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Exploring the stability and protonic conductivity in
W- and Mo-substituted LaNbO, under a reducing
atmospherefy
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LaNbg g4W01604+5 (LNW16) and LaNbggsM0g 160445 (LNM16) have been synthesized via a solid-state
reaction route. Both samples underwent 5%-H, treatments at 800 °C to investigate their stability under
a reducing atmosphere. The crystal structures, compositions, and oxidation states were studied before
and after treatment showing excellent structural, compositional and redox stability of LaNbg g4Wg 160446,
while LaNbggsM0g 160445 is reduced significantly. Therefore, the electrochemical performance of
LaNbg g4W0.160445 under reducing atmospheres was further investigated. Higher conductivity was
observed for the LNW16 samples measured under reducing atmospheres. However, the larger
conductivity enhancement in the low temperature range (400 °C to 600 °C) compared with the high
temperature range (600 °C to 800 °C) deviated from the conventional electronic conductivity emerging
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1 Introduction

LaNbO,-based materials present excellent chemical stability in
different atmospheres, especially in CO,-containing atmo-
spheres with appreciable ionic conductivity, which makes this
type of material a promising electrolyte for solid oxide fuel cells
(SOFCs) and solid oxide electrolysis cells (SOECs).** The recor-
ded protonic conductivity of 0.001 S cm ™" is achieved in 1 at%
Ca-substituted LaNbO, at 950 °C in wet air (pH,O = 0.025 atm).*
However, this conductivity is still not enticing compared to
other perovskite-based electrolytes, such as BaZr,;CeqYo.1-
Yb, 103 5 (BZCYYD).> Since these reports, researchers have
strived to improve the ionic conductivity by exploring different
substitutions such as Sr on the A-site and Ga on the B-site.*® Yet,
none of them can overcome the low conductivity issue caused
by the low substitution solubility.® Worse, the phase transition
nature of LaNbO,-based materials at the device operating
temperature tends to introduce a mechanical mismatch
between the electrolyte and electrodes further compromising its
application.”
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LaNbg 84W0.1604+5 under reducing atmospheres.

Recently, new studies have shown that the low solubility and
mechanical mismatch issues can be overcome by substituting
Nb with hexavalent elements such as W and Mo.*™ Li et al.
studied B-site W-substituted LaNbO, with different substitution
levels and found that the high-temperature tetragonal scheelite-
type structure is maintained at room temperature when the
substitution level is up to 16 at%." Mo substitution exhibits
a similar high-temperature phase stabilisation behaviour.®
Compared to other low-solubility, typically lower than 2 at%,
substitutions, such as Ca and Sr, the solubility upper limit of W
and Mo is about 20 at%, which enables much higher conduc-
tivity.>**> While the pure oxide ion conduction and excellent
chemical stability in W- and Mo-substituted LaNbO, were
clearly demonstrated by previous works, some authors reported
an enhancement of electronic conductivity under reducing
atmospheres.*'* However, the structural and chemical origins
of this enhanced conduction under reducing atmospheres
remain unknown.

In this work, we aim to understand how reducing atmo-
spheres affect the chemical stability of W- and Mo-substituted
LaNbO, and to explore the change of conductivity under this
condition. This work primarily focuses on 16 at% W-substituted
LaNbO,, as it shows excellent structural, compositional and
redox stabilities under reducing atmospheres. The substitution
level of 16 at% was selected to ensure that the tetragonal
structure would be maintained through the entire operating
temperature range, from 400 °C to 800 °C.*>** Multiple char-
acterisation techniques, such as X-ray diffraction, X-ray photo-
electron spectroscopy and X-ray absorption near edge
spectroscopy, are used to probe any possible changes in W- and

This journal is © The Royal Society of Chemistry 2025
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Mo-substituted LaNbO, before and after the heat treatment
under reducing atmospheres. Electrochemical impedance
spectroscopy is used to study the conductivity behaviour of the
W-substituted composition.

2 Experimental details

2.1 Sample preparation

La,03 (99.9%, Alfa Aesar), Nb,Os (99.99%, Sigma-Aldrich), WO,
(99.8%, Alfa Aesar), and MoOj; (99.95%, Alfa Aesar) were chosen
as starting powders. The La,O; powder was calcined at 1000 °C
for 12 hours to ensure dehydration.'® All powders were weighed
appropriately and mixed in a rotary ball mill with acetone for
24 h. The mixture was dried at 95 °C for 48 hours to remove the
acetone and then calcined at 400 °C for 12 hours to be fully
dried. LaNbg g,Wy.1604+5 (denoted as LNW16) and LaNb, g4-
Moy 160445 (denoted as LNM16) powder samples were syn-
thesised from these precursors at 1400 °C for 10 hours, followed
by manually grinding and passing through a 53 pm sieve.
LNW16 and LNM16 pellet samples (¢ = 13 mm) were prepared
using a uniaxial press held at 360 MPa for 3 minutes. The sin-
tering condition was the same as the powder samples. The
relative densities of LNW16 and LNM16 pellet samples obtained
from the Archimedes method were 95.62% and 92.97%,
respectively. All the calcination and sintering processes were
conducted under ambient atmosphere with a heating and
cooling rate of 10 °C min™".

To conduct X-ray photoelectron spectroscopy (XPS) and
ultraviolet-visible diffuse reflectance spectroscopy (UV-vis-DRS)
measurements, the as-sintered pellets were ground and pol-
ished sequentially to 0.25 um using diamond suspensions
(Struers UK Ltd) to minimize the surface roughness effect. After
polishing, the samples were ultrasonicated in acetone and
deionized water to remove contaminants introduced during the
polishing process. These samples were further heat-treated at
400 °C for 4 hours to completely eliminate contaminants.

For 5% H,-treated powders, pristine and polished pellets,
the heat treatment was conducted at 800 °C for 2 hours with
a heating and cooling rate of 10 °C min~'. The reducing
atmosphere was realised by passing forming gas (5% H,/N,)
through the tube furnace during the heat treatment, after an
initial purge to remove residual air.

2.2 Sample characterisation

The crystal structures of LNW16 and LNM16 powders were
determined by X-ray powder diffraction (XRD) using a PAN-
alytical X'Pert PRO diffractometer (Cu K, radiation, A = 1.5406
A). The data were collected in the 26 range of 20° to 80° with the
step size of 0.017° and a holding time of 150 s per step. Rietveld
refinement was conducted to determine the lattice parameters
of the phases using the GSAS-II software.'® The modulation
structure was confirmed with selected area electron diffraction
obtained with a JEOL JEM-2100Plus transmission electron
microscope (TEM). The d-spacing values and the Miller indices
were measured and calculated using GMS 3 software (Gatan
Microscopy Suite). The morphology of the pellet samples was
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investigated with a JEOL JSM 6010 LA SEM. The homogeneity of
the phase was confirmed by the backscattered electron (BSE)
mode and energy dispersive X-ray spectroscopy (EDS) in
mapping mode. The chemical compositions were analysed
using EDS (Oxford instrument) implemented in a LEO-1525
FEGSEM (Zeiss). A 15 nm thick chromium layer was sputtered
on the top of the samples as a conducting layer. The average
grain size was determined using Image]J."

The oxidation states of each element were investigated using
a K-Alpha X-ray photoelectron spectroscopy instrument
(Thermo Fisher Scientific). A monochromatic Al K,, (1486.6 eV)
X-ray source was used to record the XPS spectra. The spot size of
the X-ray beam was 400 um?. The energy step size was set to
0.1 eV. A dual beam (Ar" and electron) flood gun was turned on
during the measurements to compensate for the charge accu-
mulation. The samples were measured under high vacuum (<5
x 10”7 mbar) conditions. The charge accumulation was cor-
rected by reference to the C 1s signal (284.8 eV). The iteration
XPS spectra were collected by setting time-spent of each scan to
30 or 60 minutes, and repeated multiple times. The obtained
spectra were analysed and peak fitted using Avantage software
(Thermo Fisher Scientific). The Voigt function and Shirley
background were used during the peak fitting process.

To further confirm the oxidation state of W and Mo,
synchrotron X-ray absorption near edge spectra (XANES) at
the W L;-edge and Mo K-edge were collected in transmission
mode with the optimized energy step size of 0.35 eV on B18 core
beamline at Diamond Light Source (DLS, UK).*® The L;-edge
of W metal foil (10 207 eV) and K-edge of Mo metal foil (20 000
eV) were used to calibrate the energy shift. Each spectrum was
merged from 6 scans and the resulting standard deviation was
estimated. The W L;-edge is at an energy that is accessible using
bench-top systems, and hence the oxidation state of W can be
further investigated using an easyXAFS300 benchtop X-ray
absorption spectrometer (EasyXAFS, LLC) in transmission
mode located at the Research Complex, Harwell, UK. The energy
shift was again calibrated with W metal foil (10207 eV). All
samples for XANES measurements were diluted with cellulose
powder and pressed into pellets with a diameter of 13 mm and
a thickness of approximately 1 mm. The collected XANES data
were analysed using the Demeter software package.*

Thermogravimetric analysis (TGA) measurements were con-
ducted using a STA 449 F5 Jupiter simultaneous thermal ana-
lyser (Netzsch GmbH, Germany). The heating and cooling rates
were 10 °C min~'. The gas flow rate was 50 ml min~' for the
purge gases and 20 ml min~" for the protective gas (argon). The
background, determined by a calibration measurement using
Al,O; powder as a reference, was subtracted and the obtained
data were analysed using Proteus software (Netzsch GmbH,
Germany). Approximately 30 mg of 5% H,-treated powders were
used during each TGA measurement.

To plot the band structure diagrams, UV-vis-DRS and XPS
valence band spectroscopy were combined to measure the band
gap values as well as the valence band maximum (VBM) posi-
tions relative to the Fermi level. The absorption spectra were
recorded from 800 nm to 200 nm using a Cary-5000 spectro-
photometer (Agilent Technologies, Inc) with the diffuse
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reflectance sphere accessory and WinUV software. A polytetra-
fluoroethylene (PTFE) disk was used as the reference to calibrate
the absorption baseline. The data interval and the acquisition
time per step were set to 0.1 nm and 0.1 s, respectively. An
observed data glitch at 350 nm was due to the source change-
over. A Tauc plot was calculated and the band gap values were
extrapolated by applying the Kubelka-Munk function.”*** The
XPS valence band spectra were measured simultaneously with
the oxidation state measurements using the same setup.

To conduct electrochemical impedance spectroscopy (EIS)
measurements, platinum paste was brush painted on both sides
of the samples and followed by calcining at 900 °C for 1 hour to
achieve good adhesion. The platinum electrode area was
confined to 0.5 cm”. The data were collected using a Solartron
1260A impedance analyser implemented with a Solartron 1296
dielectric interface with a two-probe configuration. The
temperature range was from 400 °C to 800 °C with an interval of
50 °C. The actual temperatures were recorded using a K-type
thermocouple placed beside the sample. The frequency range
was from 1 MHz to 10 Hz, with 30 sampling points per loga-
rithm decade. An AC potential of 100 mV was applied during the
measurements without DC bias. The as-sintered samples
underwent heat treatments at 800 °C for 2 hours under different
atmospheres before impedance measurements were made in
the same atmospheres (O,, compressed air, N,, forming gas (5%
H,/N,), BOC UK Ltd). The gases were humidified by pumping
the gas through a water bubbler at room temperature (pH,0 =
0.025 atm), while the dry atmospheres were obtained by
pumping the gases through a commercial gas dryer (Drierite 26
800 Drying column, pH,O = 10> atm). All obtained data were
analysed and fitted using ZView4 software (v4.0h, Scribner
Associates).

To conduct DC polarization (Hebb-Wagner) measurements,
the ion-blocking polarization cell was synthesized in the config-
uration of Pt disk/LNW16/porous Pt.>> The platinum paste was
brush painted on both sides of the sample as the current
collector and followed by the same calcination process
mentioned above. The dense platinum disk was fully covered on
one side of the sample. This disk works as the ion-blocking
electrode and the electrode area was confined to 0.28 cm”. The
high-temperature ceramic adhesive (Aremco Ceramabond 885)
was used to ensure good sealing between the sample and disk.
Then the adhesive was dried at room temperature for 2 hours and
then gradually heated up to 800 °C to ensure a gastight seal
through the entire operating temperature range. The schematic
cell configuration is shown in Fig. S11 which has been widely
applied in many works.?*** A constant DC voltage was applied to
the sample by using the electrochemical station (ModuLab XM
ECS Electrochemical System, Solartron Analytical Ltd) and the
DC current data were collected using the same station. The rest of
the setup was the same as that used for the EIS measurements.

3 Results and discussion
3.1 Structural and chemical study

The pristine, undoped LaNbO, presents a monoclinic phase (12/
a) at low temperature, and transforms to a tetragonal phase (14,/
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a) at high temperature with the phase transition temperature at
approximately 500 °C.>® Given that the tetragonal phase (a = ¢,
8 = 90°) has a higher symmetry than the monoclinic phase (a #
¢, B8 > 90°), the beta angle (8) was suggested to be used as an
indicator of the symmetry of this type of material.>***®

In Fig. 1 and S2,f the XRD patterns of both as-sintered
LNW16 and LNM16 show a monoclinic phase (I12/a), while
LNW16 shows a slightly higher symmetry (8 = 90.6632°) than
LNM16 (8 = 90.9685°) based on the results of Rietveld refine-
ment. In both cases satellite reflections, attributed to structure
modulation, were observed as previously reported.'* This
observation contradicts a previous study that suggested that the
tetragonal phase could be stabilized at room temperature with
16% of W dopant." The relatively small ¢ values obtained
highlight the ease with which this monoclinic distortion of the
cell can be misinterpreted as a tetragonal cell.”

After the 5% H,-anneal, the LNW16 phase remained struc-
turally stable showing an almost identical XRD pattern to that
obtained after synthesis. The slight sharpening of the main
peaks and the merger of peaks at around 48° and 58° two theta
can be observed after carefully comparing the patterns of as-
sintered LNW16 with the 5% H,-treated one. However, when
it came to LNM16 (Fig. S2), the peaks were more separated with
the disappearance of the satellite peaks, which showed that
LNM16 cannot maintain its modulation structure in the 5% H,
annealing conditions. After the 5% H,-treatment, this phase
became analogous to the undoped LaNbO, due to the loss of
oxygen ions which is further discussed in Section 3.2.%

The lattice parameters of all four samples were determined
using Rietveld refinement (Fig. S31) and the data are listed in
Table S1.1 Based on the refinements for both compositions, the
5% H,-treatment showed opposite effects on the unit cell
volumes: expansion for LNW16 but shrinkage for LNM16. The
shrinkage in LNM16 is attributed to local structural changes as
the unit cell became more distorted (8 = 94.0040°). On the other
hand, sharpening of the main reflections, merging of peaks and

—— As-sintered —— 5%H;-16h
5%H,-treated —— 5%H;-24h
. ' — 5%H>-8h —— Air-refired
3 —‘,}LALA_L»/\_M_A_A‘
S
g M A A A
B v v
c
Q2
C
- M ) U W
J,A_A_*_A | S W W
20 30 40 50 60 70 80
20 (°)

Fig.1 XRD patterns of as-sintered LNW16, 5% H,-treated LNW16 and
after the 5% H,-annealing for 8, 16 and 24 hours, respectively. The 24 h
5% H,-treated sample was then air-annealed at 800 °C for 4 hours and
is labelled as “Air-refired”. The satellite peaks are marked by the arrows.
All patterns show a monoclinic phase (/2/a) with a high local coordi-
nation symmetry.

This journal is © The Royal Society of Chemistry 2025
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the volume expansion in LNW16 were due to the relaxation of
the monoclinic distortion.”** As LNW16 maintained its struc-
tural stability under the 5% H, condition, this treatment could
work as an annealing process. To prove that this volume
expansion for LNW16 was not due to the 5% H,-atmosphere,
the as-sintered LNW16 powder was air-refired using the same
temperature program as the 5% H,-treatment. Similar expan-
sion and the relaxation of the monoclinic distortion were sug-
gested by the Rietveld refinements (Table S17).

The structural stability of LNW16 and LNM16 was further
investigated by elongating the 5% H,-treatment time to 8, 16
and 24 hours, respectively. After that, the 24 h-5% H,-treated
samples were air-fired at 800 °C for 4 hours. The almost iden-
tical XRD patterns shown in Fig. 1 suggest that LNW16 exhibi-
ted excellent structural stability under the 5% H, condition. On
the other hand, XRD patterns of LNM16 shown in Fig. S2f
suggest that the reduced phase (8 = 94.0040°) remained
unchanged regardless of the treatment time elongation.
However, this reduced phase can be fully re-oxidized after air-
refiring. The merger of the main peaks in the range 27° to 30°
two theta also suggested the higher symmetry of re-oxidized
LNM16 compared with as-sintered LNM16. This was likely
due to the similar relaxation of the monoclinic distortion.**

The satellite peaks marked by the arrow in Fig. 1 are attrib-
uted to the (3 + 2)D incommensurate modulation structure,
which is consistent with previous studies.'>**'* This modula-
tion structure was reported to be highly correlated with the
interstitial oxygen defects.”>** Therefore, it suggests that the
interstitial oxygen defects remained in LNW16 but were absent
in LNM16 after the 5% H,-treatment. The presence of this
modulation structure was further confirmed by TEM and
selected area electron diffraction (SAED) for LNW16 (Fig. 2a and
b). The calculated d-spacing from TEM is 1.75 nm which refers
to the modulation structure indexed by the modulation vectors
of g; = 0.23a + 0.18c and ¢, = —0.15a + 0.22c. No modulation
along the b axis was observed. The similar satellite peak and the
corresponding modulation structure were also found in Mo-
substituted LaNbO, materials and were extensively investi-
gated elsewhere.**

Fig. 3a and ¢ show the microstructures of as-sintered and 5%
H,-treated LNW16. The extrapolated average grain sizes of both

d=1.75 nm

X

Fig. 2
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samples were 5.86 + 1.19 um. Very few pores were observed
suggesting that the sintering conditions were appropriate. The
BSE images and EDS maps of both as-sintered and 5% H,-
treated LNW16 indicate good phase homogeneity (Fig. 3(b, d)
and 4). The measured W contents are presented in Table 1.
These values showed good agreement with the theoretical
values and suggested that there was no noticeable composi-
tional change after the 5% H,-treatment. The situation was
similar in the LNM16 samples (Fig. S4(a and c)f). The extrapo-
lated average grain sizes of both samples were 5.88 £ 0.92 um.
The BSE images and EDS data of as-sintered and 5% H,-treated
LNM16 also indicate good phase homogeneity (Fig. S4(b, d) and
S51), and the Mo contents are presented in Table S2.+

3.2 Oxidation state and oxygen stoichiometry study

After the 5% H,-treatment, an obvious color change was
observed for both LNW16 and LNM16. The colour of both
samples changed from green to black (Fig. S6t). This coloration
effect is common with both tungsten and molybdenum oxides
as an indicator of the change in the oxidation state of W and Mo
as defined by Kroger-Vink defect chemical equations (eqn

(1)-(4))>

Wi, +¢ = W5, (1)

Moy, +¢ = Moy, (2)

Hyi) + O = H,O() + 2¢ (3)
Hog) + Of = HyOpy + V§ + 2¢ (4)

To verify these reactions, XPS spectra of all elements were
collected for both LNW16 and LNM16 (Fig. 5 and S7t). The La
3d spectra are more complex than other spectra due to the
multiplet-splitting, but the magnitude of the multiplet-splitting
is a good indicator for chemical state determination.**-*
Therefore, as the magnitudes of each La 3ds, peak were
approximately 4.6 eV, this clearly showed that the oxidation
state of La in all four samples remained stable as La*>" (Fig. 5(a)
and S7(a)f). For Nb 3d spectra, all four samples showed well

(a) TEM image of as-sintered LNW16. The calculated d-spacing is 1.75 nm which refers to the modulation structure; (b) SAED pattern of as-

sintered LNW16 along the [010] zone axis. A (3 + 2)D modulation structure is clearly confirmed by the presence of satellite reflections (q; and g5).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a and b) SEl and BSE images of as-sintered LNW16; (c and d) SEl and BSE images of 5% H,-treated LNW16.

NbL C———————————— 20ym

Nb L 20 ym

Fig. 4 (a—c) Corresponding EDS maps of SEM images in Fig. 3(a); (d—f) corresponding EDS maps of SEM images in Fig. 3(c).

Table 1 Normalized EDS atomic ratios of B-site cations in LNW16

As-sintered 5% H,-treated Theoretical
Cation (at%) (at%) (at%)
Nb 84.7 £ 0.4 84.6 + 0.5 84.0
w 15.3 £ 0.2 15.4 £ 0.2 16.0

4218 | J Mater. Chem. A, 2025, 13, 4214-4224

defined doublet peaks suggesting the oxidation state of Nb in all
four samples also remained the same, Nb>" (Fig. 5(b) and
S7(b)t):

For LNM16, the Mo 3d spectra show a significantly larger
ratio of low oxidation states (Mo and Mo"*) with the appear-
ance of shoulders in the 5% H,-treated sample (Fig. S7(c and

This journal is © The Royal Society of Chemistry 2025
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Fig.5 Normalized XPS spectra of (a) La 3d, (b) Nb 3d; fitted XPS spectra of W 4f in (c) as-sintered and (e) 5% H,-treated LNW16; fitted XPS spectra
of O 1s in (d) as-sintered and (f) 5% H,-treated LNW16. The LF in W 4f spectra represents the loss feature of W®*.

e)t). These shoulders can be attributed to new oxidation states
of Mo which are lower than +4, denoted as 61+, 62+ and 63+. In
contrast, for LNW16, the W 4f spectra were almost identical
(Fig. 5(c) and (f)). This difference suggested better redox stability
of LNW16 than LNM16. The ratio of oxidation states of W and
Mo are listed in Tables 2 and S3,7 respectively. Note that XPS is
not an ideal technique to identify the oxidation state of W and
Mo as the flood gun can induce sample reduction to form
a continuum of oxidation states.***® To verify this phenomenon,
the XPS iteration spectra of W 4f and Mo 3d were collected
(Fig. S8(a and b)f). The red arrow on each figure suggests the
emergence of a feature corresponding to lower oxidation states
of W and Mo. It also clearly shows that Mo was easier to reduce
than W in this type of material. This analysis highlights that
differentiating effects of the H, treatment from beam effects
using XPS is challenging and thus unambiguous determination
of W and Mo oxidation states requires an alternative measure-
ment protocol.

This journal is © The Royal Society of Chemistry 2025

To overcome the challenges of using XPS for oxidation state
determination, XANES measurements under ambient atmo-
spheres for W L;-edge and Mo K-edge were conducted (Fig. 6
and S9t1). The white line of W L-edge is correlated with the 2p-
5d transitions.?”*® The extrapolated white line energy of both W
L;-edge spectra was found to be 10 212 eV, which was consistent
with the white line energy of W®* in WO;.* The standard devi-
ations of both samples were smaller than 0.010 eV. The sharp
white line of LNW16 compared to WO; suggested it maintained
an unchanged tetrahedral environment after the 5% H, treat-
ment.”” The benchtop XANES spectra of W L;-edge were in
excellent agreement with the above synchrotron XANES results
(Fig. S107). Therefore, the oxidation state of W in as-sintered
and 5% H,-treated LNW16 can be considered as purely W*',
and, in this case, the actual formula of LNW16 can be rewritten
as LaNbg gsWy.1604.0s- This result is consistent with Canu's
previous work.*’
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Table 2 Normalized atomic ratios of W cations with different oxida-
tion states and different oxygen species in LNW16 obtained from XPS
fittings. The binding energy of each fitted W 4f;,, and O 1s peak after C
1s calibration is listed in the brackets

Oxidation

state As-sintered (at%) 5% Hy-treated (at%)
we* 67.7 (35.8 eV) 63.0 (35.9 eV)

we 26.2 (34.7 eV) 29.8 (34.7 eV)

w* 6.1 (33.5 eV) 7.2 (33.5 eV)

Oxygen species As-sintered (at%) 5% Hy-treated (at%)

[Oliattice 89.7 (530.5 eV) 77.8 (530.6 V)
[Olsurface 10.3 (531.5 eV) 11.1 (531.6 eV)
-OH — 11.1 (532.9 eV)

—— As-sintered
—— 5%H;-treated
— WOg3-ref

Normalized absorption (a.u.)

10220 10240 10260

Energy (eV)

10180 10é00 10280

Fig. 6 Normalized synchrotron XANES spectra of W Ls-edge
measured at ambient condition. The white line of both samples is
identical at 10 212 eV indicating W®* oxidation state.

For the Mo K-edge spectra (Fig. S97), the edge position (E,) of
as-sintered LNM16 was the same as MoO; at 20 017 & 0.005 eV
showing purely Mo®* in this sample. After the 5% H,-treatment,
the E, position shifted to 20 015 £ 0.010 eV. Zhou et al. inves-
tigated a variety of Mo-containing materials and reported
a linear correlation between the E, position and the oxidation
state of Mo, which can be approximated as below:*"**

AE=36—1 (5)

where AE is the E, position difference between Mo metal foil
(20000 eV) and the sample, and ¢ is the oxidation state of the
sample. Then, the oxidation state of Mo in 5% H,-treated
LNM16 was extracted to be +5.33. Therefore, the actual formula
of as-sintered and 5% H,-treated LNM16 can be rewritten as
LaNbg g4M0¢.1604.0s and LaNbg g4M0¢ 1604.026, respectively. The
pre-edge feature which corresponds to the forbidden 1s-4d
transition together with the edge feature works as an indicator
of the coordination environment of Mo cations.** The higher
intensity of the pre-edge feature and lower intensity of the edge
feature in as-sintered LNM16 suggest a more tetrahedral envi-
ronment, while the opposite suggest a more octahedral
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environment.*® This result is consistent with the XRD patterns
of LNM16 as the higher symmetry phase (8 = 90.9685°) presents
more four-coordinated B-site cations, while the lower symmetry
phase (8 = 94.0040°) presents more six-coordinated B-site
cations in this type of material.

Based on these XANES results, a conclusion can be made
that, despite the multivalent nature of W and Mo, the oxidation
state and the coordination environment of W remained
unchanged in LNW16 after the 5% H,-treatment, while the
oxidation state of Mo in LNM16 was reduced, accompanied by
a significant change of its coordination environment after the
5% H,-treatment.

For both LNW16 and LNM16, the as-sintered samples show
two O 1s peaks which can be attributed to the oxygen in the
lattice and the oxygen in the surface layer (Fig. 5(d) and
S7(d)t).** A small feature at higher binding energy appeared in
both 5% H,-treated samples which can be attributed to the
hydroxyl species adsorbed on the surface or incorporated in the
lattice (Fig. 5(f) and S7(f)t). Tables 2 and S27 list the normalized
atomic ratios of the different oxygen species in each sample
based on the fitting results of the corresponding XPS spectra. To
explain the appearance of these hydroxyl peaks, a protonation
mechanism was proposed. This proton incorporation mecha-
nism can be written as eqn (6) and (7).

Hy + 20, = 20H; + 2¢ (6)

Hyg + 20§ = 20H, + 2¢ 7)

This type of protonation mechanism has been previously
reported in other oxides such as ZnO and SmNiO;,** but has
never been observed in this type of material. These two possi-
bilities for proton incorporation lead to interstitial or lattice
OH" species.

To further study the possible changes of the oxygen species,
it is essential to determine the oxygen stoichiometry. Evidently,
any change in the oxygen stoichiometry links to the mass
change, which makes TGA a widely accepted technique to
investigate the change in the oxygen stoichiometry.*® TGA
measurements were conducted from RT to 800 °C using
compressed air as the purge gas for as-sintered and 5% H,-
treated LNW16 (Fig. 7). The mass changes for both samples
were subtle and the final mass difference between the two
samples was less than 0.1 wt% which was due to the instru-
mental uncertainty. This was consistent with the fact that the
oxidation states of W remained unchanged, as discussed
earlier. Besides, as hydrogen is the lightest atom, its incorpo-
ration would not cause a significant mass change explaining
why no obvious mass change was found in TGA. When it came
to LNM16, there was a significant mass increase (0.28 wt%) for
the 5% H,-treated LNM16 in air compared to the as-sintered
one, which again proved that the Mo species were reduced
after the 5% H,-treatment (Fig. S1171). The oxygen stoichiometry
of LNM16 after the 5% H,-treatments was reduced by 0.28 wt%
giving a nominal composition of LaNbggsM0.1604.028 if
regarding as-sintered LNM16 as LaNbggsM0g1604.0s. This

This journal is © The Royal Society of Chemistry 2025
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Fig.7 TGA results of as-sintered and 5% H,-treated LNW16 measured
from room temperature to 800 °C under flowing air atmosphere.

stoichiometric change was again in line with the above XANES
studies giving a nominal composition of LaNb gsM0¢.1604.026
after the 5% H,-treatment, and within the margins of experi-
mental error for each technique.

To further investigate the effects of protonation in LNW16,
Tauc plots were calculated from the UV-vis-DRS absorption
spectra. The band gap was reduced from 3.49 eV in as-sintered
LNW16 to 3.30 eV in the 5% H,-treated sample (Fig. 8(a)). This
narrowing was in line with the colouration of LNW16 changing
from green to black.* The tail that appeared before the
absorption edge in 5% H,-treated LNW16 is the Urbach tail
which is due to the presence of localized defect levels in the
band gap resulting from protonation.*® The extrapolated
valence band maximum (VBM) of as-sintered and 5% H,-treated
LNW16 were the same (Fig. 8(b)). Therefore, the optical band
structure diagrams of LNW16 can be plotted (Fig. S67), and,
based on them, protons worked as donors pushing the Fermi
level closer to the conduction band minimum (CBM). It is also
worth noting that it is common for semiconductors, such as
ZnO and WOj;, to incorporate protons, resulting in n-type
doping.**>*

3.3 Electrochemical study

To understand how the structural and redox stabilities of
LNW16 and LNM16 affect their conductivities, electrochemical
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impedance spectra measurements were conducted to under-
stand the possible effects of protonation on the conductivity.
The impedance spectra of LNW16 measured at different
temperatures and atmospheres are shown in Fig. S12.1 There
are three different types of spectra observed through the
measurement temperature (400 to 800 °C) and frequency range
(1 MHz to 10 Hz). For spectra measured below 570 °C under
non-reducing atmospheres, the bulk and grain boundary
components are distinguishable, see Fig. S12(a).t However, in
the higher temperature range (>570 ©°C), only the grain
boundary component is visible due to the loss of the capacitive
component and the transition to an ohmic bulk resistance, see
Fig. S12(b).t All spectra measured under the 5% H, atmosphere
at lower temperature are similar to the spectrum shown in
Fig. S12(b).T When it comes to the spectra measured under the
5% H, atmosphere at higher temperature, even the capacitive
component of the grain boundary contribution is eliminated
resulting in an inductance and an electrode/interfacial
component, see Fig. S12(c).f Therefore, for the spectra
measured at higher temperature or under the 5% H, atmo-
sphere, only the total resistances of bulk and grain boundary,
Ryot, were extracted from the high frequency intercept of the Z/
axis. Note that although the electrode/interfacial contribution
was irrelevant to this work, the fitting was conducted to confirm
its nature with a capacitance larger than 10~” F. The impedance
spectra and the fitting processes of LNM16 are similar to those
for LNW16.

Fig. 9 and S13t show the total conductivities of LNW16 and
LNM16 extrapolated from the impedance spectra measured at
different atmospheres. For those spectra measured under non-
reducing atmospheres, the data points overlapped with each
other suggesting a pure oxide ion conduction with negligible
protonic and electronic contributions. Besides, a higher
conductivity of LNM16 compared with LNW16 under non-
reducing atmospheres was observed due to the weaker trap-
ping effect near the Mo®" cations.” A significantly enhanced
total conductivity in reducing atmospheres can be observed
throughout the entire temperature range for both samples. The
extrapolated activation energies are summarised in Table 3 and
Table S4.1 These results were consistent with Canu's and
Auckett's works.>** For the conductivities of LNW16 measured
in reducing atmospheres, the Arrhenius plots for dry and wet

144 —— As-sintered
—— 5%H;-treated

[F(R)-hv]?

i
i
'
1
i
i
'

— As-sintered
—— 5%H,-treated

Normalized intensity (a.u.)

Fermi level

)
1

15 20 25 30 35 40 45 50 55 60
Photon energy (eV)

Fig. 8

This journal is © The Royal Society of Chemistry 2025

12 10 8 6 4 2 0 2
Binding energy (eV)

(a) Tauc plots of as-sintered LNW16 and 5% H,-treated LNW16; (b) XPS valence spectra of as-sintered LNW16 and 5% H,-treated LNW16.
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Fig. 9 Total conductivity of LNW16 measured under different atmo-
spheres. The fitting results of the activation energies are presented in
Table 2.

Table 3 Calculated activation energy of LNW16 measured at different
atmospheres. T, is about 570 °C

Atmosphere Humidity E, (eV) R
Air Dry 1.46 0.99
Wet 1.46 0.99
N, Dry 1.48 1.00
Wet 1.48 0.99
O, Dry 1.46 0.99
Wet 1.47 1.00
5% H, Dry 0.87 (<T0) 0.99 (<T%)
1.08 (>T) 0.99 (>T)
Wet 1.14 (<T.) 0.99 (<T.)
1.32 (>T.) 1.00 (>T,)

conditions deviated from a linear relation at around 570 °C
(denoted as T.). Therefore, these conductivities were divided
into two parts, and this division suggested the change of
conduction mechanism at T.. For the conductivities of LNM16
measured in reducing atmospheres, such deviation was absent
suggesting a different conduction mechanism in LNW16 and
LNM16.

The enhanced conductivity under reducing atmospheres is
usually explained by the increase in electronic conductivity
which originates from the formation of intrinsic defects and
can be summarized using the Brouwer diagram.>**® For LNM16
under reducing atmospheres, the electronic conduction
increased from the reduction of the Mo cations, while the
oxygen ion conduction decreased due to the loss of oxygen, as
eqn (2) and (3) show. Therefore, at low temperatures, the elec-
tronic conduction overshadowed the oxygen ion conduction
resulting in more than a three-order of magnitude enhance-
ment of the conductivity. However, at high temperatures, the
mobility difference between electrons and oxygen ions was
minimized resulting in a smaller difference of total conductiv-
ities between LNM16 under non-reducing and reducing condi-
tions. Therefore, LNM16 presented pure oxygen ion conduction
in non-reducing atmospheres, while it became a mixed
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electronic-oxygen ion conductor under reducing atmospheres.
No evidence for protonation was observed with the LNM16
composition.

Compared to the LNM16, the conduction behaviour of
LNW16 under reducing atmospheres is more complicated.
Given the demonstrated redox stability of the W cations, the
conduction enhancement cannot be fully electronic ie. the
phase is not reduced and so there is no electronic charge
compensation. However, protonic conductivity induced by
protonation (eqn (6) and (7)) offers a more reasonable expla-
nation. The enthalpy of the protonation is negative (exothermic)
so that it is preferred at low temperatures, 400 °C to 600 °C.*’
Therefore, within a low temperature range, the predominant
charge carriers are assumed to be electrons and/or protons
which reduced the activation energy. When in the high
temperature range, 600 °C to 800 °C, the protonation reaction
was suppressed and the predominant charge carriers changed
to the interstitial oxide ions, which led to the activation energy
being similar to the activation energy determined from ambient
air measurements. The total conductivity of LNM16 under dry
and wet 5% H, conditions are almost identical, while the total
conductivity of LNW16 under the wet 5% H, condition is over
an order smaller than under the dry 5% H, condition. This is
probably attributed to the competition between water mole-
cules and hydroxyl species on the surface suppressing the
protonation process. Fully verifying this hypothesis requires
further detailed surface studies that are beyond the scope of
current work.

From the previous discussion it is clear that the LNW16
composition under reducing conditions exhibits protonic
conduction, and therefore determining the transport number of
each charge carrier is of importance. In a triple-conducting
oxide, the total conductivity is the sum of electronic, protonic
and oxide ion partial conductivities, and the transport number
of each partial conductivity can be expressed as below:**

Otot = 0c + 00 + 0y (8)
g a
fo= ———— = —° 9)
e + 00 + 0p T ot
g Oe+ 0
fp= —2 = 1- ZeT70 (10)
¢ + g0 + 0p Ttot

The total conductivity (o) can be estimated from EIS
results, and the electronic partial conductivity (s.) can be
measured by the DC polarization method. Fig. S17 shows that
the steadily decreased current relaxation curves to certain
values represent the typical relaxation response suggesting
a good gas tightness.”® Fig. S1t also suggests higher electronic
conductivities of LNW16 under 5% H, conditions than under
0, conditions. However, the contribution of the electronic
conductivity to the total conductivity is still small. Fig. 10(a)
shows that the transport number of electrons (feiectrons)
increased with increasing temperature, but it was lower than
2.0% over the entire temperature range. This result indicated
that the ionic conductivity was predominant in LNW16 even

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) Extracted transport number of electrons in LNW16 under
dry 5% H, atmosphere from DC polarization measurements; (b) esti-
mated transport number of protons in LNW16 under dry 5% Hy/N»
atmosphere.

under reducing atmospheres. Given the excellent structural and
redox stability of LNW16, the intrinsic oxide ion conductivity
under reducing atmospheres can be assumed to be analogous
to the oxide ion conductivity under ambient atmospheres.
Furthermore, LNW16 is proven to be a pure oxide ion conductor
under ambient atmospheres both in this work and in a previous
study.” Therefore, the oxide ion partial conductivity (oo) was
estimated from the total conductivity measured under ambient
atmospheres, and the transport number of protons (fprotons)
extracted from eqn (10) (Fig. 10(b)). The results clearly show the
predominant protonic conductivity and validates the proton-
ation mechanism proposed in the previous section. The
significant decrease in the transport number of protons at high
measurement temperatures highlights the exothermic nature of
the protonation and is consistent with the change of conduc-
tion mechanism at T.. It also suggests that the electrons were
somehow localized. A similar localization phenomenon had
been observed in SmNiO;.*¢

These findings are intriguing as, to the best of our knowl-
edge, this is the first time that protonic conductivity is reported
in W-substituted LaNbO,. Previously, this type of material has
been proven as a pure oxide ion conductor with negligible
protonic conductivity.”® However, this work finds that the
proton conductivity can be realised by protonation under
hydrogen-containing reducing atmospheres.

4 Conclusion

Samples of LaNbggsWy.1604.08 and LaNbg gsM0g 160408 Were
successfully prepared using a solid-state reaction method. For
the Mo-substituted samples, there was a significant change of
structure from higher symmetry to lower symmetry, and both
XANES and TGA data showed a change of the oxidation state for
Mo in this type of material under a reducing atmosphere.
However, compared to the Mo-substituted LaNbO,, the excel-
lent structural, compositional and redox stability of the W-
substituted LaNbO, was clearly exhibited. The tungsten

This journal is © The Royal Society of Chemistry 2025
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species in LaNbg g,;W 160408 Was found to be surprisingly
stable as a W°®" ion. The conventional electronic conduction
mechanism in solid oxide electrolytes fails to explain the
conduction enhancement in LaNbggsWy 160405 and the
protonation mechanism in which hydroxyl species are
produced through reaction with hydrogen is proposed to
explain the experimental results. The transport number of
protons was extracted showing predominant protonic conduc-
tivity in LaNbgsWy1604.0s under hydrogen-containing
reducing atmospheres. These results demonstrate the poten-
tial of this type of material to be developed as proton-
conducting electrolytes or hydrogen permeation membranes.
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