.7 eV for
BaTiO;-Pt. Heidary et al. have shown that the electrode inter-
face Schottky barrier for BaTiO;-Pt was larger than the grain
boundary back-to-back Schottky barrier and can be reduced due
to the presence of hydrogen atoms accumulating at the elec-
trode, as well as diffusing along grain boundaries, which
increases the probability of electron tunneling.”

Colossal relative permittivity has been observed in spark
plasma sintered BaTiO;,*” but the role of adsorbed surface
states has not been studied in detail. Therefore, the BaTiO;
ferroelectric to paraelectric transition could be exploited to help
confirm the presence of electron trapping states by significantly
increasing the relative permittivity of the material at the T¢. The
electrical properties of undoped, donor-doped, and acceptor-
doped BaTiO; have been studied in detail using techniques
such as electrochemical impedance spectroscopy (EILS).**** EIS
is a technique that can deconvolute the resistance (Z') and
reactance (Z”) of bulk, grain boundary, and electrode-
semiconductor interface regions, as well as surface reactions,
of a specimen based on the frequency response of each elec-
troactive component. For BaTiOs, the overall conductivity is
usually dominated by the high-impedance grain boundary
regions due to the formation of surface-state-induced-Schottky
barriers.”® The changes in the grain boundary Schottky barrier
height due to external factors, such as physically or chemically
adsorbed gases, can be probed with EIS so that activation
energies for charge transport can be determined. However,
electrochemical determination of the species responsible is
only possible using a spectroscopic method with high
resolution.

Near ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS) is a surface characterisation technique (1-10 nm
depth) that allows the chemical investigation of surface species
in the presence of gases and vapours at low pressures (1-10
mbar).**** This is an extremely powerful technique for mecha-
nistic catalysis studies, as key adsorbed surface species and
intermediates can be identified during chemical reactions.”
The NAP-XPS surface analysis technique is routinely used for
the study of surface chemical species for chemoresistive gas
sensors,”**™*” as well as other surface/bulk techniques such as
electron energy loss spectroscopy (EELS) and electron para-
magnetic resonance spectroscopy (EPR). Besides the brilliance
and coherence, the advantage of synchrotron light over labo-
ratory X-ray sources is that the photon energy can be tuned, thus
increasing the sensitivity towards a certain element on the
surface. Therefore, through a careful choice of acquisition
parameters, the synchrotron-based XPS may provide high
intensity and high-resolution photoemission signals in
a shorter acquisition time than with a laboratory setup, which is
essential during in situ measurements. This feature may allow
surface states that are close in binding energy, such as hydroxyl
species, adsorbed H,O, and potentially ionosorbed species
(0O,7/07), which are separated within a few eVs, to be resolved.®
The presence of oxygen vacancies cannot be probed directly by
XPS. However, both Francombe et al.*® and Idriss* have shown
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that oxygen vacancies are passivated by hydroxyl groups and
adsorbed water, and so are an indirect indication of their
presence.

In this investigation, we report an impedance and near
ambient pressure-X-ray photoelectron spectroscopic study (not
combined in situ impedance and XPS) of the H, sensing prop-
erties of spark plasma sintered BaTiO; with platinum electrodes
in an attempt to determine the mechanism of H, detection. Gas
sensing characteristics were formed on BaTiO;-Pt after an
initial high temperature (1000 °C) reduction in H, to form an n-
type semiconductor, followed by controlled reoxidation
between 460 and 470 °C. EIS was used to monitor the resistance
and dielectric changes of the bulk, interface, and grain
boundary regions during the reoxidation of n-type BaTiO;, as
well as the electrochemical changes that occur within the
material under atmospheres of Ar, N,, O,, and H, : N, and CO:
N, mixtures, and as the material moves through the BaTiO; T¢
region. Synchrotron-based NAP-XPS was used to determine the
BaTiO; surface species present after controlled reoxidation and
then upon exposure to H, (1-4 mbar) in the temperature range
22-150 °C.

2 Experimental methods
2.1 Materials

BaTiO; (99.7%) metals basis powder (Dy5o < 2 micron) was
purchased from Alfa Aesar, Germany. The N, BET surface area
was 1.93 4 0.15 m> g~ ' (ESIL: Table S1 and Fig. S17) giving a BET
diameter of 0.54 + 0.04 pm under the spherical particle
assumption, which corresponds closely with the Dy;, value of
0.60 £+ 0.14 um derived from laser diffraction (F,, = 1.11)
(Fig. S27). Solutions for Archimedes density measurements were
prepared in nanopure water (MicroPure UV System, Thermo-
Fisher Scientific system with resistivity equal to 18.2 MQ cm).
Gases for spark plasma sintering, controlled reduction and re-
oxidation, and electrochemical impedance measurements
were obtained from PanGas, Diibendorf (CH) and included: N,
(99.995%), synthetic air (N, : O,, (80 : 20%), 2% H, in 98% argon
(99.995%), CO (99.995%), and H, (99.995%). Platinum ink
(product code 6082) for electrode contact formation was
supplied by Metalor Technologies SA (CH).

2.2 Spark plasma sintering (SPS)

Spark plasma sintering of BaTiO; powders was performed on
a FCT Systeme GmbH with a Riedel Precision Cooling System
and a Stange Electronik GmbH SE-607 process controller. 3
grams of BaTiO; powder were loaded into a graphite die with
a 20 mm internal bore and 20 mm upper and lower punches to
generate BaTiO; disc-shaped ceramic samples that were
approximately 2 mm thick and 20 mm in diameter. A circum-
ferential graphite sheet was placed inside the die bore, and
graphite discs were placed on both the top and bottom of the
powder to ensure good electrical contact between the upper and
lower punches and die. The graphite die-sample assembly was
placed between the SPS force rams and an initial force of 3 kN
was applied (Fig. S371). Prior to sintering in argon, two vacuum-
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argon flush cycles were performed to ensure air was removed
from the system. The graphite die and sample assembly were
initially heated to 400 °C before the uniaxial pressure was
increased to 16 kN over a period of 2 minutes. Once a constant
force was achieved, heating to 1200 °C commenced at 100 °
C min~" using a 12, 6, 1, 0 (fon, fofr, pulse/bunch, ¢yayse (pause
between bunches)) DC pulse sequence. Samples were held at
1200 °C for 2 minutes and then the force was released back to
the 3 kN baseline. Once the force was released, samples were
cooled rapidly to room temperature over 5 minutes. The
temperature of the sample was measured with the internal FCT
system pyrometer. The samples sintered at 1200 °C and 16 kN,
corresponding to 50 MPa for a 20 mm diameter die (Fig. S4a and
bt), respectively, were designated with the code BTO. Following
this, samples were decarbonised at 700 °C for 4 hours and then
progressively polished using P1000 Buehler Carbimet silicon
carbide polishing papers to remove the surface layers.

2.3 Electrochemical impedance spectroscopy studies

2.3.1 Electrode formation. Platinum electrodes were
formed on the BTO sample by applying Pt ink (Metalor 6082) to
both pellet faces and were then dried at 120 °C for 1 hour. The
samples were subsequently fired at 900 °C in air for 2 hours to
sinter the platinum and remove organic compounds from the Pt
ink. The sample was designated with the code Pt-BTO.

2.3.2 General setup. Electrochemical impedance spectra
were measured using a Carbolite furnace, a Probostat™ system
with two Pt hand electrodes (supplied by Norecs AS, Norway),
and a Solatron 1260 impedance analyser with a 1265 dielectric
interface. Measurements were made from 10 MHz to 0.1 Hz at
0.1 Vac and at 20 measurement points per decade to generate
high-resolution impedance spectra. Gas flow to the probostat
was controlled using a Humistat™ gas mixture system supplied
by Norecs AS. The sample temperature was monitored using S-
and K-type thermocouples at high (400-1000 °C) and low
temperatures (22 °C to 175 °C), respectively, and were located
within 5 mm of the sample. The temperature data were
collected using a Keithley DAQ6510 multimeter with a 7702-
multiplexing interface. Gases were dried prior to entering the
Humistat by flowing through Drechsel bottles filled with
phosphorus pentoxide (P,0O;5) desiccant.

2.3.3 Controlled reduction and reoxidation in air. To
generate ionosorbed (0,7, O~, O®7) species and/or oxygen
vacancies, the Pt-BTO sample underwent a controlled reduction
and reoxidation procedure in the Probostat system (Fig. S57).
During the treatment, the Pt hand electrodes were attached, and
the impedance spectra were monitored on a continuous loop to
assess the degree of reduction and oxidation via the decrease
and increase in sample resistance, respectively. The Pt-BTO
sample was heated under a flow of 2% H, in argon (250
ml min~") to 1000 °C and held for 1 hour to reduce the sample.
Following this, the sample was cooled to 460 °C under a flow of
2% H, in argon until the temperature had stabilised. The
sample and impedance setup resistance were 2 Q at this point.
The gas was then switched to a flow of synthetic air (250
ml min™") at 460 °C and the sample impedance began to

This journal is © The Royal Society of Chemistry 2024
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increase as the sample reoxidised (Fig. S6T). The sample oxi-
dised at a linear rate of 0.035 Q s~ " and reached a resistance of
150 Q after 70 minutes at this temperature and time. After
oxidation treatment, the sample was rapidly cooled to room
temperature to prevent further oxidation, which would cause
a high resistance state and no impedance change under H,
atmospheres. The final room temperature resistance after
reoxidation at 460 °C was 4.8 kQ. The sample was designated
with the code Pt-BTO-460. The sample then underwent H, gas
sensing trials at room temperature. Following this, the Pt-BTO-
460 sample underwent the same reduction and reoxidation
procedure, but oxidation this time was performed at 470 °C for
55 minutes, with a linear oxidation rate of 0.09 Q s '. The
sample was cooled to room temperature and gas switching
between air and a mixture of 2% H, in argon was performed to
check for a change in resistance on exposure to H,. The sample
was designated with the code Pt-BTO-470, and the remaining H,
gas sensing work was performed on this sample, which
included detailed impedance spectroscopy experiments from 0-
19% H, in N, and from 22 °C to 175 °C. The temperature
window for controllable reoxidation was small (approx. 30 °C),
as the oxidation rate at 490 °C was too rapid, resulting in a non-
sensing, electrically insulating state.

2.3.4 H, gas switching and impedance spectroscopy
measurements. The Kramers-Kronig test was applied to
impedance spectra under pure N, as well as 0.4% H, in N, to
test that the system obeyed the conditions of linearity, time-
invariance, and causality (Fig. S7f). This demonstrated that
high-quality impedance spectra were collected and provided
confidence that the values of the physical quantities obtained
were accurate. The real (Z') and imaginary (Z”) parts of the
impedance, as well as the capacitance, were measured as
a function of AC frequency and over a range of H, concentra-
tions (from pure N, then from 0.4-19% H, in N,) and sample
temperatures (22-175 °C). The material total resistance (R
was calculated from the low-frequency intercept of the Nyquist
plot.

2.3.5 Distribution of relaxation times (DRT) analysis of
impedance data. The distribution of relaxation times analysis
was used to identify the resistance of each electroactive
component as well as the associated time constants (7).** An RC
circuit is characterised by a single time constant (t = RC).
However, in real experiments, there is a distribution of time
constants, and the constant phase element is implemented
(Y(w) = Yo(jw)?).** The distribution can be visualised in a 1-
domain plot of the distribution of relaxation times (DRT).
Impedance spectra in this study were fitted to the DRT model
using the Igor-Pro package developed by Kobayashi et al.>** In
this method, the multiple time constants that characterise an
electrochemical system can be represented by a distribution
function (y(r)) describing a distribution of time constants (),
which is related to the impedance through solving the Fred-
holm integral of the second kind as shown in eqn (8).

o

(@) dr (8)

Z(w;) =R, + R
(@) = R + Pmeir
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where Z is the total impedance, R, is the resistance at high
frequency, and R, is the polarisation resistance (R, = Rqc — Ry.
max)- The DRT profiles were deconvoluted into separate elec-
troactive components using a multipeak Gauss function, shown
in eqn (9), in Origin Pro to determine bulk, grain boundary, and
electrode resistances and capacitances.*®
A ex?

y*yo"'w\/’n—/je " (9)
where y, is the peak baseline, A4 is the peak amplitude, w =
FWHM/sqrt(In(4)), and x. is the peak maximum position and
corresponds to the time constant for that component. The
individual peak areas correspond to the resistance of each
electroactive component and were found by numerical inte-
gration of In(y(7)) vs. log(7)-2.303.

2.4 Near ambient pressure X-ray photoelectron spectroscopy

Near ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS) measurements were carried out at the X07DB in situ
spectroscopy beamline (Swiss Light Source, Villigen, Switzer-
land).*> A small, localised surface layer (100 pm) of Pt was
mechanically removed from the Pt-BTO-470 sample to expose
a BaTiO; surface spot, and the sample was then mounted on the
tip of an infrared heated manipulator. The manipulator was
then transferred into the measurement cell, which allows
precise dosing of gases and vapours under flowing conditions,
using a stepper motor-controlled system.** The X-ray beam was
focused on the exposed BaTiO; spot, and the position of the
sample was adjusted to attain the highest signal from the X-ray
beam using a computer-controlled stepper motor microma-
nipulator system. Ultrapure gases were dosed by means of mass
flow controllers and pumped away with a tunable diaphragm
valve connected to a root pump. This allows the dosing of
relevant gas flows and precise control of the pressure during the
experiments. The end-station differential pressure was moni-
tored by means of Baratron pressure transducer measurement
heads. The gas concentration and gas switching were moni-
tored by a quadrupole mass spectrometer, which was sampled
from the second differential pumping stage of the analyser. The
rear of the Pt-BTO-470 sample was heated using a tunable IR
laser (976 nm, max power 25 W) and the temperature was
monitored with a Pt100 sensor in contact with the sample.
Survey spectra and Ba 3d core levels were measured at an exci-
tation energy of 1100 eV and the remaining core levels were
measured at 850 eV. Photoemission spectra were obtained
using linearly polarised light at an excitation energy of 1100 eV
and 850 eV, with a pass energy of 50 eV, for C 1s, O 1s, Ti 2p, Ba
4d, Ba 3d, and Pt 4f. After the sample was aligned with the
photon beam at the focal distance of the analyser, the sample
surface was investigated by acquiring photoemission signals
while being exposed to a specific gas at a constant temperature.
Spectra were collected at 22 °C, 80 °C, 125 °C, and 150 °C. For
each temperature, measurements were made initially under
argon at 1 mbar, followed by increasing H, pressures from 1
mbar to 4 mbar.
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2.4.1 XPS peak fitting. All XPS spectra were normalised by
the total number of scan iterations for each element and the
photon flux, which was calculated from the recorded photon
current before each spectrum was obtained. All peak positions
were adjusted to the adventitious carbon C;5 peak (284.8 eV) to
compensate for a shift in the binding energy due to surface
charging in different gas atmospheres. Peak fitting was per-
formed using the software XPSPEAK41. A Shirley function was
used for background subtraction and the Gaussian to Lor-
entzian peak contribution was fixed at 70: 30.>® The quality of
the XPS peak fitting and peak deconvolution was assessed by
the chi-squared (x*) value and the Abbe criterion (Tables S3-
S8t). For spectral comparison between different pressures and
temperatures, relative intensities were used and were calculated
from the individual peak component areas divided by the total
area of the peak envelope (i.e., OH area/O 1s envelope area). The
difference spectra were calculated by dividing the experimental
spectra by their areas, interpolating each spectrum to common
binding energy points, and then subtracting the spectra
collected in H, from the 1 mbar argon reference spectrum
collected at 22 °C.

3 Results and discussion
3.1 Material properties

The BTO pellet exhibited a blue tint after spark plasma in argon,
which is indicative of oxygen loss from the lattice and reduction
of Ti*" to Ti*" due to charge compensation in the lattice. The
sample returned to a white colour after oxidation in air at 700 °
C. Scanning electron micrographs show a partially sintered,
granular morphology with grain sizes of approximately 2 um
and below, as well as the presence of large macropores
(Fig. S871). The BTO pellet had a density of 95% of the theoretical
value (6.02 g cm ) calculated from Archimedes measurements,
and N, BET surface areas were 0.2 m* g~ ' due to the presence of
some open porosity (Table S2t). Powder X-ray diffraction
showed that the BTO was phase pure and with no preferred
orientation (Fig. S9a and bt), calculated from the Lotgering
factor,”® using the (100), (101), (111), (200), and (211)
reflections.”

3.2 Controlled reduction and oxidation and initial gas
sensing measurements

Spectroscopic plots of the imaginary (Z”) and real (Z’) imped-
ance components vs. frequency, representing reactive and
resistive electrical responses, respectively, show that both Z' and
Z" increased with oxidation time for treatments at 460 °C and
470 °C and over the entire frequency range from 0.1 Hz to 10
MHz. For Pt-BTO-460, the spectroscopic plots (Fig. S10a and b¥)
show the change in Z’ and Z” after approximately 1800 and 4200
seconds into the oxidation procedure, and for Pt-BTO-470, the
comparison is shown for oxidation at 660 and 3300 seconds
(Fig. 1a and S117). During oxidation, the low-frequency plateau
maximum for Z' vs. frequency, which approximates the total
resistance, increased from 60 to 160 Q for Pt-BTO-460 and 75 to
300 Q for Pt-BTO-470. For BaTiOj, the Z”’ peak in the
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spectroscopic plot between 10° and 10°> Hz is indicative of the
grain boundary resistance (Ry,), with the peak height approxi-
mately equal to R,,/2.°° The Z" peak increased during oxidation,
resulting in an increase of Ry, from 30 to 80 Q for Pt-BTO-460
and 40 to 150 Q for Pt-BTO-470. When representing the data
in the electric modulus formalism (M”), which enhances peaks
for the electroactive components with the smallest capaci-
tance,*® iLe., the bulk, the M’ peak maximum in the high
frequency region increased for both oxidation temperatures,
indicative of an increase in the resistance of the bulk with
increasing oxidation level. This is attributed to the filling of
electron-donating bulk oxygen vacancies, which are formed
during high temperature reduction in H,.*

On first inspection, these observations are consistent with
the ionosorption model, whereby incorporation of oxygen into
n-type BaTiO; results in an increase in the resistance of the
grain boundary and bulk regions as electrons are withdrawn
from the conduction band and are injected onto chemisorbed
surface oxygen, forming charged, ionosorbed electron-trapping
surface species. Fig. 1b shows the change in total resistance vs.
time for Pt-BTO-470 when switching from air to 2.0% H, and
then back to air at 22 °C. A typical n-type gas sensing response is
observed, as the total resistance decreased from 30 kQ to less
than 10 kQ over the timescale of the experiment and did not
reach equilibrium even after 15000 seconds. It appears that
there are two exponential components describing the H,
sensing electrical profile: one fast component with a large
amplitude (a 20 kQ change over 300 s) and a second slower,
exponential tail component with a smaller amplitude. However,
these observations are also consistent with passivation of
surface oxygen vacancies, with a varying oxygen concentration
in the near surface region. The presence of two-time constants
is indicative of fast generation of surface oxygen vacancies on
exposure to H,, and then a second slower time constant related
to the generation of oxygen vacancy donor species due to the
desorption of adsorbed H,0. On switching from H, back to air,
the reverse is observed: the resistance increases rapidly and
then relaxes slowly back to the original pre-switching resistance
value. Fig. 1c shows the corresponding impedance spectro-
scopic plots for Pt-BTO-470 when switching from air to 2.0% H,.
The peak in the Z” vs. frequency plot is attributed to the grain
boundary impedance, while the major peak in the M’ vs.
frequency plot is due to the bulk impedance. There is also
a small secondary M” peak at lower frequency that is coincident
with the grain boundary Z” vs. frequency peak. This supports
the fact that grain boundaries, which have a larger capacitance
compared to the bulk, produce a smaller response in the M”
formalism.*® On switching from air to H,, the grain boundary Z”
peak decreased significantly and Ry, decreased from 30 kQ to 9
kQ and shifted to a slightly higher frequency. The high-
frequency M" peak, representative of the bulk, decreases only
slightly, indicating that the interaction of H, is mainly with
grain boundary-related surface chemistry. The procedure was
repeated for the Pt-BTO-460 sample, and the trends are similar
(Fig. S12a and b¥). The magnitude of the response is greater for
sample Pt-BTO-470 due to a higher concentration of grain
boundary H, sensing species incorporated during reoxidation

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Spectroscopic plots (Z” and M” vs. frequency) during

oxidation of Pt-BTO at 470 °C recorded at 658-3303 seconds into the
oxidation procedure. (b) Change in Pt-BTO-470 resistance when
switching from air (250 ml min~%) to 2% H, in argon and then back to
air at 22 °C. (c) Corresponding spectroscopic plots showing the
change in Z” and M" vs. frequency for the data in graph (b) during gas
switching. (d) Plot of resistance vs. time during change of the Probostat
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at higher temperatures. In the surface conductivity model
proposed by Blackman,® the material's resistance should
increase as the oxygen partial pressure is increased, which is
due to the filling of oxygen vacancies. However, there was no
change in impedance spectra when switching from N, to O, at
both 22 °C and 175 °C (Fig. S13a-cT). N, to CO switching was
also performed at 22 °C to probe if a vacancy-mediated process
exists. CO has been shown to adsorb on oxygen vacancies and
react with lattice oxygen to produce CO,, resulting in a decrease
in resistance (Fig. S141).*® However in our study, no resistance
change was observed for CO concentrations of 4% and 100-
%.Therefore, the change in resistance for this system when
under H, is most likely attributed to another process, such as
the dissociation of H, on Pt.”®. However, this does not exclude
oxygen vacancies as sensing species for higher temperatures
and other gases, as their role has been clearly identified by
several authors.* The healing of oxygen vacancies is also ex-
pected to be an activated process,* so below a critical temper-
ature no significant reaction (resistance change) is observed, as
has been shown for CO oxidation on Sn0,(110), which proceeds
via the Mars-Van Krevelen mechanism.®

3.2.1 Recovery and reversibility. To determine if the H,
sensing process is reversible, impedance spectra were collected
in pure N, before and after exposure to H,. These are the
measurements most similar to the subsequent NAP-XPS
measurements, which were performed in Ar and H, and will
be described later. The resistance progressively decreased with
increasing H, concentration from 0 to 19% (Fig. 1d), with Ry
decreasing from 30 kQ to 6 kQ. After equilibration under
atmospheres of 19% H,, the atmosphere was switched back to
pure N, and the increase in Ry, was recorded (Fig. 1e). Ry
relaxed slowly back to the initial value of 30 kQ over 6 x 10*
seconds (16.6 h). As with the initial switch from air to 2% H,,
a double exponential model fits to the R relaxation data
(Fig. 1e) and supports the fact that two exponential components
are present with approximate equal amplitudes, consisting of
fast and slow components. The fast component could be
indicative of immediate changes occurring at the surface of the
Pt electrode, while the slow component could be associated with
the healing of oxygen vacancies due to oxygen diffusion from
the bulk. Moreover, the fast and slow components observed in
the electrical measurements could also be related to the diffu-
sion of protons through high- and low-angle grain boundaries,
respectively, and this could control the number of H, adsorp-
tion sites, thus influencing electronic conductivity.**

The impedance spectra were measured over the course of the
Reot recovery while in pure N, and Fig. 1f shows the corre-
sponding Nyquist spectra of Pt-BTO-470 initially in pure N,
before H, exposure, and then after exposure in H, (19%), after
Ryt recovery back to 30 kQ under pure N,. It has been reported

gas flow from pure N, to 1% H, in N, and then for increasing H,
concentrations up to 19% H, in N». (e) plot of resistance vs. time after
switching from 19% H, in N, to pure N, and demonstrating the
reversibility of H, sensing process and presence of two time constant.
(f) Nyquist plot of Pt-BTO-470 before and after exposure to 19% H, at
22 °C, confirming sensing reversibility.
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that sensor resistance changes occur due to the reaction of H,
with 0,7, 07, and O~ to produce H,0, removing oxygen from
the surface.®® Additionally, for BaTiO; and metal oxides, H, can
react with lattice oxygen and surface OH to form H,O, which
then desorbs from the surface, leaving a donor oxygen
vacancy.®*** The vacancies are then healed by diffusion of
oxygen from the bulk to the surface.”® Moreover, at lower
temperatures, H, can dissociate into H, on the Pt surface and
inject electrons into the conduction band of BaTiO;. These two
processes could be operating in parallel, although Heidary
et al.”® have shown proton diffusion is dominant at lower
temperatures and diffuses along the grain boundary and elec-
trode interface regions. This causes a reduction in the Schottky
barrier heights for both regions. The present work shows that
the resistance after H, exposure recovers to baseline in both air
and N,. Therefore, it could be that in air the vacancies are
healed extrinsically, while in N, they are healed intrinsically. In
the context of the ionosorption model, the switching process
should be irreversible if charged oxygen is removed from the
surface, which will lead to a gradual decrease in the total
resistance with increasing switching cycles, or reversible, if
oxygen can be re-adsorbed at the surface and charged through
electron donation from the conduction band. However, over
short cycles, this does not occur. The fact that the resistance
reaches baseline in N, suggests that oxygen vacancies are being
healed by diffusion from the bulk. Reversibility due to passiv-
ation of vacancies implies that the vacancy mechanism is in
operation, and hence H,O should be observed on the surface as
H, reacts to form OH and H,O, while the ionosorption model
would require chemisorption of oxygen at room temperature to
be reversible. In addition, Heidary et al. have shown that for
BaTiO; on immediate change from H, to inert gas that the
resistance increases, and this occurs as the electron injection
process has ceased.”® The calculated diffusion coefficients at
240 °C ranged from 2 x 10~® em™> s~ for grains to 5.3 x 107®
and 6.3 x 10”% ecm 2 s™'for grain boundaries and electrodes,
respectively. Based on these findings, the two time constants in
Fig. 1e could be attributed to cessation of H, dissociation
driving electron transfer to BaTiO; and healing of oxygen
vacancies due to diffusion from oxygen from the bulk. Based on
the oxygen mobility diffusion coefficient equation for BaTiO;
devised by Kessel et al.*% (with D = 7.15 x 10" " cm® s~ " and
an activation energy of 0.7 eV) and the Crank solution of Fick's
second law of diffusion,®® this implies an unrealistic oxygen
diffusion distance of approximately 0.4 pm to heal vacancies
over a 60 k second period (as shown in Fig. 1e). However, this
equation is only valid for temperatures >200 °C and so it is
difficult to estimate the oxygen diffusion coefficient at room
temperature. Therefore, it is more likely that water vapour
present in the system passivates the surface oxygen vacancies,
as has been shown by Li et al.®®

3.3 Synchrotron-based near ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS)

There is a scarcity of spectroscopic evidence identifying the gas
sensing O~ group proposed in the ionosorption model.
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Recently, the charge state of adsorbed oxygen has been identified
and manipulated on TiO, using non-contact AFM and O, , O™,
and O>~ species have been identified under UHV at 77 K.*®
However, the existence of the metastable O~ adatom at higher
temperatures remains elusive. Synchrotron-based XPS is another
way to decouple these charged oxygen groups from the O 1s
photoemission  peak.  Temperature-dependent = NAP-XPS
measurements were performed on Pt-BTO-470 to determine the
mechanism of H, interaction and to identify the chemical
species involved in H, detection, and thus elucidate the electrical
conduction mechanism in operation during gas switching from
inert to H, gas atmospheres. A diagram showing the sample
measurement location within the bulk material is shown in
Fig. S15.F The XPS photon beam diameter is 300 um and the Pt
etched away, bulk spot diameter is 3 mm. A survey scan for the
bulk region is shown in Fig. S16.7 It is clear that no Pt peak is
present in the bulk region, as we ensured that the bulk spot area
could accommodate the photon beam without simultaneously
measuring the BaTiO;-Pt interface region (Fig. S151); however,
there is a small peak between 300 eV that could be due to K 2p,
and this could have been incorporated during the spark plasma
sintering process due to system contamination. Analysis of the C
1s, O 1s, Ti 2p, Ba 4d, and Pt 4f photoemission peaks showed that
only the O 1s peak changed significantly when switching from
atmospheres of Ar to H, and when increasing the H, pressure,
with minor changes occurring for the other elemental XPS
spectra (Tables S3-S8 and Fig. S17-S217).

Fig. 2A-D shows the deconvolution of the O 1s photoemission
spectra for Pt-BTO-470 collected at 22 °C into three distinct peaks
while under an atmosphere of 1 mbar Ar and then switching to
1-4 mbar of H,. The relative intensity difference spectra shown in
Fig. 2E show an increase in signal intensity at 532.5 eV, and
a corresponding decrease at 531 eV when switching from 1 mbar
argon and for increasing H, pressures. According to the inter-
pretation proposed by Dupin et al.”® for metal oxides, hydroxides,
and peroxides, three major components are centered at 529 eV,
531 eV, and 532.5 eV, which correspond to lattice O*~, ion-
osorbed O~, and weakly bonded groups such as OH/H,0,™*
respectively, with chemisorbed H,O centered at binding energies
greater than 533 eV.”>” However, considering the lack of spec-
troscopic evidence for O™, and the fact that the resistance
recovers to baseline in N, atmospheres (Fig. 1e), it is more likely
that alternative surface reactions are occurring on the BaTiO;
surface. In addition, the Weisz limit sets a cap on the amount of
negatively charged oxygen surface species that can form based on
the surface electron density available.” Hence, the formation of
a O monolayer is unlikely and therefore difficult to detect by
XPS. As has been reported by both Idriss** and Frankcombe
et al.*® oxygen vacancies cannot be directly detected by XPS.
Rather, vacancies promote surface reactions with H,O and H, to
form OH and adsorbed H,O species, and according to their
interpretation, the peaks at 529 eV, 531 eV, and 532.5 eV are
attributed to lattice oxygen (O*7), OH, and adsorbed H,O,
respectively.***® Based on the previous arguments, this assign-
ment fits with recent studies by Spasojevic et al.>®

Additionally, both C 1s and Ba 4d photoemission spectra
show that carbonate is formed on the BaTiO; surface (Fig. S18

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 O 1s photoemission spectra for Pt-BTO-470 collected at 22 °C (photon energy = 850 eV) and peak deconvolution for spectra collected
under (A) 1 mbar argon, (B) 1 mbar H,, (c) 2 mbar H,, and (D) 4 mbar H,. (E) O 1s difference spectra for increasing H, pressure using the 1 mbar
argon spectrum as the reference, and (F) change in O 1s relative peak areas as a function of H, pressure.

and S207). Carbonate also has a component in the O 1s signal
between 530 and 532 eV, depending on the charge balancing
cation.” Hence, there should be a superimposition of carbonate
and OH peaks, thus explaining why the peak at 531 eV is the
most intense. However, the C 1s and Ba 4d photoemission

This journal is © The Royal Society of Chemistry 2024

peaks show that carbonate is stable, as the relative intensities
do not change progressively with increasing H, pressure (Tables
S5 and S77), while the O 1s peak relative intensity at 531 eV
decreases with increasing H, pressure. Consequently,
a carbonate peak was added to the fitting procedure to ensure
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the that correct relative peak areas were obtained. Therefore, the
decrease in OH at 531 eV is explained by the reaction of disso-
ciated H, with OH and the formation of adsorbed H,O due to the
H, the spillover effect. Fig. 2F shows the change in relative peak
area for adsorbed H,0, CO;>~, OH, and O*" species vs. H, pres-
sure at 22 °C. After peak fitting and area calculation, analysis of
the O 1s photoemission peaks at 22 °C and under 1 mbar argon
shows that the surface is predominately covered with OH species
(50% of total peak area) and H,O (20%) (see Table S3t for peak
parameters). These species most likely form during the controlled
oxidation or cooling process. The Probostat system is not
completely gas tight, and it is possible for water vapour to
condense in cold regions of the system. Therefore, any water
vapour in the system can react with oxygen vacancies to produce
OH groups and adsorbed H,0.*® The OH peak at 531 eV shows
a decrease in the relative peak area, from 50% to 28%, and
a commensurate and progressive increase in the relative peak
area at 532.5 eV (H,0) from 12% to 55%, as the H, pressure is
increased from 1 mbar Ar to 4 mbar H,. This is most likely due to
the reaction of dissociated H, with OH and the interconversion of
OH to adsorbed H,0. The lattice oxygen (O*") relative peak area at
529 eV decreases from 20% to 8% as a function of H, pressure.
Therefore, H, appears to be reacting with both surface OH and to
a lesser extent O>~, as both show a reduction in relative peak area
with increasing H, pressure. The formation of adsorbed H,O due
to the reaction of H, with OH, and the subsequent desorption of
H,O0 should result in the creation of oxygen vacancies with
increasing H, pressure. If oxygen vacancies are created, then the
O lattice to cation ratio should decrease with increasing H,
pressure.”® This is indeed the case and can be seen in Fig. S17af
for O lattice to Ba and Ti ratios, supporting the proposed surface
reaction mechanism mentioned above.

The O 1s photoemission peaks, and deconvoluted peaks,
measured between 80 °C and 150 °C while under an atmosphere
of 2 mbar of H, are shown in Fig. S17c-g.T The spectrum under 1
mbar argon at 22 °C is shown as a reference (Fig. S17bt). When
under H, atmospheres at elevated temperatures, the same three
peaks are present, with centers located at 529 eV, 531 €V, and
532.5 eV (Table S47). Again, the difference spectra in Fig. S17f}
(using the 1 mbar Ar data at 22 °C as a reference spectrum) show
a clear decrease in the peak at 531 eV and an increase in the peak
at 532.5 eV with increasing temperature, demonstrating that an
interconversion of OH to H,O has occurred, while the O*~ peak
remains approximately constant, as shown in Fig. S17g.f The OH
relative peak area decreases from 29% at 22 °C to 20% at 150 °C,
while H,O increases from 42% to 59% (Table S47). The reaction of
H, with OH is promoted at higher temperatures as H, dissociation
on Pt and surface diffusion are thermally activated processes and
increase with temperature, producing a higher surface reaction
rate. H, switching reversibility could not be studied in the NAP-
XPS experiment due to the long recovery times associated with
switching from H, back to inert atmospheres (as shown in Fig. 1e).

3.4 Electrochemical impedance spectroscopy studies

Impedance spectroscopy studies by Heidary et al.”® have shown
that the resistances of grain boundary and electrode interface
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regions are reduced due to reduction of Schottky barriers driven
by hydrogen diffusion in BaTiO;. At the BaTiO; electrode
interface, the barrier is determined by the degree of band
bending, which is controlled mainly by the difference in the
work function of the metal and electron affinity of the semi-
conductor, while at the grain boundary if electron trapping, or
acceptor states, are present, then a depletion region can form,
resulting in back-to-back Schottky barrier. Heidary et al. showed
that the electrode interface region exhibited the largest resis-
tance and resistance change. In this work, initial EIS measure-
ments showed that during controlled oxidation at 470 °C, the
impedance of the grain boundaries increased with increasing
oxidation time (Fig. 1a). Under hydrogen containing atmo-
spheres, H, undergoes dissociative adsorption on Pt at room
temperature, forming protons that can migrate from Pt to
BaTiO; due to a surface diffusion process known as the spillover
mechanism.”® Therefore, protons could diffuse along grain
boundaries and electrode interface regions and interact with
oxygen vacancies, as well as drive the creation of new vacancies
due to reaction with OH and desorption of H,O, as was shown
in the XPS analysis. Therefore, the AC conductivity and
impedance behaviour were studied as a function of H, partial
pressure to gain a deeper insight into the interaction of H, with
the different electroactive regions of BaTiO;-Pt.

3.4.1 H, and D, kinetic isotope studies. In the presence of
a metal catalyst such as Pt, H, undergoes dissociative adsorp-
tion at room temperature, producing proton-electron pairs. For
the Pt electrode-BaTiO; system used in this study, protons can
migrate to barium titanate via spillover from the Pt electrode,
followed by proton surface migration along the BaTiO; surface.
This mechanism is known as the H, dissociation and spillover
effect and has been observed in a wide range of systems.”””® The
spillover effect causes an increase in BaTiO; conductivity as
charge separation occurs. Protons travel over the oxide surface
or along grain boundaries while electrons move through the
conduction band, causing an increase in the conductivity of the
material. The formation of conducting species due to this
process can be represented by eqn (10)-(12), where * denotes
a proton adsorption site.

s’ *

Hz + 2electr0de « 2Heleclrode (10)
2Helectrode + 2B2|Ti03 HZHBaTiO; + 2electmde (11)
2Hp, i, <> 2Hpg,i0, * + 2~ (12)

H, and D, isotope exchange studies were performed in this
study to elucidate the predominant charge transfer mechanism
of either electron or proton conduction, as the activation
barriers for proton (H') hopping are lower compared to
deuteron (D") hopping due to the lower zero-point energies of
the O-D bond compared to the O-H bond. If proton conduction
is the dominant mechanism, then according to classical theory,
op/oy+ is expected to be 0.71.7*#! If electrons are the majority
carrier, then op+/o will be close to 1. Fig. 3a shows the DC
conductivity (c4./S em ™) of Pt-BTO-470 measured at 22 °C and

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Electrical measurements on Pt-BTO-470 showing (a) DC
conductivity (64c/S cm™) vs. H, and D, molar flow rate at both 22 °C
and 130 °C. (b) Conductivity (o4c/S cm™Y vs. H, partial pressure (atms)
for the temperature range 22 °C to 175 °C and fitting of Langmuir
adsorption-conductivity model to experimental data. (c) Relative
permittivity vs. temperature and frequency (10* to 10° Hz) under 0% to
2.9% H, in Np. (d) Relative permittivity (at 100 Hz) vs. temperature
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130 °C vs. increasing concentration (ppm) of H, and D,, and the
results are tabulated in Table S9, with op+/oy+ ratios in the
range 1.00-1.08 for all conditions studied. Representative
Nyquist plots for impedance measurements performed at 130 °©
C and 290.7 x 10° ppm in atmospheres of H, and D, overlap
over the frequency range studied (Fig. S227). The results clearly
indicate that there is no significant change in conductivity
under H, or D,, indicative of the predominance of electronic
conduction across the temperature and H, concentration
ranges studied. However, H, dissociation produces protons that
can interact with grain boundary oxygen species, even though
they are not the majority carriers, as shown in eqn (9). Proton
diffusion in the metal oxide bulk lattice is slow at low temper-
atures; however, proton migration along surface oxygen species
is possible.” The mechanism of electron transport was inves-
tigated using the Jonscher interpretation of the AC frequency
response of conductivity.

3.4.2 AC analysis. The frequency and temperature depen-
dence of conductivity in ceramic oxide materials can be used to
investigate the conduction mechanism, as explained by
Jonscher, where the relationship between conductivity and
frequency is shown in eqn (13).2>*

o(w) = 0gc + Aw® (13)

where 4. is the direct current conductivity (S em™') at
a frequency equal to zero Hertz, A is a temperature-dependent
parameter, o is the angular frequency (rad s ') and S is an
exponent that describes the degree of interaction between
mobile charges. The charge carriers can be polarons, electrons,
or ions and are responsible for the conduction mechanism. The
temperature dependence of the S exponent is indicative of the
charge transport mechanism in operation, which is either via
hopping or tunnelling, or a combination of the two. Four charge
transport mechanisms have been described: (1) correlated
barrier hopping (CBH), which involves hopping of single or bi-
polarons over a coulombic barrier (S decreases with T);*** (2)
quantum mechanical tunnelling through a barrier (QMT) (S is
temperature independent);*** (3) non-overlapping small
polaron tunnelling (NSPT)* (S increasing with T); and (4)
overlapping large polaron tunnelling (OLPT)*** (where S
initially decreases and then increases with 7). The AC conduc-
tivity (o(w)) vs. frequency and the Jonscher model fits for Pt-
BTO-470, firstly, in atmospheres of N,, and then at increasing
concentrations of H,, over the temperature range 22 °C to 175 °©
C, are shown in the ESI (Fig. S23-S28 and Tables S10-S157).
Independent of the gas type, H, concentration, and tempera-
ture, it is evident that all spectra are composed of: (1)
a frequency independent low-frequency region that is thermally
activated; and (2) a frequency dependent high-frequency region
where the conductivity increases with increasing frequency. The
increase in conductivity with frequency is due to the movement
of charge carriers between different localised states as well as

under 0% to 2.9% H, in N,. (e) Conductivity (S cm™Y) vs. relative
permittivity for 0% to 2.9% H, in N, (with measurement temperatures
shown next to symbols).
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the release of charges confined to trapping centres. The
conductivity values for increasing H, concentrations merge at
high frequency and this is indicative of dispersion phenomena
that occur due to short-range charge mobility. The lower
frequency plateau regions (<10* rad s') and o4, values
progressively increase with increasing H, concentration (0.4—
19%), ranging between 2 x 10 % to 15 x 10 ° S em ™" at 22 °C
and between 19 x 10 °t0 1140 x 10 °Scem ™' at 175 °C, and o4.
increases exponentially with temperature and as a function of
H, concentration (Fig. S291). For all H, concentrations, there is
an increase in conductivity at the T of BaTiO3, and this may be
due to the complete filling of electron trapping surface states
and therefore an increase in the trap emission rate. Conversely,
only a small increase in o4, occurs for measurements performed
under pure N, (Fig. S297), as there is a lower concentration of
conduction band electrons.

Two distinct S vs. T regions can be identified for Pt-BTO-470
for both N, and all H, atmospheres, with an inflection point and
change in mechanism occurring between 80 °C and 100 °C
(Fig. S307). Below 80 °C, the value of S increases with temper-
ature for pure N, and for all H, concentrations, which is
indicative of a non-overlapping small polaron tunnelling model
(NSPT). Above 80 °C, the S exponent generally decreases with
temperature, and this is indicative of a correlated barrier
hopping (CBH) mechanism. The CBH model, proposed by
Pike® for one electron and then for two electrons by Elliot,**
explains AC conductivity in terms of electrons that hop over
a potential barrier between two charged defect states, D™ and
D', where the barrier height is correlated with the inter-site
separation via a coulombic interaction, due to the changing
overlap region of potential energy wells.** For Pt-BTO-470, the
exact nature of these sites is unknown, but the AC conductivity
increase due to short-range charge mobility (and quantified by
the S exponent) lies in the high frequency region (>10* rad s™")
where the bulk controls the conduction. Therefore, the NSPT
mechanism could be attributed to a tunnelling process in the n-
type grains.”® As the temperature and hydrogen concentration
increase, more of the high frequency AC conductivity response
is dominated by the grain boundary region (the peak in z”
moves into the AC conductivity curvature region) and is there-
fore controlled by charge hopping over the Schottky barrier.
Hence, the charge transport is controlled by the grain bound-
aries via the CBH mechanism. For atmospheres of 0.4% and 1%
H,, S decreases at 100 °C and then there is a second increase
and inflection point at 125 °C, with S then decreasing to 0.9 as
the temperature increases to 175 °C. Hence, these results
demonstrate that charge transport is complex and is dependent
on both temperature and H, concentration. These observations
can be described by mixed NSPT and CBH charge transport
when under low H, concentrations. However, the general trend
shows a transition from the NSPT mechanism in the grains
below 80-100 °C to the CBH at grain boundaries above 100 °C,
which could be due to the ferroelectric-paraelectric phase
transition, which drives electron trap filling and an increase in
the Schottky barrier height and depletion layer width.

3.4.3 Hydrogen adsorption on BaTiO; surface sites and the
Langmuir model. Matsuda et al. have shown that there is
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a conductivity H, pressure dependence that follows the Lang-
muir adsorption model for CeO,.” In their work, this is
explained in terms of H, dissociated protons adsorbing on
surface charged oxygen sites (O, ). This is a Langmuir disso-
ciative adsorption model that assumes: (1) adsorption sites are
homogeneous and non-interacting, and (2) no interaction exists
between neighbouring molecules.

For our work, the conductivity should also exhibit a H,
pressure dependence, as more BaTiO; surface sites/defects will
be filled at higher H, concentrations, increasing the concen-
tration of electrons in the conduction band. The reaction and
equilibrium equations for this model are shown in eqn (14) and
(15), respectively.

H, + 2:321"1'{03 © 2Hp, g0, * +2e” (14)

1
(KHz PHz)1

og=A (15)

1
1+ (KHzPHz)z

where K, is the Langmuir equilibrium constant (atm™'), P is
the gas phase pressure (Pa), ¢ is the sample conductivity
(S em™"), and A is a term that includes the charge carrier
mobility (S em™'). As shown in Fig. 3b, the conductivity
increases with increasing H, partial pressure (atms) for all
temperatures studied and follows a Langmuir surface coverage
dependence model. The Langmuir model in eqn (15) was fitted
to the experimental data with fit parameters tabulated in Table
S16,1 and the individual fits are shown graphically in (Fig. S317)
and show good agreement with the experimental data. The
Langmuir equilibrium constant (K.q) increases from 83 to 115
atm™' between 22 °C and 80 °C, which is a weaker interaction
and half a magnitude lower compared to H, spillover from Pt
onto CeO, charged oxygen species, which has a value of 480
atm™' at 200 °C.”® From 80 °C to 125 °C, there is a decrease in
K.q with a minimum attained at 125 °C of 0.31 atm™*, before
increasing again to 20 atm™ ' at 175 °C (Fig. S327). Therefore,
the Langmuir conductivity model fits the experimental data
well, indicating that it is possible for protons to interact and
adsorb at grain boundary and interface oxygen vacancies, and
this explains the H, pressure dependence of conductivity.
3.4.4 Capacitance measurements: colossal relative
permittivity. Colossal permittivity (e, > 1000) was observed in all
atmospheres studied and across the frequency range 10" to
10° Hz, as shown in Fig. 3¢ and S337. Fig. 3d shows the relative
permittivity vs. temperature at 100 Hz for H, concentrations
from 0-2.9%. Under N, atmospheres, the increase in relative
permittivity is modest, increasing from 2.5 x 10* at 100 °C to 5.0
x 10 at 150 °C. This temperature region corresponds to the
ferroelectric to paraelectric phase transition in undoped spark
plasma sintered BaTiOj3, which is typically between 100 °C and
130 °C.** Under H, atmospheres, the increase in relative
permittivity occurs at approximately 80 °C, some 20 °C lower
compared to the measurements under N,. There is also
a significant increase in relative permittivity of over half an
order of magnitude, from 5.0 x 10* at 80 °C to 1.1 x 10° at 125 °

This journal is © The Royal Society of Chemistry 2024
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C. The increase in relative permittivity also increases with
decreasing measurement frequency, as shown in Fig. 3c. The
mechanism behind colossal relative permittivity is due to the
Maxwell-Wagner effect, which describes the formation of an
internal barrier layer capacitance (IBLC) under an applied
electric field.”* Taylor et al. have also explained that colossal
permittivity in metal oxides is due to mobile electrons confined
to the grain surface shell, resulting in the formation of
a metallic interfacial layer, which produces the IBLC effect.”® In
this study, the nature of the confinement process/charge trap-
ping species and the effect on the Schottky barrier height and
depletion layer are currently unknown. However, the Schottky
barrier height and width can be modulated by oxygen vacancies,
as they act as electron donors under reducing conditions (eqn
(7)).>+*> The Schottky barrier can be modified in two ways: one is
due to the creation and migration of oxygen vacancies at the
oxide-metal interface, resulting in O vacancy accumulation and
depletion, which has been shown for SrTiO;-Pt and other
systems.’*®” The second is via charge trapping/de-trapping at
grain boundaries and grain boundaries located at the electrode
interface. The presence of oxygen vacancies in the depletion
region can act as traps for injected carriers.’® In this context, the
Schottky barrier height and width are reduced when vacancies/
electrons are accumulated/de-trapped and are increased when
oxygen vacancies/electrons are depleted/trapped.®®®® Charge
trapping/de-trapping can also be induced by protons/mois-
ture.”” Additionally, Gonon et al. produced BaTiO; dielectric
materials that were grown under H, containing atmospheres,
which displayed high capacitance and conductivity compared to
similar materials grown under N,.'” The mechanism in this
case was due to mobile proton hopping along neighbouring OH
groups, resulting in a double layer capacitance at the electrodes
(electrode polarisation). The results observed in this study
support the IBLC theory, as the dissociative adsorption of H,
could result in the filling of electron traps and/or deplete oxygen
vacancies located at the grain boundary and electrode interface,
and therefore widen the depletion layer, explaining the capac-
itance increase at the T when under H, atmospheres. It is also
possible that there is mixed electronic and protonic conduction,
with hopping of protons along neighboring OH groups, which
widens the depletion layer, analogous to the work of Gonon
et al. This ties in with our XPS results, which show the presence
of both OH and H,O on the BaTiOj; surface.

The Mott-Schottky (MS) model assumes a uniform distri-
bution of surface acceptor states and can be used to calculate
the carrier concentration and type.’**'° A MS analysis (C> (F %)
vs. bias (V)) was performed for the BaTiO;-Pt electrode interface
region for 0.4% and 1.0% H,, as shown in Fig. S34.1 The steep
positive slope is indicative of n-type conduction and the elec-
tron concentration, calculated from the slope, increased from
3.1 x 10 to 3.8 x 10*> m™>, respectively. Due to the relatively
large concentration of electrons, this could result in an increase
of the electron trap emission rate, producing both an increase
in capacitance and conductivity, as shown in Fig. 3e, with the
effect greatly enhanced under H, compared to N, atmospheres.
Once the traps are filled, the relative permittivity slightly
decreases, and the conductivity increases at a greater rate.
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Therefore, the ferroelectric-paraelectric transition in BaTiOj
was successfully exploited to highlight the effect of oxygen
vacancies/electron-trapping species on the material's electrical
properties. However, more work is required to understand the
influence of proton mobility, electron traps, and oxygen
vacancies on the Schottky barrier characteristics and to
decouple the complex interplay of processes.

In addition, bulk capacitances were derived from the distri-
bution of relaxation times deconvolution of impedance spectra
and the Curie-Weiss analysis demonstrates a T of approxi-
mately 120 °C (Fig. S35%) when under N, atmospheres.
However, under H, atmospheres, the T appears to be shifted to
a lower temperature of 80 °C based on the capacitance
measurements (Fig. 3d). Ferroelectric materials are sensitive to
defects and surface chemistry, and there is a delicate balance
between long-range coulombic forces, which favour the ferro-
electric state, and short-range repulsions, which favour the
nonpolar cubic structure, with hybridisation between oxygen 2p
and titanium 3d states being essential for ferroelectricity.'*®
Hence, the release of electrons and the interaction of protons
with BaTiO; seems to promote short-range repulsion effects,
leading to destabilisation of the ferroelectric state and a shift of
Tc to a lower temperature. However, there were insufficient
temperature points to confirm this categorically via Curie-
Weiss analysis.

3.4.5 Distribution of relaxation time analysis. The elec-
trical properties of BaTiO; can typically be modelled by the
linear sum of three electroactive RC parallel components (or RQ,
where Q is a constant phase element when a distribution of
relaxation times exists), which describe conduction through the
bulk, grain boundary, and electrode regions. The values of the
RC components can be determined using a variety of tech-
niques, with non-linear complex least squares fitting to the
Nyquist formalism often being invoked. Analysis of BaTiO;
impedance spectra using the Nyquist formalism is difficult, as
the grain boundary component usually dominates the overall
Nyquist semicircle, with minor bulk and electrode processes
being difficult to resolve. Therefore, it can be challenging to
define an appropriate equivalent circuit model, as several
circuits may fit the same experimental data, resulting in incor-
rect estimations of electroactive component R and C parame-
ters. Another way to determine system parameter values is to
obtain them directly from the experimental data through the
implementation of the spectroscopic formalism, as reported by
Irvine et al.*® However, this method assumes a sum of parallel
RC elements with a single relation time. The estimation of grain
boundary resistance is from the Z” peak, with the peak
maximum equal to Rg,/2, and the bulk component is estimated
from the electrical modulus high frequency M” peak with Ry,
equal to 1/wmaxChutk, Where Cpyx = Co /MINMX.39 Another method
to deconvolute EIS spectra is to use the distribution of relaxa-
tion time (DRT) approach, which assumes a linear sum of
numerous parallel RC elements, each with a characteristic
relaxation time.*® Fig. 4a shows the fitting of the DRT model to
experimental impedance data for Pt-BTO-470 measured under
pure N, and 0.4% H, atmospheres at 22 °C and is represented in
the Nyquist formalism. The DRT fits and fitting residuals
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(a) Nyquist plot showing the decrease in Z’ and Z” for Pt-BTO-470 as the gas atmosphere is switched from pure N, to 0.4% H, in N, at 22 ©

C and fitting of the distribution of relaxation time (DRT) function to the experimental data. (b) The corresponding distribution of relaxation time
spectra for (a) showing yIn(z) vs. time constant log(). (c) Gauss deconvolution of the computed DRT spectra for 0-2.9% H, in N, into bulk, grain
boundary, and electrode interface electroactive components.
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presented in the spectroscopic formalism are shown in
Fig. S36a and b, which shows a residual fitting error of less
than 2% over the frequency range studied. Fig. 4b shows the
corresponding distribution of relaxation times obtained from
the model fit in Fig. 4a. Two distinct peaks can be observed,
attributable to the bulk (fast process, small 7) and grain
boundary (intermediate 1) regions. A third peak may be tenta-
tively observed at large t, representative of slower electrode
processes.

3.4.6 Deconvolution of DRT spectra. As reported by Irvine
et al., electronic conduction in BaTiO; occurs via the bulk, grain
boundary, and electrode interface regions, and the grain
boundary regions typically dominate this process as the grain
boundary is insulating. The deconvolution of DRT spectra by
applying a multipeak Gauss function was performed to obtain
the R and C values for bulk, grain boundary, and electrode
components, as shown in Fig. 4c. Resistance values for each
peak were obtained by integrating the peak areas, while
capacitance values were calculated from the peak maximum
time constants (t = RC), where vyIn(z) is the DRT spectrum and
G1, G2, G3, and =G represent bulk, grain boundary, electrode
peaks, and total peak envelope, respectively. Fig. 4c shows the
DRT spectra calculated from impedance spectra at 22 °C for 0%
to 2.9% H, in N, atmospheres. The grain boundary peak (G2)
dominates the DRT spectrum, while the bulk and electrode are
minor electroactive components. The grain boundary peak area
(resistance) decreases markedly and the centre shifts to
a smaller time constant upon exposure to 0.4% H,. Additionally,
the peak area decreases as the H, concentration increases. The
DRT peak deconvolution is shown in ESI Fig. S37 to S427 for all
H, concentrations and temperatures studied, and the fitting
parameters are presented in Tables S17 to S24.F

3.4.7 Grain boundary and electrode interface activation
energies. Based on DRT deconvolution, the conductivity of Pt-
BTO-470 is dominated by the grain boundary regions in atmo-
spheres of N, and H,. The activation energy (E,) for electronic
transport can be calculated using the Arrhenius equation from
the slopes of plots of In(¢) vs. 1/T. The 4. values obtained from
Jonscher model fitting were used to calculate the E, values for
total electronic transport through the sample (sum of bulk (o},),
grain boundary (o,), and electrode (o) regions) as a function
of H, concentration (Table S25 and Fig. S43a and bf¥). For
conductivity values measured under N, atmospheres, there
exists one linear region over the temperature range studied with
E, equal to 0.17 eV. It is evident that three temperature-
dependent linear regions exist between 22-80 °C, 80-100 °C,
and 100-175 °C for H, concentrations between 0.4-19%, as
shown in Fig. S43b.f For temperatures lower than 80 °C, E, is
approximately constant at 0.2 eV and is independent of H,
concentration.

Between 80-100 °C, the E, increases progressively with H,
concentration from 0.4 to 0.6 eV, and above 100 °C E, is
approximately constant at 0.36 eV and shows no H, concen-
tration dependence. Hence, the results demonstrate that in the
temperature region 80-100 °C, where the ferroelectric to para-
electric transition occurs, there is a strong dependence of E, on
the H, concentration. For n-doped BaTiOs3, the conduction band
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grain boundary Schottky barrier increases sharply at the Curie
temperature (7c), as ferroelectric compensation of the Schottky
barrier decreases significantly. In this study, this effect is
enhanced by increasing the H, concentration and hence the
concentration of electrons in the system and could be due to the
filling of grain boundary electron traps, depletion of oxygen
vacancies, or due to the mobility of protons along grain
boundaries,'*® which increase the Schottky barrier height and
width.

The Ry, values determined from DRT peak deconvolution
were used to calculate E, values for electronic conduction as
a function of H, concentration for the grain boundary regions.
Plots of In(1/Ryp) vs. 1/T and E, values calculated from these
plots are shown in Fig. 5a and b, respectively. The trends
observed using Ry, from DRT analysis are comparable to those
found from the total conductivity (64.) data described above
(from Jonscher analysis). The same three temperature depen-
dent regions exist in the Arrhenius plots and show the same H,
concentration dependence. This is due to the grain boundary's
back-to-back Schottky barriers dominating the overall conduc-
tivity under all conditions studied. For the grain boundary
region, and when under N, atmospheres, the Arrhenius plot
gradient in Fig. 5a is constant across the entire temperature
range studied at approximately 0.17 eV (Fig. 5b). However,
under H, atmospheres, three temperature-dependent linear
regions exist for T'< 80 °C, T between 80 °C and 100 °C, and T >
100 °C and are present for all H, concentrations studied. For
temperatures below 80 °C and above 100 °C, the E, values are
approximately constant with H, concentration and are 0.24 eV
and 0.5 eV, respectively. The Arrhenius gradient increases
systematically in the temperature region 80-100 °C with H,
concentration, as shown in Fig. 5b, and this is coincident with
the point at which the material's relative permittivity increases,
which is indicative of the BaTiO; Curie temperature, where the
transition from the ferroelectric tetragonal phase to the para-
electric cubic phase occurs. Fig. 5b shows that the E, increases
monotonically from 0.5 to 0.8 eV as the H, pressure is increased
from 0-19%. The values for the grain boundary activation
energies are slightly higher than the total resistance activation
energies, and this is due to a stronger temperature dependence
of the grain boundary region. The grain boundary Schottky
barrier is also sensitive to the H, concentration when in the
Curie transition temperature range. Conversely, the bulk and
electrode interface regions showed a lower sensitivity to the
change in gas atmosphere (Fig. S441). The E, of bulk and elec-
trode are 0.14 eV and 0.07 eV, respectively, demonstrating that
the reduction process and oxygen vacancy creation reduced the
Schottky barrier of the interface considerably (ideal Schottky
barrier is 1.74 eV for BaTiO;-Pt). E, increases over the H,
concentrations range of 0.4-3.0% up to 0.28 eV for the bulk and
0.2 eV for the electrode interface. For H, concentrations >3%,
the E, for both bulk and electrode reached a plateau of 0.2 eV.
This is in opposition to the findings of Heidary et al.”® where the
electrode interface exhibited the largest barrier to charge
transport for a BaTiO;-Pt electrode system; hence, highlighting
the sensitivity of BaTiO; grain boundary regions to spark
plasma sintering and post-synthetic reduction and oxidation.*”
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Fig. 5 (a) Arrhenius plot of In(1/Rgy) vs. 1/T for the grain boundary
resistance (Rqp) derived from deconvolution of the DRT spectra for 0%,
0.4%, 2.9%, and 19% H, in. N, with three temperature-dependent
linear regions existing between 22-80 °C, 80-100 °C, and 100-175°
C. (b) Activation energy (eV) vs. H, concentration (%) for electron
transport derived from the three linear temperature Arrhenius plot
regions. (c) Meyer—Neldel plot showing the correlation between In(A)
vs. E, for the grain boundary region for the temperature range 80—
100 °C, and the progressive increase as the H, concentration is
increased (H, concentration in % is shown next to the points).
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In concordance with our study, Heidary observed a reduction in
the barrier height from 1.1-1.2 eV (in agreement with the
difference between the work function of Ni (5.01-5.10 eV) and
electron affinity of BaTiO; (3.9 eV)) to 0.2 eV for a BaTiO;-Ni
electrode system under H,.®?

The Meyer-Neldel rule (MNR), also known as the compen-
sation effect, has been observed in several systems where
a linear relationship between E, and the natural logarithm of
the preexponential factor (In(4)) exists and where the pre-
exponential factor (A) describes the frequency of molecular
collisions within the system.'*'* This effect has been
frequently observed in semiconductors and has been attributed
to the vibronic intersection regions, or crossover points, of 1-
dimensional harmonic oscillators describing empty and filled
traps, and this controls the activation barrier for electron
hopping and tunnelling.'”"**° In this work, for Arrhenius plots
derived from the DC component of the conductivity data (oqc),
there is a general linear relationship between E, and In(A) for
the three temperature regions identified in the Arrhenius plots
(Fig. S45at). However, the 22-80 °C and 100-175 °C regions
show no systematic change with H, concentration but do follow
a general linear trend over the entire In(4) and E, range. There is
a linear trend for the temperature region 80-100 °C, where the
E, and In(A) values increase proportionally with H, concentra-
tion (Fig. S45bt). The same trends are observed for the grain
boundary region (Fig. 5¢ and S46t), where the Arrhenius pre-
exponential factor, In(A), and E, increase linearly with H,
concentration in Curie temperature region (80-100 °C), as
shown in Fig. 5c. In the region 80-100 °C, the activation barrier
controlling electron transport increases with H, concentration.
For a true compensation effect, the Arrhenius plots for each H,
concentration should intersect at an isokinetic temperature
where the rates become equal,'® and this has been observed for
the BaTiO; H, system (Fig. S477), which occurs at approximately
30 °C. Additionally, both the conductivity and capacitance
increase with temperature and H, concentration, which implies
that electrons are trapped at the grain boundaries; however, the
trap emission rate increases with electron concentration and
temperature. In terms of classical rate theory, the pre-
exponential factor (4) is representative of collisional frequency
and E, represents the activation barrier, or, in this case, the
grain boundary Schottky barrier height formed due to trapped
electrons at the grain boundaries. These results imply that as
the H, concentration is increased, there are more electrons in
the conduction band due to dissociation and charge separation
from H,. As the grain boundary Schottky barrier increases in the
Curie temperature region, this causes an increase in the
frequency of electronic collisions due to the deepening of
conduction band trapping states. However, this interpretation
is probably far too simplistic for semiconductor systems, and
a more robust theory of MNR is required for semiconductors
and surface charge-trapping states. The conduction process in
this study is complex and involves the interplay of donor oxygen
vacancies (concentration and mobility), H, dissociation result-
ing in electron transfer and surface reactions, proton transport,
the ferroelectric properties of BaTiO3, and the resulting influ-
ence on the grain boundary and electrode interface Schottky

This journal is © The Royal Society of Chemistry 2024
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barrier height and width. Indeed, these processes are most
likely occurring in parallel and are coupled; therefore, it is
difficult to describe the sensing mechanism in detail at this
stage.

4 Conclusions

Synchrotron-based near ambient pressure X-ray photoelectron
spectroscopy studies have shown that OH groups were detected
on the surface of platinum-coated, undoped, n-type BaTiO;,
which were formed after a controlled reduction-oxidation
procedure and cooling to room temperature. On switching
from argon to H,, the OH species decreased and adsorbed H,O
increased systematically with increasing H, pressure, and over
the temperature range 22-150 °C. Electrochemical impedance
spectroscopy studies revealed that on switching from N, to H,
between 22-175 °C, n-type gas sensing was observed, as the
material's total resistance decreased by an order of magnitude
at room temperature, driven by the resistance decrease of the
grain boundary regions, which decreased further with
increasing H, concentration. This process was reversible under
N, and two time constants were present for both H, sensing and
recovery of the sensor. However, no resistance change was
observed when switching from N, to O, between 22-175 °C and
N, to CO at 22 °C. Colossal relative permittivity (e,) values were
obtained when under N, and H, atmospheres. When under H,
alone, ¢, increased by an order of magnitude when passing
through the Curie temperature between 100-120 °C. Therefore,
these results are consistent with the following:

(1) Reduction of p-type BaTiO; in H, at high temperature
introduces donor oxygen vacancies close to the conduction
band that transform the material into an n-type semiconductor.

(2) During controlled oxidation and cooling, the reaction of
0, and H,0 with oxygen vacancies produces a BaTiO; surface
decorated with OH and adsorbed H,O groups. This causes
a resistance increase due to the healing of oxygen vacancies.

(3) On exposure to H, containing atmospheres, H, dissoci-
ates on platinum creating proton-electron pairs. Electrons enter
the BaTiO; conduction band and decrease the resistance. The
grain boundaries show the largest resistance and resistance
change on exposure to H,.

(4) Dissociated protons diffuse along the grain boundaries
and electrode interface regions and react with surface OH,
creating adsorbed H,O on the surface of the grains. H,O
desorbs and creates additional electron-donating oxygen
vacancies that increase the charge carrier concentration.

(5) These processes manifest in two time constant compo-
nents indicative of fast H, dissociation on Pt, which creates
a rapid decrease in resistance, and a slow proton diffusion
process along grain boundaries, which drives H,O desorption
and oxygen vacancy creation, resulting in a slower increase in
the resistance.

Consequently, it is possible to tune the sensing properties
through modification of the oxygen vacancy concentration at
the grain boundary and electrode interface regions by control-
ling the reduction-oxidation process. This is vitally important

This journal is © The Royal Society of Chemistry 2024
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for gas sensing, dielectric, fuel cell, thermal and electro-
catalysis, and even H, storage applications.
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