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Mechanism of Low-Temperature Protonic Conductivity
in Bulk, High-Density, Nanometric Titanium Oxide

llenia G. Tredici,* Filippo Maglia, Chiara Ferrara, Piercarlo Mustarelli,

and Umberto Anselmi-Tamburini

Uncovering the mechanism of low-temperature protonic conduction in
highly dense nanostructured metal oxides opens the possibility to exploit
the application of simple ceramic electrolytes in proton exchange fuel cells,
overcoming the drawbacks related to the use of polymeric membranes. High
proton conducting, highly dense (relative density 94 vol%) TiO, samples are
prepared by a fast pressure-assisted sintering method, which allows leaving
behind an interconnected network of open nanoporosity. Solid-state "H NMR
is used to characterize the presence of strongly associated water confined in
the nanopores and hydroxyl moieties bonded to the pores walls, providing

a model to explain the unusually high protonic conductivity. At the lowest
temperatures (T < 55 °C) protons hop between confined water molecules,
according to a Grotthuss mechanism. The resulting conductivity values are
however much higher than those of liquid water, indicating a significant
increase in the charge carriers concentration. At higher temperatures (up to
450 °C) unexpected proton conduction is still present, thanks to the persis-
tence of hydroxyl groups, derived from water chemisorption, which still pro-
duce protons by ionization. The phenomenon is strongly dependent on grain

a relevant protonic conductor either in
the single crystal or in the bulk non-
porous microcrystalline form. The low-
temperature proton conductivity in highly
dense nanocrystalline samples has been
observed to be particularly sensitive to the
grain size of the material, disappearing
for grain sizes above 50-80 nm. Although
a general consensus has been reached on
the phenomenological aspects, the trans-
port mechanisms responsible for this
phenomenon are still debated.'"'¥ Fur-
thermore, the roles played by the chemical
nature of the oxide, by the amount of lat-
tice defects and by the residual porosity
are still poorly investigated.

In this study we focus our attention on
bulk nanometric TiO, in the anatase form,
obtained through a high-pressure field
assisted sintering (HP-FAST) process.
Bulk nanometric anatase was recently

size, and not explicable by simple geometric brick-layer models, suggesting
that the enhanced ionization could rely on space charge region effects.

1. Introduction

The investigation on the physical properties of bulk nanocer-
amics characterized by a grain size below 50 nm received a large
impetus in the past few years thanks to the introduction of new
sintering approaches, such as field-assisted sintering (FAST)
and spark plasma sintering (SPS).[" Significant modification in
the bulk properties have been evidenced in these nanocrystal-
line materials.l!l The appearance of a low-temperature protonic
conductivity in several bulk nanocrystalline ionic oxides, such
as yttria stabilized zirconia, gadolinium or samarium doped
ceria and titania, represents a particularly interesting example
of these effects.'"!8] Although these oxides present the ability
to incorporate protons,>8 none of them is usually considered
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reported to show the highest onset tem-
perature and the highest absolute values
of low-temperature proton conduction
among the simple oxides so far investi-
gated.”] Anatase represents a particularly
interesting system because it departs from the cubic fluoritic
structure and from the defectivity typical of the oxides where
this phenomenon has been first investigated. On the other
hand, highly porous membranes or thin films of anatase have
been intensively investigated for various applications requiring
fast protonic conduction,*? including the use as humidity
sensors and as possible electrolyte material in proton exchange
membrane fuel cells (PEMFCs).[21-23]

The proton conduction in porous thin films has been inter-
preted on the basis of the classical proton hopping mechanism
(Grotthuss mechanism?¥) within a layer of water molecules
adsorbed on the walls of the pore network. On the other hand,
recent results obtained using fully covering TiO, films sug-
gested that protons conductivity might be observed even in
dense materials.*>?’! Understanding the conduction mecha-
nism at the base of proton conduction in dense nanostructured
ceramic oxides could open the possibility to optimize the fea-
tures of these materials, with the aim of exploiting the appli-
cation of simple ceramic electrolytes in PEMFCs, overcoming
the drawbacks related to the use of polymeric membranes. In
the present work, the investigations on the conduction mecha-
nism in bulk, highly dense, nanometric samples prepared by
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HP-FAST have been based on results obtained using several
different characterization techniques, including AC impedance
spectroscopy, BET (Brunhauer-Emmett-Teller) gas adsorp-
tion, DSC (differential scanning calorimetry) analysis and
solid-state NMR. The results allowed to characterize the pres-
ence of strongly associated water confined in the nanopores
and hydroxyl moieties bonded to the pores walls, providing a
model to explain the unusually high protonic conductivity.
The phenomenon is strongly dependent on grain size, and not
explicable by simple geometric brick-layer models, suggesting
that the enhanced ionization could rely on space charge region
effects.

2. Results

2.1. Conductivity Measurements

Anatase nanostructured sintered samples with different grain
size and relative density were prepared using a home-made
HP-FAST apparatus,?*?’] according to the experimental details
provided in the Supporting Information.
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Figure 1. Influence of grain size and porosity on total conductivity,
measured as a function of temperature, in dry and humidified oxygen
atmosphere. The upper axis reports P{'o/PS o in humid atmosphere as
a function of temperature. PS is the equlllbrlum water partial pressure
atagiven T; P50 is the water partial pressure used in in our experiments
(P =32 mbar).
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The electrical properties of bulk nanostructured anatase sam-
ples exposed to different environments and temperatures have
been discussed in a previous workl”) and will only be briefly
summarized here. Figure 1 shows the temperature dependence
of the conductivity of five samples, characterized by grain size
between 24 and 56 nm and relative density ranging between
75 vol% and 95 vol%, when exposed to a dry (H,0 <3 ppm) or
a moist environment. The solid line indicates the conductivity
of our samples under a dry oxygen atmosphere; the dashed
line represents the ionic conductivity for nanometric (35 nm)
anatase as reported by Knauth and Tuller in dry pure oxygen.[?8l
The activation energy we calculated (1.0 £ 0.1 eV) is in good
agreement with theirs. It must be noted that Knauth and Tuller
observed an uncommon ionic conductivity in nanometric
anatase. In particular they have been able to exclude the pres-
ence of any significant electronic contribution to the conduc-
tivity in the nanometric material as long as the oxygen partial
pressure is kept reasonably high. On the figure the values of
relative humidity PS)o / BS,0 corresponding to each temperature
are also indicated. Here Pi,o indicates the equilibrium water
pressure at each temperature, while P, is the water partial
pressure used in in our experiments (Pg, = 32 mbar), cor-
responding to the equilibrium partial pressure of the water
at 30 °C. Since Pio is maintained constant throughout the
experiment, the value of P§, /Pj, decreases with increasing
temperature.

Under humid atmosphere, on the other hand, a marked
deviation towards higher conductivities is observed at temper-
atures below =350 °C, resulting in the inversion of the slope.
As a result, the low temperature conductivity under humid
atmosphere is several orders of magnitude higher than the one
expected extrapolating the high temperature trend. Figure 1
also shows the strong dependence of conductivity on the grain
size: for temperatures < 200 °C the conductivity increases more
than three orders of magnitude as the grain size is reduced
from 56 to 24 nm. On the opposite, a quite limited dependence
of conductivity on sample porosity has been observed: samples
sintered at the same temperature (500 °C) and time (5 min),
but presenting quite different relative density (92 vol% and
75 vol%) show an almost identical low temperature conduc-
tivity, despite a large difference in water uptake.”! The protonic
nature of the conduction in humid atmosphere is evidenced by
the presence of a clear isotopic effect when gas saturated with
D,0 is used (Figure 2).

Most of the characterizations described in the following are
related to two samples denominated HD (high-density) and LD
(low-density). Both samples have been sintered at 550 °C, and
are characterized by the same grain size (28 nm), but present a
relative density of 94 vol% and 75 vol%, respectively (Figure 3).

The kinetics of the change in resistivity produced by a switch
from dry to moist gas (Bfo = 32 mbar) is shown in Figure 4a
at four temperatures ranging between 35 and 140 °C. In this
graph the points at t = 0 correspond to the conductivities of the
samples in dry oxygen. In Figure 4b the same curves have been
normalized in order to better evidence the influence of tem-
perature that appears to be very limited. From these data the
rate of conductivity change corresponding to the same degree
of advancement of the process can be determined and so the
activation energy. The estimated value is about 7 k] mol .
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Figure 2. Impedance patterns of nanometric samples (28 nm) at 35 °C, - 8
exposed to oxygen atmosphere humidified with regular water (black cir-
cles) and deuterated water (white circles).
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Figure 4. Kinetics of water adsorption at different temperatures, evalu-
ated as resistance drop on the HD sample exposed to humid atmos-
phere: a) experimental and b) normalized data.

hysteresis loops are associated to the presence of open porosity
producing capillary condensation of N,.?%) From these data the
surface area and the pore volume of the samples can be deter-
mined (see Table 1). The total pore volume V},, was obtained
by the total amount of nitrogen adsorbed at saturation, while
the surface area Sppr was obtained by fitting the data with a
BET isotherm in the interval 0.05 < Py,/R, < 0.35. The integra-
tion method reported by Lowell?”! was applied to the desorption
branch, for 0.3 < Py, /P, < 1, in order to obtain the cumula-
Figure 3. SEM micrographs of the a) LD and b) HD samples. tive pore volume XV, and the pore distribution, as well as the
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Figure 5. a) Nitrogen adsorption—desorption isotherms; b) pore distribu-
tion for LD and HD samples.

Table 1. Pore volume and surface area determined by nitrogen adsorp-
tion and desorption isotherms on HD and LD samples.

Sample Vo tot, SgeT 2V, xS
[szla) [mz gq]b) [cm3]‘) [mz g—l]c)

LD 2781073 8.8 4421073 34.5

HD 55107 2.8 8.1107 7.1

Afrom total amount of adsorbed N,;?) from BET calculations;9 from integration
method.
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cumulative pore surface area XS.2°! Figure 5b reports the pore
size distribution: its shape is similar for both samples and indi-
cates that most of the porosity is associated to a pore radius R,
of 2-3 nm.

2.3. Melting Point of Adsorbed Water

When water is confined in narrow pores, the temperature asso-
ciated to the solid-liquid transition is decreased.3%31 A decrease
of few tens of degrees has been reported in porous silica sam-
ples characterized by pores of few nanometers in size.3%3!]

DSC scans have been performed on HD and LD samples
after equilibration in liquid water and subsequent freezing in
liquid nitrogen. The heating rate for these experiments was
5 °C min~!. For comparison, DSC scans were performed also
on HD samples with larger grain size (56 nm) and on previ-
ously dried samples. The results are reported in Figure 6. Only
one evident endothermic peak can be observed, beginning at a
temperature around —12 °C for both HD and LD samples with
grain size of 28 nm. The HD sample characterized by a larger
grain size (56 nm) shows an endothermic peak at —3.90 °C,
suggesting that bigger grains are associated to the presence
of larger pores. These results confirm the presence of an open
nanoporosity in our samples. In silica systems, however, a pore
radius similar to the one determined on our samples with N,
adsorption measurements (2-3 nm) would be associated to a
larger reduction in the freezing point of the adsorbed water
(between —20 and —30 °C). The shift that we observed (-12 °C)
would be associated to a pore radius of about 5 nm. However,
the agreement seems reasonable, considering than no refer-
ence data are available in the literature for titania and that N,
adsorption based techniques have a limited sensitivity for pore
radius above few nanometers.

2.4. NMR

Solid-state NMR, both static and with fast rotation (magic angle
spinning, MAS) is a powerful tool for the study of the structure
and dynamics of water confined in nanosized structures.?2-34
When investigating water, the most interesting nuclear probe
is represented by 'H, which produces strong signals that can
be used for both chemical shift and relaxation studies. *H, on
the other hand, can give information on the local order and
dynamics, being a spin I = 1 nucleus with a manageable quad-
rupolar interaction.’!

Figure 7a compares the '"H NMR spectra, under static con-
ditions, of the LD and HD samples and of the commercial
TiO, powder (TP) after equilibration in liquid water. The peak
heights have been scaled in order to show the same intensity. A
quantitative estimation of the spin populations for these sam-
ples is reported in Table 2. In all three samples a main peak is
observed in the range 5-7 ppm, with a small additional con-
tribution 2 ppm upfield in LD and HD samples. The best-fit
NMR parameters are reported in Table 2. The main peak for
the commercial nanopowder (TP) is centered at 6.9 ppm and
has a Lorentzian shape with FWHH = 1546 Hz, which remains
practically unchanged under MAS rotation at 5 kHz. This

Adv. Funct. Mater. 2014, 24, 5137-5146
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Figure 6. DSC curves showing the melting of ice confined in pores of
samples with different grain size and porosity. A fourth sample was ana-
lyzed as a reference after being dried at 450 °C (LD, 28 nm, dried).

indicates that all the linewidth is due to isotropic chemical
shift. Following the literature, this peak is attributed to strongly
associated water (SAW), i.e. water in large clusters.?® The main
proton peaks in LD and HD samples are right-shifted (upfield)
with respect to TP, falling at 6.0 and 5.7 ppm, respectively. This
suggests a decrease in the size of the association/cluster of
water molecules, that appears to be reduced to a dimension of
about 50 nm.’”) Interestingly, the HD peak is further shifted
upfield and narrower than LD, which reflects a further decrease
of the confining spaces dimensions and a less disordered distri-
bution of the hydrogen bonds. Indeed, Figure 7a clearly shows

a H NMR b 2H NMR
TP HD
HD LD
LD D,0
L L L ! | | L ! !
20 10 0 -10 40 20 0 -20 -40

Chemical shift (ppm) Chemical shift (ppm)

Figure 7. a) "H NMR static spectra of LD, HD and commercial TiO,
powder (TP) after equilibration in liquid water; b) 2H (2H spin = 1) NMR
static spectra of LD and HD samples equilibrated in D,0O, together with
the spectra of pure D,O. The fit parameters are reported in Table 2.
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Table 2. NMR parameters of the spectra reported in Figure 7 and 8.

Sample Treatment Siiso) FWHH  Relative ~ Water content
[ppm]? [Hz]®)  intensity [mg]®

LD liquid H,O 6.01 664

HD liquid H,0 5.74 434

P liquid H,O 6.93 1546

LD liquid D,O 3.50 683

HD liquid D,O 3N 872

D,0 1.20 37

LD (site 1)  vapour H,0O 1.81 1492 1.00 0.30+0.05

LD (site2)  vapour H,O 6.19 1043 2.88 0.88 +£0.05

HD (site 1)  vapour H,O 1.81 1490 1.00 0.36 +0.05

HD (site2)  vapour H,0 6.08 1525 1.36 0.48 +£0.05

LD (site 1) dried 450 °C 1.81 1492 1.00 0.17+0.05

LD (site2)  dried 450 °C 5.94 3088 1.76 0.31+0.05

HD (site 1)  dried 450 °C 1.82 1490 1.00 0.28 £0.05

HD (site 2)  dried 450 °C 5.38 3259 0.46 0.13+0.05

28150): isotropic chemical shift; ® FWHH: full width at half height of the NMR line;
9 the water content was determined as reported in the Supporting Information.

as the structure of the water present in LD and HD samples is
different from that of the water adsorbed on the surface of the
loose TiO, powder. The small peaks at =2 ppm are due to -OH
moieties strongly bonded to the TiO, walls.*® This point will be
further clarified in the following.

Figure 7b shows the H (*H spin = 1) NMR static spectra
of LD and HD samples equilibrated in D,0, together with
the spectra of pure D,0. The spectra of both LD and HD
samples are in the motional narrowing regime, as demon-
strated by the absence of any electric quadrupolar feature.
Due to the typical values for the 2H quadrupolar coupling
constants in the solid state (100 kHz),% the condition of
motional narrowing implies a correlation time for local spin
motion, T << 1077 s. The linewidths are about 20 times larger
than that of pure D,0 due to isotropic chemical shift distri-
bution and/or inhomogeneous susceptivity broadening not
averaged by the fast 2H motion. A shift downfield of about
2.5 ppm with respect to deuterated water calls for interac-
tions with the TiO, walls. The fit parameters are reported in
Table 2.

Figure 8 compares the 'H NMR spectra under static con-
ditions for the LD (Figure 8a) and HD (Figure 8b) samples
when exposed to a humid atmosphere (Pjo = 32 mbar) at
25 °C and after dehydration in dry oxygen at 450 °C. The abso-
lute amounts of proton moieties, expressed in milligrams, are
reported in Table 2 (see Experimental Section for more details).
Both samples display two peaks, which can be assigned to -OH
groups strongly bonded to the TiO, surface (at =2 ppm, site 1)
and to SAW (at =6 ppm, site 2). The assignment to bonded —
OH groups is supported by the fact that the peak is retained in
both HD and LD samples after the thermal treatment at 450 °C.
Within the limits of the estimated errors, we can also conclude
that the porous sample (LD) contains a SAW quantity (site 2)
near twice than the dense one (HD), both before and after the
thermal treatment at 450 °C.
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Figure 8. "H NMR spectra under static conditions for a) LD and b) HD
samples when exposed to a humid atmosphere (P$, = 32 mbar) at
25 °C (lower) and after dehydration in dry oxygen at 450 °C (upper). Site 1
(at =2 ppm) is attributed to —OH bonded to TiO, walls, site 2 (at =6 ppm)
is attributed to SAW (strongly associated water) confined in nanopores.
The absolute amounts of proton moieties, expressed in milligrams, are
reported in Table 2.

3. Discussion

As recently pointed out by Shirpour et al.l'®l the low-temper-
ature protonic conductivity in nanometric oxides can in prin-
ciple be interpreted considering four possible mechanisms.
Protons can diffuse 1) through the crystal lattice of the mate-
rial, 2) within the grain boundaries, 3) within a water layer
adsorbed or condensed in the residual porosity, or 4) in the
solid space charge region just underneath the surface of the
pores. Earlier reports favored a transport mechanism localized
at the grain boundary.}-%13 This conclusion was based on three
main considerations: i) the solubility and low-temperature
mobility of protons in the crystal lattice of simple oxides such
as zirconia or ceria is too low to justify the observed conductivi-
ties,[1>17181 {j) the phenomenon is strongly dependent on grain
size, becoming particularly evident only in samples character-
ized by a grain size below 50 nm, and iii) it is observed also
in bulk samples characterized by relative density well above
95 vol%. On the basis of these considerations, a mechanism
based on the movement of protons within the grain boundary
core seemed the more acceptable explanation, despite the lack
of literature supporting the possibility of a large accumulation
of highly mobile protons at the grain boundary in these oxides.

Our experimental results, on the other hand, strongly sup-
port another interpretation, based on the movements of pro-
tons associated to water molecules chemically or physically
adsorbed on the surface of percolating nanopores. We have
been able to demonstrate the presence of a significant frac-
tion of open nanoporosity even in materials characterized by
relative density of 95 vol% (HD samples). This observation is in
contrast with traditional sintering models: it is in fact generally
accepted that sintered materials characterized by relative den-
sity above 92-93 vol% present only close residual porosity.“%l
This apparent incongruence can be possibly explained consid-
ering the peculiarities of the non-conventional fast sintering
processes we used (HP-FAST). In traditional sintering (either
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pressureless or under pressure) the final microstructure is
completely controlled by diffusion. In HP-FAST, on the oppo-
site, the combination of low temperature and very short sin-
tering times drastically reduces the possibility of long range
diffusion, while it has been proposed that the high pressures
might enhance grain sliding and grain rotation, producing a
relevant plastic (and possibly superplastic) deformation.*#2
The microstructure of ceramic materials obtained through
this approach, however, is still poorly understood. Our experi-
mental data, though, show that the HP-FAST sintering process
leaves a network of open nanoporosity. This nanoporosity is
accessible to water, as evidenced by the significant decrease in
the melting point of the absorbed water and, above all, by the
NMR results.

A further relevant argument supporting a conductivity model
based on surface processes is represented by the extremely low
activation energy value we observed for the process of water
absorption and desorption and the associated change in con-
ductivity (Figure 4). A value of around 7 k] mol™' is not compat-
ible with any solid-state process, even in the grain boundaries.
On the other hand, this activation energy value is very similar
to the one associated to the proton mobility in liquid water,?
supporting the idea that the low-temperature protonic conduc-
tion might be associated to a superficial conduction process
confined within the layer of water molecules adsorbed or con-
densed in residual pores, as recently suggested by Gregori et
al.¥lin the case of CeO, porous thin films.

3.1. Conduction Mechanism

The available models for the interpretation of the conduction
within a layer of adsorbed water have been originally devel-
oped for—and applied to—ionic humidity sensors.*#! This
application, however, involves the use of highly porous films,
operating at very low temperatures in environments character-
ized by elevated values of BS/Pio. Some considerations are
necessary in applying these same models to our bulk materials,
characterized by a low level of porosity and a significant con-
ductivity even in presence of low values of B, /BS,0-

The interaction of water with ionic oxides is generally
described considering chemical and physical adsorption.*6=51
Water chemical adsorption is believed to produce the forma-
tion of a monolayer of hydroxyl groups strongly bonded to the
superficial Ti atoms. This layer can be completely removed
only with great difficulty, requiring temperatures up to 800 °C
in high vacuum.[*®>% Physical adsorption, on the other hand,
results from the interaction of water molecules with the mon-
olayer of chemically bonded hydroxyl groups and is strongly
dependent on PSo/Pi0. At relatively low values of Pio/Pi0
the physically adsorbed molecules tend to form isolated clus-
ters of superficial water molecules, that at higher values of
PTo/PS,0 evolve into a multilayer film of adsorbed molecules,
with characteristics very similar to bulk liquid water. Capil-
lary condensation can also occur if nanoporosity is present,
according to the Kelvin equation. It must be noted, however,
that the formation of a continuous layer of physisorbed water
molecules is only possible at high values of BRS/Pi,0, corre-
sponding to low temperatures in Figure 1. Literature data show

Adv. Funct. Mater. 2014, 24, 5137-5146
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that a coverage corresponding to one monolayer can only be
obtained for P, /P, values between 0.18 and 0.20,>°% that
in Figure 1 correspond to temperatures around 55-57 °C. The
capillary condensation of water in the nanopores is a process
limited to even higher values of P{o/Pi,0. The limiting pore
diameter required for condensation of water at different tem-
peratures, considering a Pf, = 32 mbar, is reported in Figure 9,
as calculated on the basis of the Kelvin equation. Even in the
case of pores as small as 0.5 nm in radius the capillary conden-
sation is expected to become evident only at temperatures below
50 °C. Since our BET measurements show a pore size distri-
bution peaked around 2.5 nm in radius, it appears evident as
the capillary condensation can only play a role at temperatures
very close to room temperature. As recently noted by Shirpour
et al.l'% the presence of complex wedge-shaped porosity (very
likely in our samples, where the lack of long range diffusion
during sintering reduces the possibility of pores spherodiza-
tion) might extend the range of the region where the capillary
condensation is possible, although it cannot extend beyond
the limit for the formation of a continuous monolayer of phys-
isorbed water molecules discussed before.

It must further be noted that at the lowest temperatures,
where multilayer physisorption and capillary condensation are
dominant, the protonic conductivity is observed in any sample,
regardless of its grain size (see Figure 1) and even in pellets of
not-sintered coarse powders.[*2 In contrast, the specificity of
bulk nanometric samples is in their ability to present a signifi-
cant protonic conductivity even at intermediate temperatures,
up to 300 °C.

T (°C)
300 200 100 50
! ]

10

Pore diameter (nm)
o

0.01 : : :
1.5 2 2.5 3 3.5

1000/T (K1)

Figure 9. Limiting pore diameter required for condensation of water at
different temperatures, considering a A = 32 mbar, calculated on the
basis of the Kelvin equation.
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As we mentioned before, at intermediate temperatures the
oxides surface is mostly covered by a monolayer of strongly
bonded hydroxyl groups. This is confirmed by our NMR meas-
urements, showing indeed a fraction of tightly bonded hydroxyl
groups that are retained even after annealing at temperatures
up to 450 °C (see Figure 8). The role of the chemisorbed layer
on the superficial ionic conductivity of oxides has been object
of several investigations in the past, but it has never been com-
pletely clarified. A classical interpretation has been summa-
rized by Anderson and Parks:*’! in this model mobile protons
are produced through dissociation of the chemically bonded
hydroxides; these H* can move by hopping between adjacent
hydroxyl groups.*>>3 The ionization of the hydroxyl groups,
however, is strongly dependent on the value of B /PS,0. The
eventual presence of physisorbed water molecules allows the
formation of H3;0%, a specie that is far more stable than the
bare proton. Furthermore, higher water coverage increases
drastically the dielectric constant, lowering the dissociation
energy. As a result, the presence of some physisorbed water,
even in amounts not sufficient to produce a continuous film,
can drastically enhance the conductivity deriving from hop-
ping of protons originating from the dissociation of the chem-
isorbed hydroxide monolayer. This might explain the still large
dependence on Pfo/Pi,0 of the conductivity for temperatures
up to 150 °C, well above the temperature range where protonic
conduction is ascribable to the presence of a multilayer phy-
sisorbed film. In the temperature range between 150 °C and
250 °C the conductivity appears to be almost independent from
temperature: in this range the presence of physisorbed water
molecules is minimal and the small loss of chemisorbed mol-
eculest 3> is probably compensated by the intrinsic increase of
conductivity associated to the bare hydrogen hopping. Finally,
for temperatures above 250 °C, an inversion in the temperature
dependence is observed due to the predominance of the bulk
ionic conductivity over the superficial component.

3.2. Role of Grain Size and Porosity

There are three more aspects associated with the data of Figure
1 that need some further consideration. These are: 1) the
strong dependence of the conductivity on the grain size of the
sample, 2) the unusually high value of the observed conductivi-
ties, and 3) the limited influence of the sample porosity. These
three aspects must be discussed together as they are strongly
interconnected.

Figure 1 shows as a reduction from 56 to 24 nm produces
an increase of almost 4 orders of magnitude in the conduc-
tivity at 100 °C. Such a dramatic change cannot be explained
on the basis of simple geometrical considerations. As shown
by Avila-Paredes et al.l'¥l on the basis of a simple brick-layer
model, the increase in grain boundary density scales only lin-
early with the inverse of the grain size. An alternative explana-
tion can be proposed suggesting a modification in the surface
characteristics of particles with a dimension in the lower nano-
metric range. It has recently been argued that in ionic mate-
rials a decrease in the grain size to the nanometric range can
produce a modification in the space charge region in prox-
imity of the surface.**>*>°l It might be suggested that this
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modification can produce a change in the ionization equilibria
of the chemically adsorbed hydroxyl groups, or even of the phy-
sisorbed water molecules located above them. No direct proof
of this hypothesis can be presented at this stage and further
investigations are required. Although it has been evidenced
that the structure of a very thin film of adsorbed water is very
different from that of bulk liquid water,’®>”! the influence of
such modifications on the protonic concentration and mobility
is hard to predict, particularly in the case of nanoparticles of
ionic materials. A possible evidence of such effect, however,
can probably be found in the actual values of the specific con-
ductivity presented by our samples. The specific conductivity
of pure water exposed to air containing 300 ppm of CO, is
8.2-1077 Q7! cm™,8 while for our samples, when tempera-
ture is close to r.t., the data in Figure 1 show a specific conduc-
tivity in the range of 102 Q! cm™L. This value is surprisingly
high, considering that the conduction is confined within a very
small fraction of the sample, and it might be considered an
indication of the increase in the dissociation equilibria of the
adsorbed layer.

Regarding the influence of porosity on the sample conduc-
tivity, Figure 1 shows that an increase from 8 vol% to 25 vol%
in porosity produces only a minimal variation on conductivity,
for samples sintered at the same temperature (500 °C) and
characterized by the same grain size (24 nm). This result seems
quite surprising as such a large change in sample porosity is
associated with a considerable variation in surface area, which
is expected to produce a great influence in a conduction model
based on surface phenomena. However, it must be considered
that at constant pore size the surface area scales linearly with
porosity. With this in mind, an increase of three times in the
porosity is expected to produce a small variation on a loga-
rithmic scale, where only variations of orders of magnitudes
can be easily appreciated. The conductivity of the low-density
samples (relative density 75 vol%) is approximately twice
the conductivity of the high-density samples (relative density
92 vol%).

4. Conclusion

In conclusion, our experimental evidences allow us to present
a possible interpretation for the low-temperature protonic con-
duction in bulk, high density, TiO, nanostructured anatase.
This model is based on surface conduction through a perco-
lative path, along the open residual nanoporosity left behind
by the HP-FAST densification method. The observed conduc-
tivity can be explained on the basis of two distinct mechanisms
depending on the temperature range. At the lowest tempera-
tures the conductivity is associated to the movement of protons
within a multilayer of water molecules physically adsorbed on
the internal surfaces of the nanopores. This regime, however,
can be sustained only until a continuous layer of physisorbed
water molecules is present, probably up to a Po/Pi,0 ratio of
0.2, corresponding to a temperature of 55 °C in Figure 1. In
this temperature range some level of the protonic conductivity
is observed in any sample, regardless of its grain size, although
the samples characterized by a smaller grain size show a higher
conductivity.
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At higher temperatures (T > 55 °C), where no continuous
physisorbed water layer is present, the conduction prob-
ably derives from the jump of bare protons between adjacent
clusters of physisorbed molecule or, at highest temperatures,
between adjacent hydroxyl groups covering the surface as a
result of water chemisorption. In the temperature range consid-
ered in this investigation (<450 °C), these hydroxyl groups are
always present on the surface, although the coverage decreases
gradually with temperature. The mobility of these protons is
poorly characterized, but is probably significant as long as the
surface coverage is fairly high. We can suggest that the dissocia-
tion equilibria of the chemically adsorbed hydroxyl groups are
strongly dependent on the grain size in the lower nanometric
range, as the characteristics of the space charge region adjacent
to the surface change significantly with the grain size. This
could also explain the enhanced conductivity of the samples
with the smallest grain size, resulting in a level of conductivity
unusually high when compared with pure water, indicating a
significant increase in the concentration of the charge carriers.

It must finally be noted that the values of conductivity
observed at the lowest temperatures for the nanometric TiO,
are not much lower that the typical values shown by the per-
fluorosulfonic acid polymer membranes used in PEMFCs.]
The use of low-temperature proton conductors based on simple
inorganic oxides appears to be particularly promising as it
would open the possibility to eliminate some typical drawbacks
related to the use of polymeric membranes, such as safety
issues or limited thermal stability.

5. Experimental Section

The sintering of the anatase nanopowder (Tronox Kerr McGee Chemicals
AK1, >99.5% pure, 100% anatase, particle size 20 nm, specific
surface area >90 m? g~') was performed using a homemade HP-FAST
apparatus. In a typical experiment, TiO, powder (0.08 g) was loaded
in a double stage die, 25’1 with an inner diameter of 5 mm. The high-
pressure section of the die was made out of silicon carbide. Two kinds
of samples have been produced: high-density samples were obtained
using a pressure of 800 MPa, while low-density samples were obtained
at 650 MPa, both for sintering time of 5 min. The resulting samples were
typically 5 mm in diameter and with a thickness varying between 1.15
and 1.48 mm.

After sintering, the samples were annealed for 12 hours in a flowing
dry oxygen atmosphere at 450°C in order to restore their oxygen
stoichiometry.

Relative density was measured using geometric methods: for a
sintering temperature of 500 °C, relative density of the porous and
dense samples were 92 vol% and 75 vol% respectively; grain size was
around 24 nm. For a sintering temperature of 550 °C, relative density of
the porous and dense samples were 94 vol% and 75 vol% respectively;
grain size was around 28 nm. High-density samples with grain sizes of
41 and 56 nm were obtained using a pressure of 800 MPa, raising the
sintering temperatures to 600 and 690 °C, respectively.

Microstructural characterization of the samples was performed using
a high-resolution scanning electron microscope (HR-SEM, TESCAN
Mira 3) operated at 25 kV and by X-ray diffraction (XRD, Bruker D8
Advance). Grain size was evaluated from XRD data, using the Scherrer
equation, and confirmed by SEM analysis, measuring at least 100 grains
for each image, using the Image| software (version 1.43 m, W. Rasband,
National Institutes of Health).

The porosity of the sintered samples was characterized by nitrogen
adsorption. Specific surface area was determined using the BET
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analysis, while the total pore volume and the pore size distribution were
determined following the approach described by Lowell et al.l?’!

The electrical conductivity has been characterized by AC impedance
spectroscopy using a frequency response analyzer (FRA, Material Mates),
in the frequency range between 1 and 10% Hz. Water incorporation was
achieved by exposing the samples to O, saturated with water at 25 °C
(PSio = 32 mbar); the kinetics of water incorporation was estimated
measuring the change in total resistance as a function of time at
temperatures between 35 and 140 °C, from impedance measurements
performed in the frequency range between 102 and 10° Hz.

The status of the water molecules absorbed by the samples was
probed by DSC (DSC 2910, TA Instruments, New Castle, DE) and
Solid state 'H and 2H NMR measurements, recorded on a 400 MHz
spectrometer (Bruker, Avance Ill).

Further details can be found in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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