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NiO3 (Re = Pr, Sm, Eu) and proton
conductivity

Hongzheng Li,ab Ying Li, *ab Bo Li,ab Wenlong Huanga and Yushi Dinga

ReNiO3 (Re = Pr, Sm, Eu) solid electrolytes were prepared by the sol–gel method, which were sintered in

a pure oxygen atmosphere of 20 MPa at 1000 °C for 24 hours. The DC resistivities of the three materials in

air and in a hydrogen-containing atmosphere were tested respectively. The resistivities in the hydrogen-

containing atmosphere were about 102, 104, and 105 times higher than those in air and XPS analysis

showed that after 10%H2–Ar treatment, the proportion of Ni2+ of PrNiO3, SmNiO3 and EuNiO3 increased

successively. The proton transport number of PrNiO3 was lower than 0.5 at 50–500 °C, and SmNiO3 and

EuNiO3 were almost pure proton conductors below 200 °C. The conductivities of SmNiO3 and EuNiO3

were 1.08 × 10−4 S cm−1 and 1.83 × 10−5 S cm−1 at 200 °C in 5%H2–Ar. The hydrogen sensing

properties of SmNiO3 and EuNiO3 show that the measurement results of the two materials were

accurate in the range of 0.5–10% H2.
1. Introduction

Proton conductors have always been a focus and research object
for fuel cells,1–3 hydrogen sensors,4,5 and electrochemical
hydrogen separation.6–8 In any eld, researchers want materials
with high proton conductivity and proton transport number. It
is generally accepted that in order to obtain a higher proton
conductivity, a higher proton concentration and a lower proton
conduction barrier are required in the material.9,10 Theoreti-
cally, the concentration of oxygen ion vacancies determines the
upper limit of proton concentration, so a large dose of dopant is
required to produce a high concentration of oxygen ion vacan-
cies, but too high a concentration of dopant may lead to poor
stability of the material or the formation of other impurity
phases. This indicates that typical perovskite proton conductors
such as Y-doped BaCeO3 and BaZrO3 cannot increase proton
concentration without limit by high dose doping. K. D. Kreuer11

proposed that protons in ABO3 perovskite materials with
a tetravalent B-site (IV) have a lower transport barrier than in
materials with a pentavalent B-site (V). Moreover, the trivalent
B-site materials may have higher ionic conductivity. Therefore,
some scholars have turned their attention to A(III)–B(III) type
materials. Zhou et al.12 rst reported that protons can sponta-
neously bind to SmNiO3, the concentration of protons in
SmNiO3 may not be limited by the concentration of oxygen
vacancies, and high proton conductivity can be obtained in
a hydrogen-containing atmosphere at a lower temperature,
ity, China. E-mail: liying@mail.neu.edu.

cal Sensor Materials and Technology,

the Royal Society of Chemistry
which has attracted wide attention. SmNiO3 has a perovskite
structure; due to its high electronic conductivity,13,14 it was not
paid much attention at rst. However, in a hydrogen-containing
atmosphere, the material produces a Mott transition due to the
inclusion of hydrogen, which inhibits the conduction of elec-
trons,15,16 which is extremely favorable for enhancing the proton
transport of the material. Moreover, the BO6 octahedron in
SmNiO3 is conducive to proton conduction. At present, SmNiO3

materials are generally prepared as thin lms by vapor deposi-
tion or pulsed laser deposition.12,17,18 In fact, the thin lms are
affected by the substrate and the thickness of the lm,19,20 and
there are deciencies in the area, uniformity, and repeatability
of the lms. Therefore, comparison of the different properties
of rare earth nickelates would obviously require preparing the
material into bulk samples by a conventional sintering method.
Fig. 1 XRD patterns of ReNiO3 (Re = Pr, Sm, Eu).
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2. Experiment
2.1 Preparation of ReNiO3

To obtain metastable Ni3+, high pressure sintering in pure
oxygen is required.13,14,21 ReNiO3 (Re = Pr, Sm, Eu) were
prepared by the sol–gel method, Pr(NO3)3$6H2O (99.99%,
Aladdin), Sm(NO3)3$6H2O (99.99%, Aladdin), Eu(NO3)3$6H2O
(99.99%, Aladdin), Ni(NO3)2$6H2O (99.99%, Aladdin) were
accurately weighed according to the ratio and dissolved in water
respectively, and the solution temperature was set at 80 °C.
Table 1 Crystal data of ReNiO3 (Re = Pr, Sm, Eu)

a (Å) b (Å) c (Å) Unit cell volume (Å3)

PrNiO3 5.4132 5.3828 7.6226 222.11
SmNiO3 5.4252 5.3373 7.5741 219.32
EuNiO3 5.4562 5.2938 7.5359 217.68

Fig. 2 DC resistivities of threematerials in different atmospheres and sch
schematic diagram of ReNiO3 crystal structure.

148 | RSC Adv., 2024, 14, 147–153
EDTA (AR, Aladdin) and citric acid monohydrate (AR, Aladdin)
were used as complexing agents, EDTA : citric acid : metal ion =

1 : 1 : 1 (molar ratio). The pH of the solution was adjusted by
HNO3 and NH3$H2O to keep it between 6 and 8. As the com-
plexing reaction proceeds, the water evaporates continuously.
When the gel was formed, it was transferred to the crucible and
heated until the gel was dried to powder. The powder was
ground and calcined in pure oxygen at 600 °C for 10 hours to
obtain the brown-black precursor powder. The precursor
powder was pressed into 10mm diameter slices by cold isostatic
pressure, and then sintered in pure oxygen atmosphere at
20 MPa and 1000 °C for 24 hours (the samples were kept in pure
oxygen until cooled to room temperature) to obtain dense
ceramic electrolytes.

Aer XRD (Smart Lab 9 kW) conrmation, the XRD of the
three samples is consistent with the patterns of ReNiO3 (Re =

Pr, Sm, Eu) orthorhombic phases in the database (space group
Pbnm (No. 62), ICDD reference number 01-079-2453, 01-080-
1946, 01-085-2249), indicating that ReNiO3 (Re = Pr, Sm, Eu)
ematic diagram of crystal structure (a) PrNiO3 (b) SmNiO3 (c) EuNiO3 (d)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
has been successfully synthesized. Fig. 1 shows the XRD
patterns of ReNiO3 (Re = Pr, Sm, Eu) electrolyte.

Since the ionic radius r(Pr3+) > r(Sm3+) > r(Eu3+), it can be
seen from the local magnication of the main peak that the
angle of the diffraction peak gradually shis to the right. The
crystal data aer rening are listed in the following table
(Table 1):
3. Results and discussion
3.1 DC resistivity of ReNiO3 in different atmospheres

Fig. 2(a–c) show the DC resistivities of PrNiO3, SmNiO3 and
EuNiO3 in air and hydrogen-containing atmosphere (measured
by Keithley 2450, DC voltage is 100 mV, Pt was used as electrode
material at two ends of electrolyte).

As shown in Fig. 2, the resistivities of the three materials are
low in the air atmosphere for the rst 400 s. This is due to the
three materials are conductors or semiconductors with very low
resistivity in the air,13,22 and the resistivities increase rapidly
aer the introduction of 5%H2–Ar. Aer the resistivities reaches
Fig. 3 XPS spectra of three samples before and after 10%H2–Ar treatme
after hydrogen treatment (c) SmNiO3 after hydrogen treatment (d) EuNi

© 2024 The Author(s). Published by the Royal Society of Chemistry
a constant value, the resistivities do not increase even if the
concentration of hydrogen increases (∼1800 s), and the time to
reach equilibrium is shorter as the temperature increases and
the resistivities of PrNiO3, SmNiO3 and EuNiO3 increases by
about 102, 104 and 105 times. When air is introduced at 2200 s,
the resistivities of PrNiO3 and SmNiO3 decrease rapidly, and
return to the initial resistivities in air around 300–400 s, while
the resistivity of EuNiO3 is almost unchanged aer air intro-
duction (since EuNiO3 cannot recover the resistivity, Fig. 2(c)
shows the measured curves of three EuNiO3 samples of the
same size). This is probably due to the reduction of tolerance
factor t as the ion radius of Re3+ decreases (t(PrNiO3) = 0.925,
t(SmNiO3) = 0.894, t(EuNiO3) = 0.887),21,23 which makes the
crystal structure deviate more from the perfect cubic phase (t =
1). The bond angle q of Ni–O–Ni becomes smaller (as shown in
Fig. 2(d)), and the valence of Ni3+ becomes more and more
unstable24 and becomes more and more responsive to
hydrogen.

Fig. 3 shows the XPS (Thermo Scientic K-Alpha) of the three
samples before and aer 10%H2–Ar treatment. As shown in
nt (a) ReNiO3 (Re = Pr, Sm, Eu) before hydrogen treatment (b) PrNiO3

O3 after hydrogen treatment.

RSC Adv., 2024, 14, 147–153 | 149
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Fig. 5 Partial impedance spectra of SmNiO3 in 5%H2–Ar.

Table 2 The relation between conductivity and temperature of
SmNiO3 and EuNiO3 (50–200 °C)
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Fig. 3(a) that the Ni(2p3/2) peaks of the three samples before
10%H2–Ar treatment are all at the position of 852.2 eV binding
energy. The peak at this location is assigned to Ni3+.25,26

However, aer 10%H2–Ar treatment (the samples were stabi-
lized in 10%H2–Ar for 1 hour at 50 °C), the peak of Ni(2p3/2)
shied signicantly towards the direction of low binding
energy, as shown in Fig. 3(b–d), indicating that the average
valence state of Ni element decreased. Moreover, aer peak-
differentiating and imitating of the XPS spectra of the three
samples treated with 10%H2–Ar, it is found that the peak
intensity of the Ni2+ in PrNiO3, SmNiO3 and EuNiO3 gradually
increases, indicating that the proportion of Ni2+ is increasing,
which is consistent with the trend of increasing resistivity ratio
of the three samples in hydrogen and air.

However, this cannot fully explain that EuNiO3 is irreversible.
Some scholars believe that hydrogen insertion will reduce the
Gibbs free energy of the system.27 The smaller ion radius of Re3+

is, the easier the process of hydrogen insertion will be until
EuNiO3 becomes spontaneous reaction. However, this computing
method28 is the inference which is based on A-site = La, B-site =
Fe, Co, Mn elements, and assumes that the oxides in the system
are immiscible, which may deviate from the reality.
Materials
Pre-exponential
factor (line intercept) Ea/eV

SmNiO3 2.445 0.220
EuNiO3 1.605 0.259

Table 3 The relation between conductivity and temperature of
SmNiO3 and EuNiO3 (400–500 °C)

Materials
Pre-exponential
factor (line intercept) Ea/eV

SmNiO3 4.398 0.332
EuNiO3 4.668 0.417
3.2 Measurement of proton transport number

The proton transport number was measured by electromotive
force method (Aremco 503 ceramic bond is used as sealant
between electrolyte and xture). According to the formula,

E ¼ RT

2F
ln

�
pH

0
2

pH00
2

�

E is electromotive force; R is the ideal gas constant, 8.314 J (mol
K)−1; F is Faraday's constant, 96485 C mol−1; pH0

2 is 4%H2–Ar;
pH00

2 is 2%H2–Ar.
Therefore, proton transport number(tH) is the actual elec-

tromotive force (Eact) ratio of the theoretical electromotive force
(Eth).

Fig. 4(a) shows Eth and Eact of the ReNiO3, and Fig. 4(b) shows
the proton transport number of the ReNiO3.
Fig. 4 The EMF (a) and proton transport number (b) of the ReNiO3.

150 | RSC Adv., 2024, 14, 147–153
As shown in Fig. 4(b) that the proton transport number of
PrNiO3 is low and always less than 0.5, indicating that proton
is not the main carrier in PrNiO3 and cannot be used as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Arrhenius curves of SmNiO3 and EuNiO3.
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View Article Online
a proton conductor. When the temperature exceeds 400 °C, the
actual electromotive force of PrNiO3 is almost 0, and the
electrolyte is in the state of short circuit. The Eact of SmNiO3
Fig. 7 Hydrogen sensing properties of SmNiO3 and EuNiO3 (a) 50 °C-S

© 2024 The Author(s). Published by the Royal Society of Chemistry
and EuNiO3 is very close to the Eth below 225 °C, and the two
materials are almost pure proton conductors. The proton
transport number decreases with increasing temperature, and
the proton transport number of EuNiO3 is slightly higher than
that of SmNiO3.

3.3 Measurement of electrical conductivity

Aer the SmNiO3 and EuNiO3 were stabilized in 5%H2–Ar at
50 °C for 30 min, the conductivities of the two samples were
measured by AC impedance (Solartron 1260). The frequency
range is 5 × 106–10−1 Hz, and the AC voltage is 100 mV.

Fig. 5 shows part of the AC impedance spectrum of SmNiO3

in 5%H2–Ar. The circuit in the gure is used for impedance
tting (Rb represents bulk resistance, Rgb represents grain
boundary resistance, Rel represents resistance of interface or
electrode process).

According to AC impedance at different temperatures, the
electrical conductivities and activation energy (Ea) of the mate-
rials were calculated and listed in Tables 2 and 3 and Arrhenius
curve are showed in Fig. 6.

Compared with the lms prepared by RF magnetron sput-
tering12 and pulsed laser deposition,17 the conductivity of the
materials prepared by solid-phase sintering method is about 2
orders of magnitude lower, but the activation energy is slightly
mNiO3 (b) 50 °C-EuNiO3 (c) 200 °C-SmNiO3 (d) 200 °C-EuNiO3.

RSC Adv., 2024, 14, 147–153 | 151
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lower than that of the lms (0.23–0.37 eV),17 indicating that the
materials are more likely to transport protons without the
inuence of substrate.
3.4 Hydrogen sensing properties of SmNiO3 and EuNiO3

Aer the SmNiO3 and EuNiO3 electrolyte tablets were stabilized
in 2%H2–Ar for 30 min, the sensing properties of SmNiO3 and
EuNiO3 at 50 °C and 200 °C were tested by using 2%H2–Ar as
a reference gas.

As shown in Fig. 7 that the actual EMF of SmNiO3 and
EuNiO3 at different hydrogen partial pressures of 50 °C and
200 °C is very close to the theoretical EMF. The time from
response to equilibrium for SmNiO3 and EuNiO3 at 50 °C is
approximately 1800 s, and the time at 200 °C is approximately
1500 s.
4. Conclusion

ReNiO3 (Re = Pr, Sm, Eu) were prepared by the sol–gel method.
The sintering conditions were as follows: pure oxygen atmo-
sphere of 20 MPa, sintering at 1000 °C for 24 hours. The DC
resistivities of ReNiO3 (Re = Pr, Sm, Eu) in a hydrogen-
containing atmosphere are about 102, 104, and 105 times
higher than in air. XPS analysis shows that aer hydrogen
treatment, the proportion of Ni2+ in PrNiO3, SmNiO3 and
EuNiO3 increased successively, which was consistent with the
trend of increasing resistivity ratio. The electromotive force
method was used to measure the proton transport number of
the three materials. The results show that the proton transport
number (tH) of PrNiO3 is always lower than 0.5 in the test
temperature range, and almost 0 when the temperature is
higher than 400 °C. SmNiO3 and EuNiO3 are almost pure proton
conductors below 200 °C, and the proton transport number
decreases gradually with the increasing temperature. The
conductivities of SmNiO3 and EuNiO3 are measured by AC
impedance in 5%H2–Ar. The results show that the conductivi-
ties of SmNiO3 and EuNiO3 are 1.08 × 10−4 S cm−1 and 1.83 ×

10−5 S cm−1 at 200 °C. The conductivities are 7.34 ×

10−4 S cm−1 and 2.74 × 10−4 S cm−1 at 500 °C. The activation
energies (Ea) of SmNiO3 are 0.220 eV (50–200 °C) and 0.332 eV
(400–500 °C), and those of EuNiO3 are 0.259 eV (50–200 °C) and
0.417 eV (400–500 °C). The hydrogen sensing properties of
SmNiO3 and EuNiO3 show that the measurement results of both
materials are accurate in the range of 0.5–10%H2. The equilib-
rium time is about 1800 s at 50 °C and 1500 s at 200 °C.
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Application of proton-conducting SrCeO3 for construction of
potentiometric hydrogen gas sensor, Proc. SPIE, 2006, 6348,
634806, DOI: 10.1117/12.721037.

5 A. Kalyakin, A. Volkov, J. Lyagaeva, D. Medvedev, A. Demin
and P. Tsiakaras, Combined amperometric and
potentiometric hydrogen sensors based on
BaCe0.7Zr0.1Y0.2O3-d proton-conducting ceramic, Sens.
Actuators, B, 2016, 231, 175–182, DOI: 10.1016/
j.snb.2016.03.017.

6 J. W. Phair and S. P. S. Badwal, Review of proton conductors
for hydrogen separation, Ionics, 2006, 12, 103–115, DOI:
10.1007/s11581-006-0016-4.

7 H. Matsumoto, T. Shimura, H. Iwahara, T. Higuchi,
K. Yashiro, A. Kaimai, T. Kawada and J. Mizusaki,
Hydrogen separation using proton-conducting perovskites,
J. Alloys Compd., 2006, 408–412, 456–462, DOI: 10.1016/
j.jallcom.2004.12.093.

8 S. Robinson, A. Manerbino and W. Grover Coors, Galvanic
hydrogen pumping in the protonic ceramic perovskite
BaCe0.2Zr0.7Y0.1O3 -d, J. Membr. Sci., 2013, 446, 99–105,
DOI: 10.1016/j.memsci.2013.06.026.

9 M. Cherry, M. S. Islam, J. D. Gale and C. R. A. Catlow,
Computational studies of protons in perovskite-structured
oxides, J. Phys. Chem., 1995, 99, 14614–14618, DOI:
10.1021/j100040a007.

10 M. S. Islam, S. Wang, A. M. Nolan and Y. Mo, First-Principles
Computational Design and Discovery of Novel Double-
Perovskite Proton Conductors, Chem. Mater., 2021, 33,
8278–8288, DOI: 10.1021/acs.chemmater.1c02432.

11 K. D. Kreuer, On the complexity of proton conduction
phenomena, Solid State Ion., 2000, 136–137, 149–160, DOI:
10.1016/S0167-2738(00)00301-5.

12 Y. Zhou, X. Guan, H. Zhou, K. Ramadoss, S. Adam, H. Liu,
S. Lee, J. Shi, M. Tsuchiya, D. D. Fong and S. Ramanathan,
Strongly correlated perovskite fuel cells, Nature, 2016, 534,
231–234, DOI: 10.1038/nature17653.

13 P. Lacorre, J. Pannetier, S. A. I. Nazzal, P. W. Wang,
T. C. Huang, P. lacorre, J. B. Torrance, J. Pannetier,
S. A. I. Nazzal and P. W. Wang, J. Solid State Chem., 1991,
237, 225–237.
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1146/annurev.matsci.33.022802.091825
https://doi.org/10.1146/annurev.matsci.33.022802.091825
https://doi.org/10.1038/nmat2837
https://doi.org/10.1016/j.ijhydene.2017.08.105
https://doi.org/10.1016/j.ijhydene.2017.08.105
https://doi.org/10.1117/12.721037
https://doi.org/10.1016/j.snb.2016.03.017
https://doi.org/10.1016/j.snb.2016.03.017
https://doi.org/10.1007/s11581-006-0016-4
https://doi.org/10.1016/j.jallcom.2004.12.093
https://doi.org/10.1016/j.jallcom.2004.12.093
https://doi.org/10.1016/j.memsci.2013.06.026
https://doi.org/10.1021/j100040a007
https://doi.org/10.1021/acs.chemmater.1c02432
https://doi.org/10.1016/S0167-2738(00)00301-5
https://doi.org/10.1038/nature17653
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07917a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/1

2/
20

26
 1

:1
5:

50
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
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