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ABSTRACT: Understanding the mechanisms of proton con-
duction at the interface of materials enables the development of a
new generation of protonic ceramic conductors at low temper-
atures (<150 °C) through water absorption and proton transport
on the surface and grain boundaries. Conductivity measurements
under Ar-3% H2O and Ar-3% D2O revealed a σ(H2O)/σ(D2O)
ratio of approximately 2, indicating a hopping-based mechanism
for proton conduction at the interface. In situ Raman spectroscopy
was performed on water-saturated, porous, and nanostructured
TiO2 membranes to directly observe the isotope exchange
reactions over the temperature range of 25 to 175 °C. The
behavior of the isotope exchange reactions suggested a Grotthuss-
type proton transport and faster isotope exchange reactions at 175
°C than that at 25 °C with a corresponding activation energy of 9 kJ mol−1. The quantitative and mechanistic kinetic description of
the isotope exchange process via in situ Raman spectroscopy represents a significant advance toward understanding proton transport
mechanisms and aids in the development of high-performance proton conductors with rapid surface exchange coefficients of
importance to contemporary energy conversion and storage material development. In addition, new material systems are proposed,
which combine interface and bulk effects at low temperatures (<150 °C), resulting in enhanced proton transport through interfacial
engineering at the nanoscale.
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■ INTRODUCTION
Proton-conducting oxides have attracted interest due to their
potential use in a wide range of electrochemical devices
(protonic ceramic fuel cells,1 electrolysers,2 sensors,3 and
pumps4). The state-of-the-art high-temperature (>300 °C)
protonic ceramic conductors are BaZrO3- and BaCeO3-based
materials2,5−7 in which protons can be incorporated into the
bulk of the perovskite materials as protonic defects (OHȮ) in
the presence of hydrogen or water vapor-containing gases. The
formation of protonic defects occurs through the following
reactions:

eH 2O 2OH 2X
2 O O+ → + ′̇ (1)

H O V O 2OHX
2 O O O+ + →̈ ̇ (2)

These materials exhibit high bulk proton conductivity over a
wide temperature range (300 °C < T < 700 °C).8 However,
the total conductivity is limited by the blocking effect of the
grain boundaries,9 suggesting that an improved proton
conductivity can be achieved by optimizing the characteristics
of the interface. An alternative type of proton conductor, which
relies on absorbed water at the surface and grain boundaries at
low temperatures (<150 °C), has received increased

attention.10−13 Kim et al. showed the feasibility of power
generation at low temperatures using water concentration cells
with nanoscale fluorite-structured oxides as electrolytes.14

Tredici et al. revealed that the proton conductivity strongly
depends on the grain size, and the proton transport behavior
cannot be explained by simple geometric brick-layer models,
suggesting that the enhanced proton transport may rely on the
space charge effects.15 This phenomenon was also observed in
other simple oxide systems, such as yttria-stabilized zirco-
nia,16,17 titanium oxide,18 and ceria oxide.19,20

Proton conduction on nanocrystalline oxides primarily takes
place in the chemisorbed and physisorbed water layers through
hopping between water molecules according to the Grotthuss
mechanism. In a recent review paper,13 three temperature
zones corresponding to different transport mechanisms of
proton transport were defined in ionic conducting ceramic
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materials: zone 1 (T < 50 °C) occurs when physical absorption
of water dominates; zone 2 (50 °C < T < 150 °C) occurs when
a hydrogen bond network structure competes with physical
adsorption water; and zone 3 (150 °C < T < 400 °C) occurs
when chemical adsorption prevails. Interestingly, in zone 2,
proton transport relies on the novel use of interfacial hydrated
layers in ionic conducting ceramics by making use of the highly
resistive interface presenting an opportunity for exploring a
new generation of protonic ceramic conductors. A better
understanding of the proton transport mechanism at the
interface is crucial for material development. One way to
directly evaluate the proton transport mechanism is by
characterizing the H/D isotope exchange effect either by
observing mass or conductivity change, such as thermogravi-
metric analysis and conductivity measurements,21,22 or
spectroscopic studies. Recently, Miyoshi et al. applied FT-IR
to directly observe the isotope exchange reactions on
nanostructured yttria-doped zirconia, observing faster isotope
exchange rates at 400 °C than at 200 °C.10 However, at
present, there is a lack of kinetic description regarding the
isotope exchange reactions on the interface of model oxide
systems.
In this work, we present in situ Raman spectroscopy as a

technique to directly identify the proton transport mechanism
by quantifying the isotope exchange reactions on the oxides’
interface. The behavior of the isotope exchange reactions
suggested a Grotthuss-type proton transport and fast isotope
exchange reactions at high temperatures with a corresponding
activation energy of 9 kJ mol−1. The results indicate that in situ
Raman spectroscopy is an essential tool to aid understanding
of proton transport mechanisms and assist in the development
of a new generation of protonic ceramic conductors at low
temperatures (<150 °C).

■ EXPERIMENTAL SECTION
Porous TiO2 membranes were fabricated by a traditional ceramic
sintering method. Nanoscale TiO2 powders were pressed in a stainless
die at 150 MPa and then sintered at 700 °C for 1 h in ambient air to
form porous nanocrystalline pellets. Dense membranes were prepared
by the spark plasma sintering (SPS) method. Powders were filled into
a graphite die and sintered by SPS (Dr. Sinter 1020, Sumitomo Coal
Mining Co.). This process was accomplished by applying a constant 5
kN axial force and an increasing current (100 A/min) simultaneously
to the die in a dynamic vacuum (∼10 Pa).
The morphology of TiO2 membranes was evaluated by scanning

electron microscopy (SEM, Hitachi S-4800). BET surface analyses
were made using nitrogen physisorption (Quantachrome Autosorb iQ
gas sorption analyzer). Thermogravimetric analysis (TGA 7,

PerkinElmer) was used to analyze the water absorption and
desorption processes in the nanostructured membranes. Initially, the
temperature was increased to 450 °C with a heating rate of 1 °C/min
to remove all molecular and absorbed water from the sample. Next,
the temperature was decreased to room temperature under N2-3%
H2O for the water absorption process. Finally, the sample was
reheated back to 450 °C with the same heating rate used in the first
step to observe the water desorption process from the membrane.

The conductivity of the TiO2 membranes was tested by
electrochemical impedance spectroscopy (EIS), using an electro-
chemical workstation (Solartron SI 1287 + 1260) at an alternating
current (AC) amplitude of 100 mV in the frequency range from 1 to
100 MHz. Silver paste was printed onto both surfaces of the sintered
membranes, working as the current collector. AC impedance plots
were fitted using the ZView software according to the equivalent
circuit.

Raman scattering spectra were recorded with a Horiba LabRAM
HR Evolution Raman confocal microscope equipped with an 800 mm
focal length spectrograph and a deep-depleted charge-coupled device
detector using a 100 mW 532 nm laser with no attenuation, a 50×
magnification objective, and 600 groves/mm diffraction gratings. The
spectra corresponded to the accumulation of 10−15 s long scans.
Each spectrum was corrected by the prerecorded instrument-specific
response to a calibrated white light source, namely, the intensity
correction system. Isotope exchange reactions were performed in a
water-cooled hot stage (Linkam, TS1500) by changing the
atmosphere from Ar-3% H2O to Ar-3% D2O at different temperatures
(25 to 175 °C).

■ RESULTS AND DISCUSSION

Figure 1a displays the porous membranes with a relative
density of 65.6% and a grain size of ∼40 nm, and the diameter
and thickness of the membrane are 0.6 and 0.19 cm,
respectively. Figure 1 shows the water absorption and
desorption processes observed by TGA measurements. During
the cooling process from 450 °C to room temperature, water
was absorbed to nearly 0.7 wt % of the sample. Most of the
absorbed water was lost during the subsequent heating step to
450 °C. These results confirmed that the water absorption
process occurred on the interface of nanostructured TiO2
membranes below 450 °C.
The N2 adsorption and desorption isotherms for the

nanostructured TiO2 membrane are reported in Figure 2. It
is well known that a well-defined hysteresis loop is associated
with the presence of open porosity producing capillary
condensation of N2. The surface area was 19.992 m2/g,
obtained by fitting the data with a BET isotherm, and the pore
volume was found to be 7.675 × 10−2 cm3/g, according to the
total amount of the nitrogen absorbed at saturation.23

Figure 1. (a) Morphology of a TiO2 porous membrane sintered at 700 °C for 1 h and (b) hydration and dehydration behaviors of the nanoscale
TiO2 membrane obtained from thermogravimetric analysis.
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Figure 3 shows the electrical conductivity of the as-prepared
TiO2 membrane exposed to different atmospheres and

temperatures. The representative EIS plot of the nanostructure
TiO2 membrane under Ar-3% H2O at 50 °C is given in Figure
S1. The conductivity generally increased with increasing
temperature above 150 °C, where proton transport occurred
predominantly in the chemisorbed water layer.16 With
decreasing temperature, the activation energy gradually
decreased, and the conductivity showed a thermally
deactivated feature below 150 °C. The total conductivity
increased with the decreasing temperature due to proton
transport in the hydrogen-bonded and physically absorbed
water layers. All observations agree with previous reports of
proton conduction in porous ceramics.10,11,14,16,18 A clear
isotopic effect occurred when the mixture of Ar-3% D2O was
used. The conductivity in Ar-3% H2O was clearly higher than
that in Ar-3% D2O, with a (σ(H2O)/σ(D2O)) ratio
approximately around 2, close to the theoretical value of 1.4,
suggesting hopping-based proton conduction on the oxides’
interface.
For comparison, the total conductivity in dense membranes

prepared by the SPS method is also included in Figure 3. The
morphology (∼40 nm) of the dense membrane is shown in
Figure 4. The dense TiO2 membrane showed a lower water
absorption capacity (0.3 wt %) than the porous samples, as

illustrated in Figure S2. As expected, the conductivity was
lower in the dense membrane than in the porous membrane,
resulting from the lower quantity of water absorption in dense
membranes. In addition, the change between zones as defined
by temperature-dependent conductivity measurements was
lower in dense membranes than in porous membranes due to
differences in the amount of water absorption.
In situ Raman spectroscopy was executed to confirm the OH

and OD vibrations on the oxides’ interface. The first
chemisorbed layer above the oxides’ interface consists of
terminated and multicoordinated hydroxyls, followed by
additional adsorption of the hydrogen-bonded water molecule,
and then by physically absorbed water layers.10,16 Representa-
tive Raman spectroscopy results of OH and OD vibrations
measured from 25 to 300 °C are shown in Figure 5. The OH
vibration appeared at ∼3400 cm−1 with a shoulder at 3200
cm−1, and the OD vibrations appeared at ∼2550 cm−1. Also,
with increasing temperature, (1) the intensity of OH and OD
vibrations decreased due to the reduced water absorption; (2)
the main peaks shifted to higher wavenumbers due to different

Figure 2. Nitrogen adsorption−desorption isotherms for nano-
structured TiO2 porous membranes.

Figure 3. Total conductivity of a porous TiO2 membrane under Ar-
3% H2O and Ar-3% D2O and dense TiO2 membrane fabricated by the
SPS method under Ar-3% H2O.

Figure 4. SEM image of a nanostructured TiO2 membrane prepared
by the SPS method at 700 °C for 5 min.

Figure 5. Representative (a) OH and (b) OD Raman vibrations from
25 to 300 °C under Ar-3% H2O and Ar-3% D2O, respectively.
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hydrogen bonding interactions (the stronger the hydrogen
bond, the higher the shift in OH/OD stretching frequency);
and (3) the width of the peaks were largely reduced in
agreement with the previously reported spectra of OH and OD
stretch band profiles.24

The exchange reactions of H2O and D2O were also studied
by in situ Raman spectroscopy in order to provide insights into
the proton transport mechanism. Spectra time evolution is
shown in Figure 6, where the representative spectra in the
range of 2400−3700 cm−1 are presented. These spectra were
obtained after switching the atmosphere from Ar-3% H2O to
Ar-3% D2O at room temperature and at 100 °C. The O−H
vibration was immediately attenuated after the addition of D2O
to the atmosphere, as illustrated by changes to the νOH broad
band at ∼3400 cm−1 and the νOD broad band at ∼2550 cm−1

due to the isotope exchange reactions of hydroxyl groups on
the oxides’ interface. The O−H vibration almost disappears
after 30 min at 100 °C, indicating a faster isotope exchange
rate at 100 °C than that observed at room temperature.
During the OH/OD exchange, the relevant variable was the

fraction of remaining OH existing on the surface and grain
boundaries of the nanostructured membrane, which was
experimentally determined in terms of ratio IOH/IOH initial. As
shown in Figure 7a, the decrease in the νOH integrated
intensity follows a straight line in the semilogarithmic plot. It is
therefore possible to define the first-order rate constant, kH/D,
as described in Amado and Ribeiro-Claro and Da Silvia et al.’s
report.25,26 Temperature-dependent measurements indicate
that the exchange rates were appreciably faster at elevated
temperatures. In a plot of ln(k) versus 1/T, linear correlations
were obtained for the isotope exchange reactions from Ar-3%
H2O to Ar-3% D2O, suggesting an Arrhenius-type dependence
of the rate constant. The resulting activation energy, Ea, of 9 kJ
mol−1 was determined for the H/D exchange on the nanoscale
oxides’ surface and grain boundaries.
Table 1 displays a summary of H/D isotope exchange

coefficient (k) and activation energy (Ea) in different material
systems. The activation energy Ea for the H/D exchange found
in this work, which is lower than the reported activation energy
of 26 kJ mol−1 for the H/D exchange in β-cyclodextrin
dodecahydrate, indicates that H/D exchange reactions occur
more easily on the absorbed water of the oxides’ surface than
on the hydroxyl group in β-cyclodextrin dodecahydrate. The
activation energy is comparable with that of the noble metal
system for the D2/H2 exchange reactions. Interestingly, the

surface exchange coefficient (k) in nanoscale simple oxides is
100 times higher than that in the traditional oxidic protonic
ceramic conductor (SrCe0.95Yb0.05O3).

27 It is noted that this
material was prepared by the solid state reaction method with a
large grain size resulting in negligible water absorption on the
surface and grain boundaries. This indicates that proton
mobility at the interface in nanoscale simple oxide systems is
much higher than the “bulk effect” of traditional protonic

Figure 6. Temporal evolution of the Raman spectra of the TiO2 membrane after switching the atmosphere from Ar-3% H2O to Ar-3% D2O at (a)
room temperature (RT) and (b) 100 °C.

Figure 7. (a) Natural logarithm of the integrated relative Raman νOH
intensity in a porous nanostructured TiO2 membrane as a function of
time of exposure to an atmosphere of Ar-3% D2O together with the
isotope exchange rate in β-cyclodextrin dodecahydrate26 and (b)
ln(k) vs 1/T for H/D isotope exchange reactions on the oxides’
surface.
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ceramic conductors at room temperature, which is consistent
with the reported phenomenon in the nanoscale cerium oxide
system.30 From the TGA data, it is known that nanoscale TiO2
membranes can absorb 0.03 mol water per mol TiO2. If it is
assumed that (i) the water layer in the nanostructured TiO2
interface consists of a layer of physiosorbed water and a layer
of chemisorbed water at room temperature,16 (ii) the entire
water content is absorbed on the surface and grain boundaries,
and (iii) the monolayer water layer thickness is 0.282 nm,31,32

according to the BET data, the surface and grain boundaries
can accommodate ∼1022 protons cm−3 at room temperature.
Therefore, the estimated interface concentration of protons is
comparable to the calculated bulk content of protons derived
from typical dopant concentrations (i.e., 15 mol % yttrium-
doped BaZrO3 has a proton concentration of ∼1021 protons
cm−3) of typical high-temperature protonic ceramic con-
ductors found in the literature.30

Clearly, water absorption on the surface and grain
boundaries in simple oxide systems has higher proton mobility
and similar proton concentration as compared to the
traditional high-temperature protonic ceramic conductors.
Notably, the conductivity (σ, S/cm) follows eq 3, of which n
is the carrier density (number of carriers/cm3), q is the electric
charge (C), and μ is the mobility (cm2/Vs), qualitatively
suggesting approximately 3 orders of magnitude higher
interfacial conductivity as compared to the proton transport
in high-temperature protonic ceramic conductors through bulk
transport.8,30

nqσ μ= (3)

Figure 8 shows the water structure on the nanoscale oxides’
interface33 and proton defects34 in the perovskite structure
under a humidified atmosphere. These results indicate that
when the grain size of protonic ceramic conductors is

decreased, this will provide more active sites on the interface
for water absorption, resulting in improved proton transport
properties by combining the known “bulk effect” (proton
defects) and newly discovered “interface effect” (absorbed
water) in zone 2 (50 °C < T < 150 °C). This combination
effect results in a conductive interface, which enhances ionic
transport instead of blocking transport and provides a new
promising solution for the development of a new generation of
protonic ceramic conductors at low temperatures.

■ CONCLUSIONS
In summary, in situ Raman spectroscopy was used to directly
identify the proton transport mechanism on the interface of
nanostructured ceramic membranes. The observed isotope
exchange reactions on the interface indicate a Grotthuss- or
“hopping”-type mechanism of proton transport, which is
selective to isotopes due to mass differences. Fast isotope
exchange reactions with an activation energy of 9 kJ mol−1 for
the H/D exchange on the oxides’ surface were observed in
simple oxides, which was over 100 times higher than that of the
traditional oxidic proton conductors. In addition, the estimated
surface concentration of protons in simple oxides is
comparable to the calculated bulk content of protons for
typical perovskite-based proton conductors, indicating the
potential for enhanced proton conduction. Based on these
results, new material systems were proposed, which combine
interface and bulk effects in an intermediate temperate range,
resulting in a promising new solution for the development of
advanced ionic conductors through interfacial engineering at
the nanoscale.
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