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Space charge induced 2H+ densities up to 2H+
0.17TiO2 are

observed directly using neutron diffraction on two different

nanoscale particle sizes of anatase TiO2 immersed in sulfuric

acid, and consistent with experimental evidence modelling shows

that these ions show rapid self diffusion.

Recently it has been shown that solid acid super protonic

conductors that can be applied as fuel cell electrolytes1 can

show enhanced conductivities by blending with nano-

particulates like TiO2 and SiO2.
2–7 Fuel cell membranes made

of hybrid organic–inorganic nanocomposites consisting of

Nafion and anatase TiO2 were recently reported8 and exhibit

good proton conductivities and extended operation tempera-

tures. Not much is known about the charge transport and

ionic densities that are present in the nanofilled materials like

TiO2, although there are indications that such materials can

play a role in the ion transport itself. For instance it was also

shown recently that 18 nm thick TiO2 layers can transport

protons9 at temperatures as low as 80 1C in a fuel cell

configuration. In order to investigate the hydrogen density

and transport inside such nano fillers we present here a study

on hydrogen inside TiO2 nanoparticles immersed in

sulfuric acid.

An important factor influencing the ionic densities and

conductivity of nanostructured ionic conductors in general is

the presence of so-called space charge effects.10,11 The basic

mechanism responsible for the creation of space charges is the

difference in chemical potential that charged ions have in the

different ionic compounds that are in close contact in a

nanocomposite. This difference drives charged ions from one

phase to the other, breaking charge neutrality at the interface.

The ion flow stops as soon as the electric field that builds up

counterbalances the difference in chemical potential. The

length scale involved in these interface effects is typically of

the order of few tens of nm (Debye length). When the crystal-

lite sizes of the different ionic phases becomes of the order of

this space charge layer thickness, the entire particle becomes

influenced by the space charge induced ionic density changes

and one can then speak of true nanoscale size effects.11 The

effect of the space charges on the ionic conductivity is mainly

due to the abundant vacancies and the introduction of mobile

ions in the space charge regions of the material. For this

reason we investigate here by a direct probe, neutron diffrac-

tion, the density of hydrogen inserted in nanoscale TiO2

crystallites when immersed in concentrated sulfuric acid.

Sulfuric acid is used because in sulfonated polymer mem-

branes H2SO4 is used to activate the proton conductivity.12

Because of its acidic nature the proton has a high chemical

potential in the acid and space charges can be expected to

build up. The result for the location of the inserted ions is

compared to ab initio calculations, and force field molecular

dynamics simulations are used to estimate the mobility of the

ions. To the best of our knowledge this is the first time that the

induced ionic density is observed directly.

TiO2 nanopowders with average size of 7 nm (obtained from

NanoAmor) and 24 nm (Nanoaltair) were dried in a vacuum

oven and subsequently immersed in liquid D2SO4 (98 wt%

solution in D2O, 99.5+ atom%D). Deuterium is used because

proton-containing samples have an unwanted high back-

ground in neutron diffraction due to the large incoherent

cross-section of 1H. Neutron diffraction was performed

using GEM at ISIS, Rutherford Appleton Laboratories

(Oxfordshire, UK). The particle sizes from the neutron

diffraction line broadening were consistent with electron

microscopy. Liquid D2SO4 was used in order to prevent

overlapping with spectra of another crystalline phase in this

first study that will be used as a benchmark for other studies.

The samples were measured at room temperature and the

tubes were sealed airtight to prevent exchange of deuterium

with protons in humid air. The diffraction data were analyzed

with the Rietveld method using the software GSAS.13 Three

dimensional (difference) Fourier maps were generated using

the program Fox14 in order to elucidate the position of

inserted density of deuterons within the structure.

Fig. 1 shows the diffraction spectra of the 24 nm TiO2

samples, with and without D2SO4. The differences between the

spectra are small, but with the high statistics clearly detectable

(Table 1).

In Fig. 2 the resulting Fourier map of the 24 nm sample in

D2SO4 is shown. Apart from the Ti and O atoms from TiO2

there are clear high density spots visible due to the presence of

inserted D ions. This density is located at [0.00, 0.75, 0.43]

(fractional coordinates). The distance between the deuteron

and the nearest oxygen atom is 0.92 Å. Such distance is

comparable to the distance of 0.95 Å between O and H in

an OH� group. The position as well as the occupancy and

temperature factor of this deuteron density was refined. The

result was a clearly better agreement between the data and the

fitted spectrum (5% lower R factor vs. fit without D, wRp:

0.0044, 24 nm sample). Both TiO2 particle sizes, 24 nm and

7 nm, were analyzed in this way resulting in occupancies of
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0.045 for the former and 0.085 for the latter. This translates in

deuteron intercalation of respectively 0.09 and 0.17 per TiO2.

We calculated the position of protons in TiO2 using the

density functional approach as implemented in the ab initio

package VASP.15 Standard pseudopotentials in the General-

ised Gradient Approximation (GGA) for Ti, O, and H were

used. The structure of a 2 � 2 � 2 TiO2 supercell including one

proton was minimised in order to determine the minimum

energy position of the H. The calculations show a position as

in Fig. 2, with a distance of the proton to the oxygen of 0.99 Å.

This position is in very good agreement with the results from

the diffraction experiments. There are two equivalent sites in

the oxygen octahedron with a splitting of 3.95 Å between

them. It is essential to use a model in which the H density is

not higher than experimentally observed because for high H

densities the H atoms will start interacting, which will influ-

ence the structure. It is interesting to note that such a split

position of the H is similar to that of intercalated Li in

Li0.02TiO2 anatase:
16 there too Li chooses one of two positions

well above and below the centre of the oxygen octahedron.

This split position of the Li ion inside the oxygen octahedron

can also be reproduced by VASP in the same 2 � 2 � 2 model

with a Li position of (0, 0.75, 0.520) (this result was not yet

reported in ref. 16 but it compares well with the experimental

Li position of (0, 0.75, 0.5401)). The distance between the Li

and its oxygen neighbour is 1.80 Å, i.e. much larger than the

D–O distance, while the splitting between the two Li positions

is reduced to 1.92 Å compared to the D–D splitting of 3.95 Å.

The experimentally observed D position agrees with the

theoretically predicted one. This indicates that such modelling

can reproduce the relevant factors in the structure. In order to

model the diffusion of H through the structure using molecular

dynamics simulations the ab initio method is too calculation-

ally intensive. For this reason we used the ab initio based

parameterised force field method COMPASS17 as implemen-

ted in Materials Studio.18 COMPASS reproduces the minimal

energy position of the H atom from the experiment and from

VASP. With a time step of 1 fs simulations of the same model

were made as above for durations of up to 1200 ps at various

temperatures. In Fig. 3 an Arrhenius plot is given of the

observed hopping rates. The error bars in the graph are

calculated as the square root of the observed discrete number

of hops. Two types of hops of the H atoms are observed: a

small hop inside the same octahedron along the c-axis and a

long hop from (the bottom position in) one octahedron to (the

top in) a nearest neighbour one. The activation energies

resulting from the fits are 1.7 � 103 K and 2.4 � 103 K for

the intra- and inter-hopping rates respectively. The tempera-

ture dependencies of the simulated hopping rates (1/tintra,
1/tinter) equal respectively 1.50 exp[�1.7 � 103/T] and 1.37

exp[�2.4 � 103/T] ps�1 for the intra- and inter-octahedron

hops. The long range H diffusion may be viewed as a two step

process of relatively fast intra-octahedron hops and approxi-

mately an order of magnitude slower nearest neighbour octa-

hedron hops. The diffusion coefficientD can be estimated from

the inter-octahedron hopping time t and the average distance l

Fig. 1 Diffraction spectra of 24 nm TiO2 before and after immersion

in D2SO4, normalised at the largest peak intensity. Subtle changes in

peak intensities occur that give direct information on the location and

density of deuterium nuclei in the TiO2 lattice.

Table 1 Refined structure of 24 nm anatase D+ inserted TiO2 in
D2SO4 at 293 K. The space group is I41/amd (space group no. 141)
with a = 3.785 Å and c = 9.508 Å

Atom X Y Z Uiso [Å2] Occupancy

Ti 0 3/4 1/8 0.005 � 0.005 1
O 0 3/4 0.3301 0.007 � 0.005 1
D 0 3/4 0.43 0.06 � 0.01 0.045 � 0.005

Fig. 2 (Left) Fourier difference map showing the deuteron position

(yellow shape) from the diffraction experiments (Ti: gray, oxygen: red).

(Right) Calculated H position using VASP. It can be seen that the

position resulting from the calculations is the same as the one from the

diffraction experiments.

Fig. 3 Arrhenius plot of the predicted hopping rate of a proton in

TiO2 as a function of temperature. The inter-octahedron hopping rate

determines the long range diffusive motion since the intra-octahedron

hopping model is relatively fast.
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between two sites in nearest neighbour octahedrons as follows:

D = l2/4tinter, which equals 0.91 � 10�7 cm2 s�1 at 300 K.

Such value is only a factor of three smaller than Nafion at

300 K as reported in e.g.19,20 at 20% relative humidity,21 which

may indicate that the diffusion of these protons in anatase

nanoparticles is in itself high enough for fuel cell applications

at 300 K. At increasing temperatures this only improves.

It is interesting to note that in the previous study on Li

insertion in anatase TiO2 mentioned above16 it was also found

both experimentally and by using the force field modelling

based on COMPASS that the Li position inside the oxygen

octahedron was split in two positions. In that study the

hopping of the Li ion between these two intra-octahedron

positions predicted by COMPASS was also observed directly

using quasielastic neutron scattering.

An important observation that indicates that the TiO2 has

taken up positively charged deuterium ions is that the material

has not changed colour. Upon neutral H and Li insertion in

TiO2 the electric and optical properties change signifi-

cantly.22–24 Upon neutral H insertion a deep electronic energy

level is created at 0.52 eV inside the bandgap of 3.75 eV. This

leads to strong absorption in the visible light and a blue

coloration of the material. With Li insertion this can directly

be observed as the original white powder turns blue. In

contrast these nanoparticle powders keep their white refract-

ing appearance indicating that the deep levels at 0.52 eV are

still unoccupied, i.e. the electrons accompanying the deuterium

nucleus are missing. Therefore the observed deuterium ion

insertion leads to the build up of a space charge.

In principle such a space charge layer extends only a finite

length into the TiO2. The Rietveld refinement assumes a

constant average D density, and from the two particle sizes

measured and the observed average D insertion density a

rough estimate can be made of the typical length scale of the

D insertion: a 24/7 times larger particle has on average

0.17/0.09 times less D inserted. Using an exponential decay

from the surface these numbers are consistent with a typical

length scale for insertion of B11 nm with a typical maximum

D insertion amplitude of B0.25 at the surface.

Enhancing ionic conduction due to space charge effects can

be beneficial for e.g. proton conductors in fuel cell applica-

tions. Especially the application as electrolyte membrane in

fuel cells operating at intermediate temperatures (120–250 1C),

where conventional membranes based on humidified hydro-

philic polymers are unable to operate,25 can be considered very

promising.11 Intermediate temperatures are favourable for

three reasons. First, the higher temperatures facilitate the

utilisation of the waste heat, enhancing the overall energy

efficiency. Second, the higher temperatures reduce the

sensitivity of the catalysts used to CO poisoning. Third, the

higher temperature makes cooling against the ambient envir-

onment less technologically demanding.
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