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Protonic ceramic fuel cells can generate electric power directly by converting the chemical energy stored in fuels through
electrochemical reactions, offering a great potential for practical applications due to their high efficiency, low emissions and
fuel flexibility. Lower and intermediate working temperatures (400 — 700 °C) are prerequisites for the commercialization, but
inefficient proton uptake and the conduction ability of electrolyte and cathode materials limits the output performance. In
this review, we summarize the common methods used to detect the proton concentration and distribution in some typical
proton-conducting perovskites. The infrared absorption and Raman spectra combined with the first-principle calculations
could provide the most information about hydrogen bond types with vibrational frequencies at 1000—4500 cm !, the local
proton environment and interactions between proton and crystal defects. The protons in a symmetric environment are easier
to transport in the structure compared with that in an asymmetrical and trapped environment. A good understanding of
proton uptake and proton distribution features in perovskite materials is necessary to design suitable proton-conducting

materials.
The bibliography includes 167 references.
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1. Introduction

Energy is the cornerstone of the development of science and
technology.! However, one of the main problems in the 21st
century is the energy dilemma.? 3 Traditional fossil energy is
inefficient and harmful to the environment. Therefore, the
development of novel highly efficient, non-polluting and
sustainable energy sources has been under the spotlight.43
Compared with the sources of green energy, such as wind
and solar, hydrogen energy can provide more stable power
with flexible applications. Furthermore, solid oxide fuel
cells (SOFCs) with hydrogen fuel exhibit 90% energy

conversion efficiency, showing great potential as next-gen-
eration energy devices.®°

Solid oxide fuel cells can be classified into two types:
oxygen ion-conducting SOFCs (O-SOFCs) and protonic
ceramic fuel cells (PCFCs),'%-11 where the main carrier in
the electrolyte are oxygen ions in the former and protons in
the latter.!>13 In PCFCs, protons are generated at the
anode, then transferred to the cathode through the electro-
lyte and finally react with oxygen to form water.!l>14
Protons theoretically have lower transport activation energy
than oxygen ions with a smaller radius and a lower
mass;!3 16 thus, PCFCs could exhibit good output perform-
ance at lower and intermediate temperatures
(400—-700 °C).17-1° However, numerous issues with the
electrolyte and electrode limits the actual performance,
such as the poor densification and electronic conductivity
of the electrolyte,?°~25 chemical and thermal compatibil-
ity 2027 and low catalytic activity of the cathode mate-
rial.'8:28.29 Sintering aids and novel sintering methods
have been used to resolve the densification problem, and
their effects on proton conductivity were reviewed by Li
et al.?® and Nur Syafkeena et al.3! Zvonareva et al.>? sug-
gested suitable electrolyte material and external parameters,
such as high water partial pressure and low oxygen partial
pressure, for consideration to reduce electronic
conductivity.

The sufficient proton uptake and transport ability for
both the electrolyte and cathode are a key basis for achiev-
ing high performance. Perovskite materials (ABO3) and
perovskite-like structures, such as double perovskite
(AA’BB'Os+5), Ruddlesden —Popper perovskite
(A, +1B,0O3,+1) and brownmillerite (A,B,03,_1), could
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accommodate high proton concentration for the chemical
and structural feature.33-3° The acceptor doping and
defects from A and B sites could create more oxygen
vacanies to provide a high proton concentration.?*3* The
proton is generally absorbed in the hydration reaction

H.0 + 0§ + V§ <> 20H4

through an oxygen vacancy.?%4% Poetzsch et al.*' found
that the crystal oxygen can also be an active site to form
proton under high oxygen partial pressure through the
hydrogenation reaction

1
H,O + 205 + 21" <> 20HG + 502

Zvonareva et al.3? analyzed the effect of the defect structure
and external parameters on the proton uptake and proton
pumping. The hydrogenation reaction may occur when the
electron hole concentration was higher than the oxygen
vacancy concentration and the external parameters were
high temperature, high oxygen partial pressure and high
water partial pressure.??

Although a sufficient proton uptake ability is an impor-
tant prerequisite to ensure high proton conductivity, the
higher proton concentration may be due to the lower proton
conductivity in BaZr; .Y .03, where the number of valid
proton carriers decreases and the number of trapped pro-
tons increases with increasing Y concentration.*? The ideal
intrinsically high cubic symmetry and the environment of
each oxygen are the same; however, the tortuosity of the
BOg octahedron from element doping and defects could
decrease the crystal symmetry. Therefore, the absorbed
proton around the lattice oxygen can be in a different
environment with various hydrogen bond strengths. The
proton transport is mainly based on the Grotthuss mecha-
nism, i.e., the proton transfer from the oxygen to the
neighbouring oxygen followed by reorientation. A stronger
hydrogen bond favours the transfer step and unfavours the
reorientation step, which requires the cleavage of hydrogen
bonds.**45 It is necessary to clarify the distribution of
protons in the crystal and valid proton carriers, which
contributes to the proton conductivity.

A lot of studies have been carried out on estimating the
proton conductivity and designing a high-performance
electrode material by element doping, architecture modifi-
cation, machine learning and high-throughput calcula-
tions.36-46-4%  However, the relationship between the
proton distribution in the crystal structure and proton

conductivity was rarely mentioned. Only one publication
summarized the origin of trapped protons and their effect
on the proton transport.’® Estimating the precise amounts
of absorbed protons and analyzing the distribution features
of protons could establish a relationship between micro-
structural information and macro-properties, which is help-
ful in developing high-performance electrolytes and cathode
materials. In this review, Section 2 presents the use of wave
spectroscopy method to detect proton signals, and Section 3
suggests a common way to measure the proton concentra-
tion.

2. Distribution and effects of protons on the crystal
structures

2.1. Infrared absorption and Raman spectroscopy data
Infrared absorption (IR) signals originate from permanent
changes in molecular dipoles,>! while Raman signals origi-
nate from induced dipole changes.>> The ABO; perovskite
structure consists of two sublattices: the BOg octahedron
and the A-cation sublattice. Generally, the Raman signa-
ture of the BOg octahedron can represent the signature of
the main perovskite structure in terms of the molecular
model, the ideal cubic structure without defect presents no
first-order Raman signal 31-33-54 but the IR signal exhibits
three active vibrational modes: A —(BO)s stretching, B—O
stretching, and O — B — O bending.33 When the symmetry is
lowered due crystal defects and the tilting of the BOg
octahedron, the Raman signal can become active and the
number of IR signals increases.’* 3¢ Different symmetries
can present a shoulder, and various configurations of the
vibrating units may broaden the band.’” Bands below
1000 cm—! in the IR and Raman spectra are usually
associated with the main lattice vibrations,>” and the
O —H vibrational modes in the crystal are of two types:
stretching (v) and bending (d) ones, where the former occur
in the high-frequency region and the latter can be attributed
to the host lattice in the low-frequency region.®3° There-
fore, the O —H stretching signal is much more obvious in
the IR spectrum than in the Raman spectrum, where the
latter can also be used to analyze the effect of protons on
the crystal structure.®?~ 62 Glerup et al.>® estimated that the
vibrational frequency of O—H stretching is around
3550 cm ! in perovskite, according to the empirical corre-
lation of Nakamoto et al.%> The IR spectral data on the
vibrations of hydrogen bonds reported in the literature 3783
are summarized in Table 1.
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Table 1. Results of the IR spectra on the vibrations of hydrogen bonds reported in the literature.
Sample Protonation conditions Wavenumber, cm ! Vibration group Ref.
BaCep.sNdo.»03 D>0O—N>, 500 °C 2300 v(O—-D) 58
3000 v(O—H) 58
BaLalngoNbg 1041 2% H,0 —air, slow cooling 1600 H>,O 73
from 1000 to 200 °C 1700 H;0* 73
Ba0_5Sr0_5Sco_175Nb0_025C00_gO3,5 3% HQO —air 700 OC, 10 h 3394 V(O — H) 74
BaZng ¢Nbp4O3_5 80% H>O—N> 2500-3700 v(O—H) 68
BaZrg.25Ing 750275 50% H-0, 250 °C, 180 h 2500-3700 v(O—H) 75
1650 H»0 bend 75
1900 v(O—H) 75
BaZr;_,Y,O3_5s 30% H>O—Ar, 500 °C, 72 h 2400 v(O—H) 65
2500-3700 v(O—H) 65
4500 wO—H)+6(O—-H) 65
BaZrp9Y0.102.95 2% H>0—0,, 600 °C, 24 h ~ 1600 o(0O—H) 76
~ 3400 v(O—H) 76
LagoCag ErO;_s 8% H>—3% H>0—89% N, 700 °C 2686 v(O—D) 58
3635 v(O—H) 58
Lag.6S10.4Co0.2Fe0.803_5 40% H-O0, 550 °C 3604 v(O—H) 77
PrCoo.sNip.s03_5 3% H>0 —air, 600 °C, 15 h 3000-3500 v(O—H) 78
SrCe.95Y0.0503 -5 — 3605 v(O—H) 58
2662 v(O—-D) 58
SI‘SCOJ75Nb0,025C00,80375 3% HzOfair, 700 OC, 10h 2900-3600 V(O*H) 69
SrZrpoLlng 103 — 1400 —-4000 Surface protonic 70
species
SrZr.955¢0.0503 = 2500 v(O—D) 66
3200 v(O—H) 66
Smj 92Cap.08Sn207_5 40% D»,O—H-0, 300 °C, 120 h 33003500 v(O—H) 79
2400-2500 v(O—-D) 79
Baj 95In>049F 2% H,0 —air, slow cooling 2500-3700 v(O—H) 82
from 1000 to 200 °C 1000—1500 o(0O—H) 82
BaLalnO4 - 2800 v(O—H) 73
3600 isolated OH groups 73
Lao.995sNdo.005S1O4 Wet N», 300 °C, 20 h 22004500 v(O—H) 80
Ba3(Calllng1,gg)0975 H>O—N,—H,, 478 °C 3330 V(O—H) 58
3640 v(O—H) 58
2428 v(O—-D) 58
Ba4Casz20| 1 = 1620 Hzo bend 81
Bas_.5,CaNbOss_F, (x = 0-0.15) 2% H»0 —air, slow cooling 2900-3500 v(O—H) 83

from 1000 to 150 °C

2.1.1. IR spectroscopy data

Karlsson et al.>7-61-64.65.67 found that the IR spectra of
protonated BaZr, M ,O3_5 (x =0—1, M = In, In, Sc, Ga
and Y) showed similar results to the vibration signals of
hydrogen bonds at about 1900, 2400 and 4500 cm !, as well
as a stronger O—H stretching band from 2500 to
3700 cm !, which can be divided into four components at
2700 (A), 3100 (B), 3400 (C) and 3600 cm—! (D), as
illustrated in Fig. 1 a.

A pellet sample was pretreated at 600 °C for 1 h in vacuo
to avoid the possible formation of surface water and then
protonated at 250 °C for 198 h under water-saturated oxy-
gen flow. The calculated O—H stretching modes with
different local proton environments in BaZr;_ In,Os_s
(BZI) were presented in Fig. 15.7 The radii of Y3*
(0.9 A) and In3* (0.8 A) are larger than that of Zr4+
0.72 A). Therefore, Y and In doping can cause the oxygen
and local distortion in the ZrOg octahedron. If a proton is in
a symmetric environments, such as In—OH-—In and
Zr—OH —Zr, the O(1) —H distance is the shortest and the
O(1)—0O(2) distance is the longest, where the O(1) and O(2)
atoms are the nearest and the next nearest oxygens close to
H. Therefore, the O —H stretching in a symmetric environ-

ment showed a narrow and higher vibrational band
(Fig. 1¢). Besides, when the Y concentration increased
from 0% to 50%, the relative integrated intensity of the
band A obviously gradually increased and that of the bands
B and C slightly decreased (Fig. 1d). Due to the fact that
the relative intensity of the peak is positive related to the
concentration of the corresponding species, the band A can
represent the protons in an asymmetric environment, such
as Zr—OH—M. The protons in more symmetrical sites
were less displaced. Thus, the bands B and C were assigned
to more symmetrical proton sites, such as Zr—OH —Zr.%>
A stronger hydrogen bond can facilitate the proton transfer
step and is unfavourable to the reorientation step, so, a
slight doping of Y (<20%) can remarkably improve the
proton concentration and increase the proton conductivity,
but higher Y amounts can result in a serious tortuosity of a
Z1rOg¢ octahedron and lots of trapped proton. Therefore, the
proton conductivity of BaZr;_,Y O3 had a plateau shape.
For protonated BaZr,_,In,Os_,» (x=0.5 and 0.75),
Karlsson et al.%* also found that the relative intensity of
the band D for all samples remained almost unchanged and
low at a heating temperature from 30 to 350 °C. The
distortion of the ZrOg octahedron was greatly distributed
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Figure 1. IR spectra of BaZrg ¢25In9.37503_5 together with the fit to seven Gaussians, where the four Gaussians fitted in the range of

2500-3700 cm~! were marked as A, B, C and D (a).%° Reproduced from Ref. 65 with permission from the American Chemical Society. The
O —H stretching modes obtained from MD calculations at 300 K with the proton in various local environments (b). Reproduced from
Ref. 67 with permission from the American Physical Society. The Y concentration dependence of the relative integrated intensity (c¢) and
the frequency of the peak fitted Gaussians (A, B, C and D) (d). Reproduced from Ref. 65 with permission from the American Chemical
Society. The IR spectra of a BCN-18 pellet after equilibration at the indicated temperature, where the sharp peak disappeared upon
polishing (e). Reproduced from Ref. 58 with the permission from Elsevier. Elastic scattering neutron spectra of protonated 99% dense
SrZrp9Lng 103 _s measured at rt, 400 and 660 °C under high vacuum using a time-of-flight spectrometer (/). Reproduced from Ref. 70 with
permission from Springer. The IR transmission spectra of very high dense (/) protonated polished ceramics and dense (2) protonated

SrZrp9Lng103_5s (g). Reproduced from Ref. 70 with permission from Springer.

in the structure of BaZr;_,InO3_,» (x = 0.5 and 0.75)
and the number of weak hydrogen bonding sites is quite
limited. Therefore, protons were located and strapped at the
grain boundaries, with similar values of the concentration
of grain boundaries of two samples. The relative intensity of
the bands B and C increased while that of the band A
decreased for two samples, indicating preferential desorp-
tion of protons favored by strong hydrogen bonding. There-
fore, the proton involved in strong hydrogen bonding can
be mobile under certain force. Yugami ef al.%¢ also observed
the trapped O —H bond at ~3300 cm~! in the protonated
SrZro.95Er0.0503_5 (SZE). A single-crystal SZE sample was
firstly treated at 750 °C and wet air (58 vol.% H>O) untill
the defect was equilibrated, then annealed at 750 °C under
dry air for various periods of time, and finally quenched to
room temperature, after which the signal of the hydrogen

bond was detected. The IR spectra showed two wide O —H
active bands at 3200 and 2500 cm—!, which can be divided
into four bands centred at 3300 (A), 3050 (B), 2700 (C) and
2300 cm—! (D), where the intensity of the band A was
almost unchanged and those of the other bands obviously
decreased when the annealing time increased from 38 to
530 min. In addition, the trapped proton possibly came
from the interaction between the proton and the dopant
ion,% which resulted in the difficulty of long range diffusion
of protons, the proton conductivity being not in proportion
to the proton concentration of SrCe; _,Yb, O3 .34

The IR signals were also used to predict the proton
conductivity of novel electrolyte materials and to prove the
proton uptake capacity of triple conducting cathode mate-
rials of protonic ceramic solid cells. Arai et al.°® reported
the IR spectra of protonated Ba(Zng4Nbg)Os_s (BZN)
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and Ba(Zro.9Y0.1)02.05 (BZY91). The spectra showed a wide
band at 2500—3700 cm—!, which can be divided into four
bands centred at 3550, 3500, 3350 and 3100 cm~—!. The
bands at 3550 and 3500 cm—! were attributed to the sym-
metrically configured proton sites (denoted as SC), while
the other bands to those with asymmetric configuration
(denoted as AC). The high relative intensity of the AC site
for BZN was obtained in the annealed sample compared
with the protonated sample and at a high temperature in the
protonated sample. Therefore, the protons at the SC sites
were not trapped and acted as valid mobile carriers.
Furthermore, protonated BZN had its own higher concen-
trations of protons at the SC sites compared with BZY,
indicating higher proton conductivity for BZN. Zhu et al.%°
found that bands at 2900 and 3600 cm —! were observed for
the protonated SrSco.175sNbg.025C00.803_5 (SSNC), which
are absent for the dry SSNC sample, suggesting that SSNC
was a proton —conducting oxide.

The signals of the surface proton species cannot be
neglected in the IR analysis. Glerup er al.’® also observed
the simultaneous presence of surface and bulk protons in
protonated Bas(Caj 1sNbj 32)O9_s (BCN-18). The band at
3630 cm — ! disappeared after the sample pellet was polished,
indicating that the surface layer was hydrolyzed (Fig. 1 e).
Furthermore, when the treating gas of BCN-18 bar changed
from D>O — N, —air to 8% H>—3% H>O—89% N> for2 h
at 480 °C, the IR signal of the internal fracture surface of
BCN-18 was acquired. The bulk O — D and O —H stretching
bands were observed at 2428 and 3330 cm !, respectively,
and the relative intensity of O —D was higher at the center
of the bar compared with the place near the surface,
indicating the H/D change in the bulk. Interestingly,
Slodczyk et al.’® attributed the wide band between
1400—-4000 cm—! to the signals of the surface proton
species M”*(H»0),,. The authors prepared two kinds of
SrZrpolng103_s (SZL91) sample with 94% and 99%
densities, and all samples were protonated at 500 °C under
80 bars of H,O for few days, the IR signal was collected
before and after polishing the protonated sample. They
confirmed that the ratio of the surface proton species was
extremely low on the surface of the protonated 99% dense
SZ1.91 according to the elastic neutron scattering spectrum
(Fig. 1f), whereas there was no band at 14004000 cm~—!
in the IR spectrum (Fig. 1 g). However, upon protonation
of the 94% dense SZL.91 with a higher surface area attract-
ing the proton, the wide band was observed, similar to the
signal of M” " (H0), species.”! Furthermore, no signal for
the O—H stretching band was detected in the polished
protonated 99% dense SLZ91 sample. The proton in the
protonated SZL.91 was considered as the ionic proton. Such
protons were presented by interstitial protons, free of any
specific strong hydrogen bonding, and were first observed in
MnO, .72 The proton uptake ability of SZL91 materials was
much lower than that of BaZr;_M,O;_s at 500 °C.85
Therefore, the hydroxyl moiety easily formed at the surface
of SZ1.91 and the bulk concentration of hydroxyl was much
lower and, consequently, the polished SZL91 presented no
vibration signals. Besides, the complex distribution of
hydroxyl groups in BaZr;_.M,O3_s leads to a similar
wide band at 1400—-4000 cm—! in the IR spectrum.

2.1.2. Raman spectroscopy data

Raman signals were used to determine the type, concen-
tration and distribution of protons in the lattice, especially
when combined with the first-principle calculations. Glerup

et al.>® reported that protonated LagoCao.1ErOs gave one
narrow band at 3618 cm—!, indicating that the proton
occupied one site in this material. Furthermore, thermal
broadening of the band was observed, where both the
intensity and frequency of the O—H vibration decreased
and then went back to the original site as the temperature
increased from 30 to 200 °C and decreased back to 30 °C.
Bielecki et al.3° found that protonated BayIn,Os (BIO) gave
a wide asymmetrical band in the range from 2800 to
3800 cm—!, which can be divided into six bands centred at
3050 (I), 3310 (II), 3470 (III), 3540 (IV), 3410 (V) and
3570 cm—! (VI). These six bands were further classified into
two proton types, which both occupied the 32y and 4h sites,
as shown in Fig. 2a, with the calculated Raman spectra,
where type 1 (Martinez 1) was the narrower and strong
O—H bond with bands II, III, IV, and VI, and type 2
(Martinez 2) with band V was the weak O —H bond related
to the host lattice. In addition, type 1 represented the
dominant species (~75%), as calculated by the peak inten-
sity. Furthermore, the deprotonation rate was the same for
protons of all types and sites at 370 °C. However, the
dissociation rate at 4h was higher than that at 32y for type
1 and was equal for type 2 at a temperature above 400 °C.
Therefore, type 2 almost disappeared at high temperatures.
The proton at 32y for type 1 is located in a non-centrosym-
metric distorted environment of the InOg octahedron, which
means that hydrogen bonds at the 32y site of type 1 are
thermally stable. Mazzei et al.?> further found that elements
doping with 15 mol.% M (M = Ga, Sc, Y) in the B site of
BIO could effectively increase the ratio of type 1 and proton
conductivity, and for a small fraction of type 2 could form
unusual stronger bond and hinder the proton transport.8’
However, there was no relationship between the ratio
change and ionic radius of the doped element, and the effect
of cation substitution on local structural distortions and
position sites is much complex. Gao et al.®® used the change
in the intensity ratio of O—D to O—H with time for a
BaZrp.1Ce0.7Y0.1Ybo.103_s5 (BZCYYDb) sample to calculate
the surface exchange coefficients (ky/p) when the atmos-
phere changed from 3% H>O—Ar to 3% D>,O—Ar
(Fig. 2b). It was found that kyp of nanocrystalline
BZCYYb was much higher than that of conventional sol—
gel BZCYYD, suggesting that the nanocrystalline BCZYYDb
membranes had a better proton transport ability. Hua
et al.8® reported that there were no bands at 3500 and
1060 cm—!, which can be assigned to O—H and —CO;
vibrations, respectively, in (PrBag.ssCag.15)o.s(MnFe) sO395
after 1000 cycles of cyclic voltammetry stability tests, which
were obvious in PrBaMnFeOs . s. Therefore, this proved
that a small amount of Ca doping can enhance the stability
of PrBaMnFeOs 5.

Protonation affects the structural symmetry of materials
in different ways. Slodczyk er al.®! reported that the proto-
nation had an opposite effect on the symmetry of
SI'ZI'O‘QY().103 (SZngl) and Sr0,5Ba0'5Ti1 ,,\—AIXO3 -5
(SBTAI). For SZY91, the oxygen vacancy was completely
occupied by protons, resulting in an upshift of the charac-
teristic band for the longer and protonated O—Zr bond,
with a broadening of the Raman lines and reduction of peak
splitting for increased symmetry. By contrast, protons can
further increase the torsion of the crystal structure for
SBTALI as the low toleration with a proton,’? resulting in a
downshift of the Ti—O stretching band, evident splitting
and the appearance of additional modes. Grimaud er al.%°
revealed that incorporated protons in BZY91 did not
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Figure 2. Schematic illustration of the BaxIn,Os structure and the two lowest-energy proton configurations in BalnOsH («). Reproduced
from Ref. 86 with permission from the Royal Society of Chemistry. Temporal evolution of Raman spectra of the nanostructured BCZYYb
membrane (1) and the conventional BCZYYb membrane (2) after switching the atmosphere from Ar—3% H>O to Ar—3% D,0 at 300 °C
(b). Reproduced from Ref. 88 with the permission from Wiley. Thermal evolution of Raman spectra recorded on a dense BCY 10 pellet at
2000 -4000 cm~! (¢) and 160—800 cm~! (d) under dry and wet air. Reproduced from Ref. 90 with permission from Elsevier. Raman
spectra as measured at 20 °C for the dehydrated (1), intermediate (2) and hydrated (3) phases of Ba>In,Os (e¢). Reproduced from Ref. 86
with permission from the Royal Society of Chemistry. Raman spectra characteristic of protonated SZYb91 recorded at 532 and 632 nm
wavelengths (f). Reproduced from Ref. 91 with permission from Wiley.

significantly affect the crystal structure and the hydrogen
bonds had a complex coupling pattern with the lattice at
low temperatures. When the dry BZY91 pellet was cooled
down from 700 to 400 °C under 3% H,O —air, the Raman
spectra showed three band ranges representing OH
vibrations (2600—-2900 (a—e), 3100—-3350 (f,g) and
3500-3900 cm ') (Fig. 2¢), three bands representing the

framework vibrations at 300-400 cm~—! (a, B and v)
(Fig. 2d), and the frequencies of all bands were almost
unchanged. In addition, the intensities of B and vy in the
protonated sample were higher than those of the dry
sample, indicating that protons were incorporated into the
bulk of the material. Furthermore, Bielecki et al.8¢ found
that the hydration could lead to a phase change in BIO from
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brownmillerite to a perovskite-like structure. Compared
with the signal of In— O in the dry and protonated samples,
the intensity of the band at 600 cm~—!, which was assigned
to In—O stretching in the InOj4 tetrahedra, gradually
decreased and finally disappeared. At the same time, the
intensity of band at 530 cm ! increased, representing the
O — In stretching of the InOg octahedra as shown in Fig. 2 e.
In some materials, the pressure and fluorescence can
affect the Raman signal. Slodczyk et al.3 studied the effect
of pressure from 0 to 40 GPa in protonated
StZ10.93Y0.0703_5 (S2Y93). The peak at 750 cm—! corre-
sponding to the ZrOg vibration broadened and became less
intense after hydration, while peak splitting at 280 and
410 cm ! decreased, indicating lattice shrinkage. The wave-
number of the protonated sample increased slightly with
increasing pressure. The lattice vibration signal was
observed at a low wavenumber (90, 150 and 175 cm—1!),
while the Zr — O bending signal occurred at 300500 cm—!,
and the Zr— O modes of an octahedron with/or perturbed
by oxygen vacancies and/or proton species appeared at 750
and 755 cm~!. The first-order phase transition, which
occurred as the peak at about 750 and 90 cm~! representing
orthorhombic symmetry, disappeared at 10 GPa, while the
second phase transition to the Imna space group, occurred
as the peak at 750 cm—!, was observed again at 20 GPa. In
addition, the third phase transition to the tetragonal space
group occurred when two peaks at 150 and 175 cm—! fused
into one, and a peak at 750 cm—! disappeared again at
35 GPa, which was the result of a coupling between the
vacancy/Yb local order and long-range Sr sublattice.
Finally, the sample had a cubic phase at 40 GPa. Slodczyk
et al.®! tested the Raman signals of protonated SZY91 using
532 and 632 nm wavelengths, as shown in Fig. 2 f, where the
background shifted down to 632 nm, indicating fluores-
cence. However, the background was wider than that
reported by Boyer et al.,°* and the researchers thought this
was due to the presence of the ABC bands in the structure,
which came from different couplings, mechanical and elec-
trical, of the very light H vibrators with all other vibrators
of the matter and showed complex mountain-like peaks.”>

2.2. Neutron scattering method

Neutron scattering can effectively distinguish light elements
for interactions between the neutrons, as the nucleus does
not increase regularly with an increase in atomic num-
ber.?%97 Key information, such as crystal symmetry,” 100
proton concentration and position,!°1=104 and hydrogen
bond strength '95-198 can be obtained by neutron technol-
ogy, which can be further divided into three main
methods,?® 199 namely, neutron diffraction (ND), quasi-
elastic neutron scattering (QENS) and inelastic neutron
scattering (INS). Neutron diffraction technique provides
information about the crystal structure of the material,
while the proton position in the lattice and the hydrogen
bond strength can be obtained by comparing the changes in
the diffraction peaks of the material before and after
hydration.”®-80 The difference in the hydrogen bond
strength of oxygen in each direction has been further used
to analyze the structure distortion in the short range and
proton transport.®! Quasi-elastic neutron scattering is used
to study the rotation and picosecond transport of protons
between local oxygen atoms, as well as long-range transport
in the nanosecond interval.!97-112.113 [nelastic neutron scat-
tering was shown to acquire the neutron vibrational spectra
that allowed for the study of the local structure of the

material, vibrational dynamics and all vibrational modes of

hydrogen bonding, including bending and stretch-
ing.59-59-114.115

2.2.1. Neutron diffraction

Kendrick et al.''¢ tested protonated Lag ¢Bag4ScO» g using
3% H>O—N> and 3% D>O—N, at 500 °C for 16 h. The
neutron diffraction pattern showed the presence of Sc2Os3
impurities, and, according to the energy-dispersive X-ray
spectroscopy (EDX) data, a La: Ba ratio was 0.73:0.27 due
to barium volatility at high temperatures required for the
synthesis of this phase, which was not detected by XRD.
The uptake masses of H>O and D>O were 1.33 and 1.37,
respectively, according to thermogravimetric analysis
(TGA), which measured the fully occupied oxygen vacancy.
The protonation could increase octahedral tilting when the
intensity of d111 and value of d112/d211 increased. The
proton and deuteron positions were around O1 (Fig. 3 a),
with the ab plane pointing toward lanthanum according to
Fourier nuclear density analysis.

Malavasi er al.''° reported on the neutron diffraction
data for BaCeO3; (BCO) and BaCep9Y¢.102.95 (BCY91). For
BCO, it consisted of the Pmcn space group, and the ND
peak was almost similar for the dry and wet material, as
there was no oxygen vacancy for the uptake of H,O. When
BCO was doped with Y, the crystal symmetry was lowered
due to the creation of oxygen vacancies, rather than the
difference in the ionic radii between Y and Ce. The
symmetry of protonated BCY91 could increase after the
oxygen vacancy was occupied by the hydroxy group, where
O1 was fully occupied and the O, site had an occupancy of
0.92 (Fig. 35).°7 Eriksson Andersson et al.''' studied the
effect of D>O on the crystal structure of BaCepsY0203_5s
at elevated temperatures. Dry BaCeosY 020395 presented
two phase transitions from Pm3m to R3c at 775 °C and
from R3c¢ to Imma at 250 °C during cooling from 900 to
100 °C (Fig. 3 ¢), where the former resulted from stabiliza-
tion of the antiphase tilting of the (Ce/Y)Og¢_ s units and the
latter arouse due to the loss of one antiphase tilting. When
20% D,0O was introduced, the presence of the D—O bond
could expand the crystal volume and enhance the tendency
of tilting either via hydrogen bonding interactions or
changes in the local electrostatic environment, resulting in
the first change temperature increasing to 925 °C and the
new space group Imma appeared at 650 °C. The slower
kinetics of proton diffusion at low temperatures could also
lead to chemical inhomogeneities when a new phase I2m
formed at 250 °C. Furthermore, protons can be found in the
BCYO perovskite at high temperature, and it was estimated
that O—H bonds could take over around 70% oxygen
vacancies under 30% H>O —air at 800 °C.

Basbus et al.'!7 studied the phase transition and proton
transport mechanism of BaCep 4Zr04Y0203_5 (BZCY442)
via the in situ neutron diffraction. BZCY442 had a rhom-
bohedral symmetry with an R3¢ structure between rt and
400 °C and cubic symmetry with Pm3m above 600 °C.
When D>O was incorporated into the oxygen vacancy, the
crystal structure became more stable. The deuterated
BZCY442 presented R3c at 100—600 °C and Pm3m at
above 600 °C, where the occupancy of D was 0.0334
(T < 400 °C), 0.0293 (T =400-600 °C) and almost 0 at
T > 700 °C. In the range of 500—600 °C, the BZCY442
structure shrinked, and the cubic intra-octahedral O—O
distance occurred during the second order phase transition,
where the larger O — O distance and the shorter distance in
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Figure 3. Fourier nuclear density maps obtained from the neutron diffraction data of the ab plane distance (10 A), where ¢ is 0 A, showing
the presence of (1) deuterium and (2) hydrogen associated with the oxygen atom Ol (a). Reproduced from Ref. 116 with permission from
Elsevier. Sketch of the BCY20 crystal structure. Reproduced from Ref. 97 with permission from the American Chemical Society (b). Phase
stability fields and pseudo-cubic lattice parameters of BCY20 in the (1) dry O> and (2) O>+ D»,0(g) (¢). Reproduced from Ref. 111 with
permission from the Royal Society of Chemistry. Temperature dependence of the relevant crystallographic parameters obtained from the
neutron powder diffraction data refinement (). Reproduced from Ref. 117 with permission from the Royal Society of Chemistry.

the rhombohedral symmetry merged into an intermediate
distance (Fig. 3d). Furthermore, the anisotropic displace-
ment (Uaniso) parameters of D calculated from the ND data
increased up to 500 °C (Fig. 3d), indicating an increase in
the transport ability of the deuterium ion. The structural
water desorbed gradually, and the deuterium transport
number decreased as well as the oxygen transport number
increased at above 400 °C, resulting in the maximum proton
conductivity at 600 °C and the oxygen—ionic conductivity
dominating at above 600 °C.

2.2.2. Inelastic neutron scattering

Karmonik et al.'1% found that the band of the O—H bond
of protonated SrCeo9sMo0sO03_5 (M = Sc, Ho, Nd)
occurred at 90— 185 meV (1 meV = 8.065 cm—!). Interest-
ingly, a peak also was observed for protonated SrZrOs,
indicating the presence of intrinsic defects in an undoped

sample. The band intensity of O—H at 112 meV for
SrCe.9sM.0s03_s decreased as the temperature increased
from —253 to 127 °C, meaning that the depletion of H
occurred at low temperatures. Slodczyk et al.4” found no
hydrogen bond in the bulk of protonated BaZrpoYbo.103_5s
(BZYb91) and SrZrpoYbo.103_5 (SZYbI1). The bulk pro-
ton concentration was 3x10~3 and 1x10~3 mol mol—! for
BZY91 and SZY91, respectively. However, the proton
signal was found at ~11 meV in the INS spectrum and no
band was found at 3600 cm—! in the IR spectrum. There-
fore, the incorporated protons did not combine with the
oxygen atoms, but existed solely as an ionic proton, polar-
onic proton and gas of proton. Ionic protons were also
found in BaTiOs, and the hydride ions could turn into
proton—occupied oxygen vacancies, when the electrons
were attracted by the adjacent Ti ions.!'8-120 However,
hydrogen bonds were possibly present at the protonated
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INI Lagrange data of S(Q, fiw) of BTS70 (blue) and BTS20 (red) (a).%? The data for the sample obtained on a TOSCA indirect-

geometry spectrometer over the 6(O—H) (1) and the v(O—H) mode regions (2) (b). Reproduce from Ref. 62 with permission from the
American Chemical Society. The Gaussian fit of the baseline corrected the O—H wag band for hydrated BaZrg2s5Ing 7502.625 (¢).
Reproduced from Ref. 59 with permission from the American Physical Society. Fluctuations of the covalent bond length (do_n) and the
hydrogen bond length (do...nn) (d). Reproduce from Ref. 114 with permission from the Royal Society of Chemistry.

BaTi; _,Sc,O3 (0.16 < x < 0.7).9> The v(O—H) band was
located at 383 —443.5 meV, while the band and overtone of
0(O—H) were at 90— 120 and 190—-240.5 meV, respectively
(Fig. 4 a,b), which can be divided into bands at 98, 104, 118,
128 and 138 meV. Most of these were mainly contributed to
the inter-octahedral proton with the bond angle closest to
180° and minor to the proton on the edge of the octahedron.
With increasing Sc content, the hexagonal structure gradu-
ally decreased and almost turned into a cubic phase at
x = 0.5, resulting in the formation of a new band at
887 cm~!. In addition, the hydrogen bonds weakened as
the energy transfer of v(O—H) increased and that of
0(O—H) decreased. Therefore, the higher proton conduc-
tivity with high Sc content provided high symmetry and
multiple proton sites in the cubic structure.

Karlsson et al.>® used INS to study the proton positions
in BaZr;_InO3_,p (x = 0.2—0.75) and revealed the pro-
ton transport type for proton conductivity. The band for
O —H bending vibrations appeared at 600—1200 cm—! and
can be divided into three bands at 850 (I), 1070 (II) and
1250 cm—! (I11) as shown in Fig. 4 ¢ for x = 0.75. Further-
more, an overtone of the fundamental O —H bending band
was observed at 1700 cm~—!, with similar sharp O—H
bending. The O—H bending and stretching vibrations
were coupled in BZI, where the decrease in the stretching
vibrational frequencies was accompanied by an increase in
bending vibrations, and their total wavenumber was at
4100-4300 cm—!. The In atom and oxygen vacancy in the
nonsymmetric configurations of protons can push the pro-
tons to the neighboring oxygen, and a strong hydrogen
bond (O—H-:--O) can form. Therefore, protons at the local
distortion site by In doping can form even stronger hydro-

gen bonds, which can be attributed to bands II and III.
With increasing the In content from 20% to 75%, the
proton concentration is tripled, similar to the tendency of
bulk proton conductivity, where the absolute intensity of
band I increased approximately by a factor of two while
that of bands II and III, by a factor of 10. Therefore, a weak
hydrogen bond was the main mobile phase in the proto-
nated BZI, which was consistent with the Raman spectra
data.'?! Mazzei et al.''*122 reported similar results. The
6(O—H) band appeared at 645.2—1209 cm~—! in protonated
BaZry sIng 5029, while the v(O—H) band was found at
2016, 2338, and 2882-3629 cm~!. The stronger v(O—H)
bands at 2016 and 2338 cm—! originated from the distor-
tion of the BOg octahedron enhanced by oxygen vacancies
or In doping, and paired proton effects, where the proton
could be directly affected by another proton through the
proton—proton interactions and lattice distortions.!?3
Besides, the proton environment was greatly affected by
the dynamic motion of the oxygen atom.

Mazzei et al.'?? also calculated the change in the hydro-
gen bond length with simulation times by calculating the
vibrational density of states through ab initio molecular
dynamics simulations. The length of hydrogen bond with
v(O—H) mode fluctuated around 0.965-1.05 A, while the
length of hydrogen bond with 6(O — H) mode and the lattice
dynamics fluctuated around 1.84-2.22A (Fig. 44d).

Thus, the reorientation of the —OH group possibly
occurred as the hydrogen bond became weak due to oxygen
motion, while the proton hopping was enhanced as the
hydrogen bond strengthened. Therefore, the trapped proton
in BZI possibly did not hinder the proton conductivity, as it
could move along with the movement of the oxygen atoms.
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2.3. Extended X-ray absorption of fine structure

X-ray absorption spectroscopy (XAS) can provide informa-
tion on the electronic and local structures of materials 24
and was shown to be sensitive to symmetry changes.!?’
Giannici et al.'?6—128 studied the effect of protons on the
crystal structure of BaCe;_ M ,O3_s (M = In, Gd, and Y)
by extended X-ray absorption fine structure (EXAFS),
where the protons obviously affected the environments of
Gd and Y and had no impact on those of In and Ce. Doping
with Y or Gd resulted in minor modifications to the
electronic and/or atomic structures of the host matrix, and

the negative charges around the dopant could effectivity
attract positively charged defects, providing a clear
improvement of proton conductivity for BaCeOs when
used in a smaller amount. On the contrary, the In element
can be fully soluble and rearranges the electronic structure
of BaCeOs3, leading to lower proton conductivity. Han
et al.'?® reported the effect of hydration on the pyrochlore
oxide Laz(Nbp4Y06)207_s (LNY) structure, as the basic
unit of a tetrahedron consisting of two La atoms occupying
the A sites, two Nd/Y atoms occupying the B sites and
oxygen atoms in the centre, as shown in Fig. Sa. When
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water was incorporated into LNY at 300 °C in
5% H>0—95% Ar, the intensities of the Y K-edge and La
K-edge were enhanced, while the intensity of the Nd K-edge
remained almost unchanged (Fig. 55), indicating that the
oxygen sites around Y or La, but distal from Nd, partici-
pated in the hydration reaction. Wang et al.'3° used EXAFS
to analyze the value changes of the Co and Mn elements in
rhombohedral-type Lag7Sro3Mn;_NiyOsz_s (r-LSMN)
and cubic-type Lag7SrosMn;_Ni;_,O3_5 (c-LSMN)
after hydration (Fig. 5¢). The values of Ni ions in all
LSMNs remained at + 3, while the coordination numbers
of Mn in ¢-LSMN7391 and ¢c-LSMN7373 increased from
5.04+0.55 and 4.98 +£0.62 to 5.24+5.21 +0.56, and those
in r-LSMN7391 and r-LSMN7373 were almost unchanged.
Therefore, the main hydration reaction occurred at the
oxygen site around Mn and away from Ni in ¢c-LSMN,
indicating that c-LSCM presented the best proton uptake
and conduction ability compared with r-LSCM, proved by
the result of TGA and the single cell performance.

3. Determination of proton concentration

Although the spectrum method can provide information
about the hydrogen bond type and the corresponding
relative amount, the specific concentration cannot be
obtained, making it difficult to directly compare the proton
uptake ability with different materials. However, this prob-
lem can be easily resolved by TGA,83- 131151 which makes it
possible to measure the mass changes immediately at differ-
ent water pressures and temperatures in experiments. Thus,
the entropies (AH), enthalpies (AS) and Gibbs free energies
(AG) of the proton uptake reaction were calculated, indicat-
ing the basic nature of the material. Furthermore, the Karl
Fischer titration method?841.152=157 and cold neutron
prompt-gamma activation analysis (PGAA)103-194 can also
be used to analyze the absorbed proton concentrations at
certain water pressure and temperature. In addition, the
temperature programmed desorption of H>O (H,O-TPD)
can provide the comparison of the adsorbed water amounts
between different materials.

3.1. Thermogravimetric analysis
Protons can be absorbed under humid conditions by two
reactions: the hydration reaction [Eq. (1)] and hydrogena-

tion reaction [Eq. (2)]:*?
H-0 + OF + Vg <> 20HG (1)
1
H,O + 205 + 2K <> 2OH6+502 (2)

where the equilibrium constant (K) can be calculated by the
following equations:

= [OHO}2 — Ah)’df'dS _ Ahydra
molvolos P\ "k )\ TRr ) O

U2[OHG ) AnyaroS A
Khydro _ pO2 [ . 20]‘ S = exp ( hydro ) exp (_ hydroH) (4)
pHZO[OO] (] R RT

where [OHGS], [V], [O6] and [#7] denote the proton, oxygen
vacancy, oxide ion at the normal oxygen site and the defect
electron concentration of the material under wet conditions,
respectively, and py,o and po, are the partial water pressure
and oxygen pressure under test conditions, respectively. The
hydration that occurred alone at [V5] was much high than

Khydra

that at [4"], while hydrogenation proceeded alone under
opposite conditions. For the acceptor doping material
AB;_M.03_5 (ABMO), the electron defect or oxygen
vacancy can be generated by the reaction 5 or 6, respectively

1

M0; + 2Bf + 505 —= 2Mj + 2/ + 2BO; (5)
1

MO; + 2B + 50§ —> 2Mj + 2 V5 + 2BO; (6)

Therefore, this will result in a defect equilibrium [Eq. (7)]
and oxygen mass balance [Eq. (8)]:

[My] =2My + 21" + 2BO; (7
[OHo] + [V5] + [06] = 3 ®)

The defect concentration was governed by py,o and po,,
where the electronic defect can be neglected at low temper-
atures.’? In addition, [OHA] can be calculated by Eq. (9):1°8

Am M
[OHY] = 2 am Mapm ©9)
my Mpy,o

where myg is the mass of the dried sample, Am is the mass
uptake after hydration, and Mapm and My, are the
molecular weights of ABM and H»O, respectively.

The pretreatment of a sample was important for TGA
experiments, since it is sensitive to minor weight variations,
the specific surface area of sample should be low enough to
avoid the effect of surface adsorption, and the adsorbed
species on the sample should be washed out to a constant
weight. The proton uptake results reported in the literature
are summarized in Table 2. The effects of electron defects
on BaZrpsY0203_s at a temperature of 500 °C were
observed,’? where AH was —26+1 and —79.4 KJ mol—!
at 50—3500 °C and 500-900 °C, respectively. Lim et al.!33
reported that AH and AS of proton uptake for
BaCepoY0.103_5 in a temperature range of 1000—750 °C
were —138.0+6.9 and —142.2+6.1, —147.8£8.2 and
—724+7.2, and —144.7+3.7KJ mol—! and
—147.84+£3.2 J mol—! K—!, respectively, determined from
the hydration reaction, hydrogenation reaction and a com-
bination of two reactions simultaneously, indicating that
the two proton uptake reactions occurred at the same time
at high temperatures. Zohourian es al.!>3 found that there
was a positive linear correlation between AG of the hydra-
tion reaction and the average ‘ion electronegativity’ of the
material, which can be defined by the ratio of the ion charge
(Z) and the square of the radius (r), Z/r?, based on the acid-
base theory (Fig. 6 ). However, their DFT results ' fur-
ther revealed the lower ionization potential of the ternary
oxides with a perovskite structure due to the lower proton
affinities with higher hydroxide ion affinities (Fig. 6b,c¢).
Therefore, the proton uptake is affected by numerous
intrinsic properties, not just the basicity.

Ren et al.'* used the thermogravimetric relaxation
technique and found that Ba deficiency was favourable for
the reaction rate and the amount of proton uptake for
BaCop 4Fe0.4Z10.1Y0.103_s (BCFZY). Figure 6d shows a
good way to test the proton uptake rate of cathode
materials for PCFCs. Huang er al.'% found that NiO as a
sintering aid could greatly decrease the proton concentra-
tion and value of Khydra for a Ba1,0152r0‘(,3Ceo,20Y0,17O3,5
pellet prepared by solid state reactive sintering approach
(SSRS), which is much lower than that of a pellet prepared
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Table 2. Results of hydration reported in the literature.

Sample

BaCep9Y0.105 5
BaCe.6Zr03Y0.103 5
BaCe2Zr0.7Y0.103 s
BaCe.1Zr0.9Y0.103 5
BaCe09Y0.105 5
BaCe.90Y0.1003 -5
BaCe0.9Y0.105 5

Bag.95Coo.4Fe0.4Zr0.1Y0.103 5

BaCog.4Feo.4Zro1Y0.103 s
BaCog.4Fep.4Z10.1Y0.105 5

Bag.osAg0.05C00.4Fe0.4Zr0.1Y0.103 5

BaGdo,gLa()lCOzOms
BaNdo‘gCao,QIHO;g
BaSng.95Y0.0503 s
BaSno.875Y0.12503 -5
BaSn.75Y0.2503 s
BaSno.625Y0.27503 -5
BaSng.5Y 05035

Bag gSro.2Tig.oFeo.103 s
Bag sSro.5Tig.oFeo. 103 s
BaTio,gsCO_zoz,g

BaTig 5S¢0.502.75
BaTi0,4SC0_602,7
BaTig3S¢.702.65
BaTi0,3In0_702,65

BaTig 5Inp.s02.65
BaZr.75In0.2Bi.0503 s
BaZro.QPFO.IO3
BaZr0_5Pr0_503

BaZr 5Sco203_s
B‘dZI‘ojSHo_ 1 500_203 -5
BaZro.90Gdo.1003 5
BaZrg.90lng.1003 s
BaZro.98Y0.0203 5
BaZro.90Y0.1003 -5
BaZr.80Y0.2003 -5
BaZro.90Y0.1003 -5

(Cag.87Nio.03) Ti102.80(OH)o.20

Lag.sSrg2Co0.8Nig.203 s
Lag.gSr0.2C00.7Nig.303 s
Lag.gSrg2Co¢.7Ni.303 s
Lag.gSr0.2C00.7Nig.303 5
SrCe.977Yb0.02303 5
SrTigoFe.103 s
SrZr.5Ce0.4Y0.103 s
Ba3C0206(CO3)0.6
BazYSn05>5
PrBa0,8Cao,2C0205 +5
PrBay.sSrg.5Co1.5Feo.505+s
SroFe.sMog.4Zr¢.106 s
SroFe.sMog 5065
BaLalnOy4
Ba;.1Lag9InO3.95
Bai.1Lao.oYo.5In0.503.95
LangO7

Ga3NbO7

GangO7

YbsNbO;

Y3NbO;

BazCay.17Nd ;183095

Note. NM is not measured.

PhH,0,
atm

0.024
0.024
0.024
0.024
~0.0025
1
0.0063
0.1
0.1
0.0095
0.01
0.02
0.03
0.024
0.024
0.024
0.024
0.024
~0.02
~0.02
1

—_—

0.281
0.015
0.015

0.023
0.023
0.023
0.023
0.023
0.023

Temperature,

[OHo],
molmol—!  °C
0.003 600
0.008 600
0.015 600
0.023 600
~0.05 300
~0.01 300
0.045 400
0.0232 500
0.0174 500
1.9% 500
NM NM
0.03 400
0.022 500
~0.032 600
0.003 600
0.008 600
0.015 600
0.023 600
~0.05 300
~0.01 300
~0.08 400
~0.03 400
0.09 400
~0.16 400
~0.10 400
~0.035 400
0.032 500
NM NM
NM NM
0.17 200
0.175 200
0.09 250
0.06 250
0.017 250
0.10 250
0.18 250
NM NM
0.183 NM
0.082 405
0.062 405
0.025 500
0.0022 600
NM 900
~0.085 300
0.095 100
NM 400
1 250
NM 500
0.017 600
0.48 400
NM NM
0.62 NM
1.05 NM
1.90 NM
~0.001 600
~0.012 NM
~0.018 NM
~0.019 NM
~0.026 NM
0.495 250

AH, kJ mol—!

—50+1(250-800 °C)
— 6642 (250800 °C)
— 8443 (250800 °C)
—68 42 (250800 °C)
NM
NM

—144.7+3.7 (750—-1000 °C)

NM

NM

NM

NM
—50+7

NM
—46+3(250—800 °C)
—50+1 (250800 °C)
—66+2(250—800 °C)
— 8443 (250-800 °C)
—68 42 (250800 °C)

NM

NM
—834+2 (500 °C)
—779 £2 (500 °C)
—574+4(500 °C)
— 108 £2 (500 °C)
—734+2 (500 °C)
—53£5(500 °C)
—56
—43.14 (400 °C)
—44.27 (400 °C)

NM

NM
—66.1 (600—900 °C)
—66.6 (450—900 °C)
—80.9 (500—900 °C)
—79.4 (500—900 °C)
—93.3(550-900 °C)
—81+4(300-900 °C)

NM

NM

NM

NM

NM
— 157 (500—900 °C)

NM
—62.56 (600 1200)

NM
—89.1 (200700 °C)
—NM
—22 (400 °C)

NM

NM

NM

NM

NM

NM

NM

NM

NM

NM
—68.7 (200700 °C)

AS, Jmol -1 K-!

—88+1(250-800 °C)
— 1184+ 3 (250800 °C)
— 12245 (250800 °C)
—108 2 (250800 °C)

NM

NM

NM

NM

NM

NM

NM
— 140+ 10

NM
—95+5(250—800 °C)
—88+1(250-800 °C)
— 1184+ 3 (250800 °C)
— 12245 (250800 °C)
— 108 £2 (250800 °C)

NM

NM
—924+2 (500 °C)
—136+2 (500 °C)
—127+4(500 °C)
— 146 £2 (500 °C)
—127+2 (500 °C)
—126+5 (500 °C)
—34

NM

NM

NM

NM
—85.9 (600—900 °C)92
—90.2 (450900 °C)
—99.4 (500900 °C)
—88.8 (500—900 °C)
—103.2 (550—900 °C)

NM

NM

NM

NM

NM

NM
— 128 (500900 °C)

NM
—70.1 (600 1200)

NM
—73.7 (200700 °C)

NM
—63 (400 °C)

NM

NM

NM

NM

NM

NM

NM

NM

NM

NM
—108.1 (200—700 °C)

Ref.

131
131
131
131
83

132
133
134
134
135
135
136
137
138
138
138
138
138
139
139
140
140
140
140
140
140
141
22

22

142
142

92

92

92

92

132
100
143
143
143
143
144
139
145
146
85

147
148
149
149
150
150
150
151
151
151
151
151
85
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Figure 6. Standard Gibbs energy of the hydration reaction (AGhydrat) at 700K plotted vs. the average ion electronegativity (a).
Reproduced from Ref. 153 with permission from Elsevier. The calculated proton (b) and hydroxide ion affinities (¢) as a function of the
calculated ionization potential of BaXO3; (X = Ti, Sn, Zr, and Ce), SrTiO3; perovskites (BO> termination) and the binary oxides.
Reproduced from Ref. 159 with permission from the American Chemical Society. Thermogravimetric relaxation curves of the BxCFZY
oxides (d).'3* Reproduced from Ref. 134 with permission from the Royal Society of Chemistry. Proton uptake (e¢) and standard hydration
enthalpy (f) of Baj.015Zr0.664Ce0.20Y0.13603—5 with different NiO content. Reproduced from Ref. 134 with permission from the Royal

Society of Chemistry.

by spark plasma sintering (SPS) without NiO (Fig. 6¢,f).
With the use of NiO, the effective acceptor concentration
with the formation of [Yg,] defects at the A site in the
crystal decreased and that of the impurity phases increased,
and even positively charged [Ni%,] defects at the B site can
trap the protons to decrease the entropy and enthalpy.
Therefore, the free-NiO aid was suggested as an addition
to electrolytes during the preparation of full cells for NiO
diffusion from the anode to the electrolyte.?3-161,162

3.2. Methods of HO-TPD, PGAA

and Karl Fischer titration

The temperature programmed desorption of H»O was
carried out by monitoring the H>O signals at elevated
temperatures from a saturated sample using a mass spec-
trometer.”8-163-166 The temperature of the peak centre
illustrated the desorption temperature and the area can
represent the amounts of desorbed water. Wang et al.163-166
found that the water adsorption rates of Ni—BaZrOs;,
Ni— BaZr0'1Ce0‘7Yo'2O3 N Ni— BaZI‘o‘4C€o,4Y0A203 and
Ni—BaZI’O'1C60‘7Y0'1Yb0'103,5 were 2.91><1075,
5.7x10=3, 1.19x10=* and 1.12x10~* mol g—! min—1,
respectively.  Therefore, Ni—BaZrp4Cep4Y0203 and
Ni—BaZrp.1Ceo.7Y0.1Ybo.103_s were better anode materi-
als for PCFC. Furthermore, the B-site cation deficiency can
further enhance the hydration ability of
BaZro.1Ce0.7Y0.1Ybo.103_5.1% Zhou er al.'®® proved that
BaQSCo.1Nb0,1C01.5F€0A3067(5 (BSNCF) was much more
suitable than Sr>Sco 1Nbg.1Co; s5Fep306—s5 (SSNCF) as a
cathode material for PCFC by H,O-TPD, since BSNCF
had a stronger adsorption capacity for a higher desorption

temperature and a better hydration ability for a larger peak
area than SSNCF (Fig. 7 a).

When induced by a neutrons beam, using the PGAA, it
is possible to collect the gamma rays of elements, where the
intensity of the signal is proportional to the element
concentration.!®” Jones ez al.'9® found that the Pr*™* site
participated in proton uptake described by the following
equation:

1 1
Prt* + SH0 + 05 —=Pr* + OHb + 70, (10)

The PGAA results showed that the H: Y mole ratio was
5 in protonated BaPr;_,Y O3 (BPY) at 400—500 °C under
3% water for a few hours, which was much higher than the
theoretical value calculated from the concentration of oxy-
gen vacancies with Y doping (Fig. 75). The reduction of
Pr* to Pr3* in BPY after proton uptake was confirmed by
X-ray photoelectron spectroscopy (XPS) (Fig. 7 ¢). Further-
more, the H:Y mole ratio in protonated BaCep9Y(.103 was
0.87, which is similar to other reported values and con-
firmed the reliability of the PGAA results.

The scheme of the Karl—Fischer titration test method is
shown in Fig. 7d.'52 The sample was saturated at a certain
temperature and water pressure. Then the protonated sam-
ple was heated at a high temperature and the vapour was
transported by a dry carrier gas to the titration device,
which was used to test the adsorbed water content.

Han et al'5? found that Fe doping can
obviously decrease the proton concentration of
La;_,Sr,Sc;_,Fe,O3_5, the Sr doping is benefit to the
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Figure 7. H>O-TPD of BSNCF and SSNCF electrodes treated under 20 vol.% H»O for 2 h at 550 °C and then quenched to room
temperature (a). Reproduced from Ref. 163 with permission from Elsevier. Hydrogen concentration in saturated and dry BaPr;_ Y O3_;
as measured by PGAA and comparison with saturated BaCeo.sY 0,03 _s (b).'°* Comparison of the X-ray photoemission spectra obtained
from BaPrO; in the dry and hydrated states (c¢). Reproduced from Ref. 103 with permission from AIP Publishing. Schematic of a
Karl - Fischer moisture titrator for determining the water content of the samples (d).!3? Three-dimensional plots of the concentration of
hydroxide ions per unit cell of LSSF (e). La; _xSrxSci1—yFeyO3_s, hydration conditions: py,o 0.05 atm, po, 0.19 atm, pa, 0.76 atm, 300 °C,
48 h. Dehydration conditions: 1000 °C, dry N». The measured samples were of the size about 2 mm in length, broken from pellets sintered

at 1500 °C. Reproduced from Ref. 152 with permission from Elsevier.

proton uptake as y > 0.2 and plays an opposite role as
y = 0. Besides, the change trend of proton concentration is
similar to that of the oxygen vacancy concentration in
La;_.Sr.Sc;—,Fe,03_; (Fig. 7 e). Protonated
Lag sSrp.2ScO3_s had the highest proton concentration of
0.13 mol unit—'. Han ez al.'>% also reported that the proton
concentration of protonated BaZr,_.Y.O3_s under 5%
H>O —Ar at 300 °C increased from around 0.024 with
x = 0.05 to 0.19 with x = 0.3 following the Karl— Fischer
titration, and the dehydration phenomenon was observed as
the proton concentration of the sample decreased at higher
hydration temperatures.

4. Conclusion

In this review, we summarized different methods for detect-
ing the proton concentration and distribution in the crystal
structure. Hydrogen bonding vibrations can be represented
by two models, bending and stretching, which often occur
under coupling with the total wavenumber located in the
range of 4100—4300 cm—!. The protons in the crystal were
not only in the form of hydrogen bonds but also in the form
of ionic protons, polaronic protons with extremely low
vibrational frequencies and paired protons with higher
vibrational frequencies compared with hydrogen bonds.

The proton can be located both in symmetric and asym-
metric environments. The hydrogen bonds in the former
environment are weak, own higher vibrational frequency
and act as valid mobile carries, while the hydrogen bonds in
the latter environment are stronger and hardly to be broken
with lower vibrational frequency. Therefore, the proton is
easily transferred among neighbouring oxygens and the
reorientation of the proton is difficult, resulting in the
lower proton conductivity. Besides, the protons can also
be trapped in the grain boundaries, leading to stronger
hydrogen bonds and a decrease in the proton conductivity
in most cases. A high proton concentration may be achieved
with minor modification of the doping elements in the
electronic and/or atomic structure of the host material.
Compared with the Raman spectrum, inelastic neutron
scattering and X-ray absorption spectroscopy, the IR spec-
trum is the most direct, common, simplest and sensitive way
to detect the hydroxyl signal with stretching mode in the
material. Therefore, the IR spectrum can directly present
the change in hydrogen bonding. The Raman spectrum
relates to the vibration of the host lattice and it can be
used to analyze the interaction between the proton and host
lattice. Both IR and Raman methods can realize the in-suit
collection of a hydroxyl signal at various temperatures,
which is suitable to acquire the vibrational and diffusional
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dynamics. The surface proton species should be avoided in
the test of bulk proton for the vibration signal or proton
concentration. The specific surface area of the test sample
should be lower enough to decrease the adsorption of
impurity. Besides, polishing the sample and thermal treating
at high temperature could wipe out the unstable species
before the test. The detection of an isotope, such as
deuterium and O'8, is another effective way to distinguish
between the surface and bulk species.

The study of proton distribution by the wave spectro-
scopy is most applied to electrolyte materials, while the
main work on oxygen electrode materials is to detect the
proton concentration with TGA and the proton conductiv-
ity with the four-probe method. There are few reports about
the proton distribution to establish the relationship between
the structure and the proton transport in current research.
The crystal structure of an electrode material also contains
lots of distortion from the element doping and ionic defects,
so the proton can be trapped in some strong hydrogen
bonds. Therefore, the high proton concentration may lead
to low proton conductivity, which is the object of further
investigations. Moreover, the basic property of materials is
studied using them as powders and pellets under certain
condition, while the actual environment in cell is much more
complex at varied water pressure, oxygen pressure, voltage,
current and temperature. Therefore, the test of in-suit cell is
necessary to obtain the actual proton distribution and
transport behaviour under the working condition.
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Province (2021CBA149, 2021CFA072, 2022BAA087).

5. List of acronyms and designations

ABMO — AB,;_M.0;3_; perovskite,
AC — asymmetric configuration,
BCFZY — BaCog.4Fe.4Zr9.1Y0.103 5,
BCN-18 — Ba3(Caj.18Nb;.82)O9 5,
BCO — BaCeO3,
BCY91 — Baceo_9Y0_102_95 5
BIO — Ba2[n205 N
BPY — BaPr;_,Y.Os,
BSNCF — BasSco.1Nbg.1Co1.5Zr0.4Fe0.306 5,
BZCY442 — BaCe0.4Zr044Yo‘203,5 N
BZCYYb — BaZr0‘1Ceo,7Y0,1Yb0,1O3,5 N
BZI — BaZr;_ In.O3_,», BaZr; _,In,O3_5;,
BZN — Ba(Zno_4Nb0_6)O3,5 N
BZY — BaZr; _.,Y.O3,
BZY91 — BaZro_1Y0_102,95 N
BZYb91 — BaZro,ngo,103,(5 5
EDX — energy-dispersive X-ray spectroscopy,
EXAFS — extended X-ray absorption fine structure,
H,O-TPD — temperature programmed desorption of
H-O0,
IR — infrared absorption,
INS — inelastic neutron scattering,
LNY — La>x(Nbp.4Y0.6)207_5,
c-LSMN — CubiC-tpr La0_7Sr0_3Mn1 ,XNil 7x037(5 N
¢c-LSMN7373 — cubic-type Lag 7Sr9.3Mng 7Nip303_5,
c-LSMN7391 — cubic-type Lao‘7Sro,3Mn0A9Ni0‘lO3,5 N
r-LSMN — rhombohedral-type
Lag.7Sro.3Mn; — (Ni,O3_5,

r-LSMN7373 — rhombohedral-type
Lag.7Sr9.3Mno.7Nig.303_5,

r-LSMN7391 — rhombohedral-type
Lag.7Sr0.3Mng 9Nip.103 s,

ND — neutron diffraction,

O-SOFC — oxygen ion-conducting SOFC,

PCFC — protonic ceramic fuel cell,

PGAA — prompt-gamma activation analysis,

QENS — quasi-elastic neutron scattering,

SBTAI — SI‘oAsBaoAsTil ,XAIXO:; —5>

SC — symmetric configuration,

SOFC — solid oxide fuel cell,

SPS — spark plasma sintering,

SSNC — SrSco.175Nbg.025C00.803 5 ,

SSNCF — SrzSCQ,leo_ 1CO|,5F60_3O(,,5 N

SSRS — solid state reactive sintering approach,

SZE — SI‘ZI'()_()sEI‘()_()503_5 .

SZ191 — SI‘ZI‘()_()LH()_103,,5 .

SZY91 — SrZr()‘QY()A]O:{ 5

SZY93 — SrZr0.93Y0.0703 5,

SZYb9l — SrZro.ng0‘103,5 N

TGA — thermogravimetric analysis,

XAS — X-ray absorption spectroscopy,

XPS — X-ray photoelectron spectroscopy.
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