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ABSTRACT: We demonstrated that the chemical intercalation of Zn** ions within the interlayer space of the structure of a disor-
dered layered titanate results in a drastic increase of the room temperature bulk proton conductivity from 8.11-10° S.m™ for the
pristine to 3.7-102 S.m™ for Zn-titanate. Because of the crystallographic disordered nature of these compounds, we combined dif-
ferent techniques to establish the structural-transport relationships. Pair distribution function revealed that upon chemical insertion
of Zn**, the local lepidocrocite arrangement is maintained, providing a suited model to investigate the effect of chemically interca-
lated ions on the transport properties and dynamics within the interlayer space. Broadband dielectric spectroscopy (50 to 10*° Hz)
enabled to establish that Zn®* inclusion promotes proton-hopping by self-dissociation of H,O molecules yielding high proton mobil-
ity. Using Zn-K edge EXAFS and chemical analyses (EDX, TGA, 'H NMR), Zn*" ions were shown to be stabilized by ZnCl,(H,0)
complex within the interlayer space. Such complexes induce an increase of the H-bonding strength as evidenced by 'H NMR, yield-
ing a fast proton motion. Molecular dynamic simulations highlighted proton transfer between water molecules from structural inter-
layer and bonded to Zn?" ions. The increasing interactions between these water molecules favors proton transfer at the origin of the
fast bulk proton conductivity, which was assigned to a Grotthuss-type mechanism taking place at long-range order. This work pro-
vides a better understanding of how ion-water interactions mediated ionic transport and opens perspectives into the design of ionic
conductors that can be used in energy storage applications.

INTRODUCTION
With respect to bulk, nanoconfined water displays unique

of the water-ion interactions and the electron transfer rate.
Mitchell et al.® showed that confined structural water mole-

properties that have been investigated to understand the effect
of nanoconfinement on processes such as self-dissociation of
H,0," proton mobility,%* ion transport* or chemical reactions®
to name a few. These processes are prominent in broad fields
spanning biology, prebiotic chemistry, or energy storage.**®

Hydrated metal oxides are typically built from the stacking
of inorganic layers separated by a single (or multiple) slab(s)
of water molecules. Such structural features can be used to
understand better water dynamics in confined space and how
ion-water interactions affect the transport/redox properties.
For example, Remsing et al.  studied the interactions of water
molecules and potassium ions confined between sheets of
MnO,. Their simulations show an interplay between the nature

cules enable to stabilize the structure of tungsten oxide hydrate
upon fast proton intercalation. Last but not least, Boyd et al.’
revealed that ion intercalation into the layered birnessite elec-
trode material is mediated by structural water.

The above-mentioned examples highlight how the use of
layered materials featuring “nanoconfined fluids” has recently
become an emerging approach in the field of electrochemical
chemical energy storage.*'® A better understanding of the
microscopic structure and dynamics of interlayer water mole-
cules and how ions (either electrochemically or chemically
intercalated) affect properties would be useful to implement
these types of materials. In this work, we investigated how
chemically intercalated zinc ions affect the above-mentioned



properties in a layered titanate structure. Remarkably, the
incorporation of Zn* ions results in a dramatic increase of the
proton conductivity, which is multiplied by a factor of 450,
assigned to proton-hopping owing to the modulation of the H-
bonding network generated by water ordering around zinc
cations.

RESULTS and DISCUSSION

Synthesis and proton conductivity. The synthesis method
used therein relies on the sol-gel process, which has been
extensively used to rationally design and tailor the properties
of layered transition metal oxides.™ In a typical synthesis, we
used titanium isopropoxide dissolved in alcohol and water as
the hydrolysis agent. To avoid the formation of anatase TiO,,
we fixed the hydrolysis ratio h = nH,O/nTi to 3.33 and the
temperature to 90 °C.'? The X-ray amorphous precipitated
compound, in which the substitution of oxide by hydroxide
anions leads to the formation of titanium vacancies () and
H,O molecules are located in the interlayer space, presents the
following general formula  Ti,.,[1,04.4x(OH).,.NH,O (X ~ 0.5
and n ~ 0.55). Using high-energy X-ray total scattering, we
previously showed that its local structure consists of a layered
lepidocrocite-type structure (Immm) (Figure l1a). The struc-
ture of this compound (referred hereafter as pristine) then
consists of titanate layers made of edge-sharing TiOg
octahedra arranged in a zigzag configuration with a single slab
of crystal water molecules.

Figure 1. Structural representations of the pristine and
Zn-titanate.

With a small ionic radius and a high charge, Zn** ion dis-
plays a high polarizing power, which can affect the structure
of water molecules.”** In our previous work investigating the
electrochemical intercalation properties of such network, we
showed the insertion reaction of Zn*" in both the interlayer
space (through the solvation of three water molecules, Figure
1b) and titanium vacancies were thermodynamically favora-
ble.” However, using galvanostatic experiments revealed that
the structure was not able to intercalate Zn?* ions. Herein, we
used a chemical route to stabilize Zn** ions in the titanate
structure by adding zinc chloride (ZnCl,) in the synthesis
medium. The amount of Zn** stabilized in the structure can be
controlled by tuning the content of zinc chloride precursor and
several Zn/Ti molar ratios that are 0.1, 0.2, and 0.3 were used.
X-ray energy-dispersive spectroscopy (EDX) revealed the
presence of chloride anions with a constant amount of Zn:Cl
of 1:2 (Figure S2). In addition, EDX chemical mapping re-
vealed that zinc and chloride are homogeneously distributed at

the particle level ruling out the presence of impurity (Figure
S3). Finally, X-ray diffraction analysis (Figure S4) showed
that upon zinc incorporation, the structure remains amorphous
with diffuse scattering characteristic of a disordered material
(referred hereafter as Zn-titanate).

Dielectric spectroscopy measurements were performed on
the pristine and Zn-titanate to assess the effect of Zn®* incor-
poration on transport properties. Note that thereafeter, we
discussed the sample prepared for a Zn/Ti equals to 0.3. The
inclusion of Zn* increases the RT bulk ionic conductivity by a
factor of 450 from 8.11-10° S.m™ for the pristine to 3.7-107
S.m™ for Zn-titanate (Figure 2). According to these values,
Zn** inclusion induces a transition from an insulting to an
ionic conductor.”® Subsequently, the conductivities of the
pristine and Zn-titanate samples obtained at temperatures
ranging from 298 to 213 K follow an Arrhenius-based law as
shown by their plot as a function of the inverse of the absolute
temperature (Figure 2). The linear relationships indicate that
ionic mobility is a thermally activated process with activation
energies of 0.51 eV for the pristine and 0.46 eV for Zn-
titanate.
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Figure 2. Arrhenius plot of the bulk conductivities for the
pristine and Zn-titanate.

Structural features. Having established the drastic effect of
chemically Zn** ions incorporation on the transport properties,
we dug into the fundamentals behind this effect. Such rational-
izing, however, faced challenges related to the crystallograph-
ic disordered nature of the structure, the unknown location and
speciation of Zn®* ions within the structure, and interlayer
dynamics. To tackle these issues, we investigated the structur-
al features by means of X-ray pair distribution function (PDF),
Zn K-edge X-ray absorption spectroscopy, *H and ®Zn solid-
state NMR, broadband dielectric spectroscopy, and molecular
dynamic simulation to dig further into the origin of the ob-
served high ionic mobility.

High energy synchrotron X-ray total scattering measure-
ments were performed on the pristine and Zn-titanate. PDF,
which represents a histogram of interatomic distances, is par-
ticularly suited for studying disordered materials' atomic
structure'’. The PDFs of the pristine and Zn-titanate (Figure
3) feature similar peak positions confirming that both phases
have similar local structures assigned to the lepidocrocite
arrangement. In both cases, the peak intensities gradually



decrease for increasing inter-atomic distances and vanish
when they are greater than 10 A, which is a characteristic of
X-ray amorphous compounds. The presence of Zn** produces
minor changes to the PDF, yet noticeable. Notably, for the
first peak corresponding to Ti-O(H) pair distance in TiOg
octahedra (~1.98 A), a shoulder, growing with the amount of
ZnCl, added to the synthesis medium and then tentatively
assigned to Zn—Cl bonds, is observed at 2.25 A (Figure S4).
The intensity of the second peak located at 3.08 A and corre-
sponding to Ti---Ti distances between two edge-sharing
octahedra, decreases indicating an increase of the titanium
vacancies content. The third peak, which was primarily as-
cribed to Ti---O pairs in the titanate layers, shifts from 3.67 to
3.64 A and its amplitude increases with the amount of ZnCl,
added to the synthesis medium. An attempt to refine the PDF
data (Figure S4) using a real-space approach indicated that
this peak is not entirely captured by the lepidocrocite structure
indicating that it is induced by the presence of Zn ions.

Pristine

Zn-titanate

Figure 3. X-ray PDFs of pristine and Zn-titanate.

To better understand the local environment of Zn**, we con-
ducted X-ray absorption spectroscopy at the Zn K-edge and
87Zn high-field solid-state NMR. The latter, however, failed to
provide a precise characterization of the environment of the
Zn** ions. Despite an experimental time of ~36 h, the signal-
to-noise ratio remains weak (Figure S5) which can be ex-
plained by the low zinc content in the sample combined with
the properties of the ®’Zn nuclei, i.e., low natural abundance,
low gyromagnetic ratio and relatively large quadrupole mo-
ment Q.*°

The Fourier transform of the X-ray absorption fine structure
(EXAFS) oscillations of Zn-titanate is compared with those of
ZnO and ZnCl, used as references (Figure 4). The first peak
displays a broad feature with bond lengths ranging from those
observed in ZnCl, (average bond length: 2.273 A) to those
observed in ZnO (1.978 A), suggesting that in Zn-titanate the
first coordination shell of zinc ions contains both oxide and
chloride ions, in agreement with the occurrence of Zn-ClI
bonds highlighted by the PDF data and EDX analysis. Accord-
ing to the value of the distance to the maximum of this asym-
metric peak, Zn-Cl bonds are more numerous than Zn-O
bonds.

To go further, we attempted to determine the chemical com-
position by assuming that ZnCl, is only located within the

interlayer (see SlI). The obtained phase composition is
Zng10Clg 20 Ti1 270007301 11(OH),.69-:0.16H,0 pointing to a high-
er content of vacancies and lower hydration state compared to
the pristine compound (about 0.5 H,O are located within the
interlayer space), which can be explained by the presence of
ZnCl,. Since EXAFS pointed to the presence of Zn-O bond,
we postulated the presence of ZnCl,(H,0) complex within the
interlayer space, as further discussed below.
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Figure 4. Fourier transform Zn K-edge EXAFS oscilla-
tions of Zn-titanate and for comparison ZnO and ZnCl..

To study the local chemical environment of proton, we used
solid-state '"H NMR. The 'H MAS NMR spectra of the pristine
and Zn-titanate (Figure 5) show similar features with three
main resonances but the spectrum of Zn-titanate presents
broader resonances due to larger isotropic chemical shift dis-
tributions and/or dipolar couplings, located at larger isotropic
chemical shift (d;,) values. Both spectra were reconstructed
(Figures S8-S9, Table S1 & S2) using several resonances that
can be assigned to protons of structural H,O molecules and
OH groups coordinated by Ti atoms. According to the ex-
pected increase of 'H 6, values with the coordination number
of OH groups,*?* the peaks in the ranges 1-2 ppm and 4-5
ppm are assigned to TiCO-OH/Tild;—OH and Ti,—OH/Ti,O,—
OH species, respectively.”” At higher chemical shift, each
spectrum presents a broad resonance which was deconvoluted
with three and two lines, respectively. The three lines used for
pristine have been assigned to OH groups from Ti;J-OH and
Ti,—OH species and protons of H,O molecules. The proportion
of each of these species cannot be determined in Zn-titanate.
On the other hand, knowing the H,O content in Zn-titanate, it
is possible to estimate the proportions of one, two, three and
fourfold coordinated OH groups (Table 1). Due to the higher
rate of vacancies, the probabilities of existence of species
threefold and fourfold coordinated with anions are lower in
Zn-titanate. Moreover, OH groups are preferentially located in
the vicinity of vacancies.*? The proportion of Ti;C]-OH and
Ti,—OH species is lower in Zn-titanate despite the higher
proportion of OH groups among the anions. The shift to higher
chemical shift values of the broad resonance assigned to OH
groups from Ti;[0-OH and Ti,—~OH species and to protons of
H,O molecules results from a lower H,O content coupled with
a higher average chemical shift of its protons, strongly sug-



gesting an increase of the strength of hydrogen bonds in the
interlayer water network.?**!

Zn-titanate
14 12 10 8 6 4 2 0 -2 -4
H frequency (ppm)

Figure 5. '"H MAS NMR spectra of pristine (64 kHz) and
Zn-titanate (60 kHz).

Table 1. Weighted average isotropic chemical shifts (<dis,>),
and the sum of relative intensities (3.I) of the NMR resonanc-
es, according to their assignments, used for the fits of the 'H
MAS NMR spectra (see Sl) of pristine and Zn-titanate (in
italic) and relative intensities Iy of protons from OH groups
one, two and three and fourfold coordinated

Assignments <disc> (ppm) D1 (%) oy (%)
TiO-OH, Tid;-OH 1.27 304 455
1.39 50.6 56.2
Ti,—OH, Ti,0,-OH 4.67 16.1 24.1
4.73 18.6 20.7
H,0, Ti;O-OH, Ti,m—OH 6.95 53.6 304
7.59 30.8 23.1

Broadband dielectric spectroscopy. To better understand
the origin of the increased bulk ionic conductivity, we used
broadband (50-10'° Hz) dielectric spectroscopy to characterize
the different frequency relaxation related to ionic motions and
dipolar rotation of water molecules. We used complex permit-
tivity e(w), which is more appropriate than the complex resis-
tivity p(w) or the conductivity o(w). The relations between
the three properties can be described with equation 1 where ¢,
is the dielectric permittivity of vacuum (&, = 8.854 - 10712
F/m) and w is the angular frequency.

o(w) = p(w)™! = iwegge(w) 1)

The complex dielectric permittivity originates from different
frequency-dependent processes, such as microscopic fluctua-
tions of molecular dipoles or the propagation of charge carri-
ers.?2 The possible mechanisms in a layered material with
confined water are the rotation of water, the charge hopping at
high frequency, and the bulk polarizations at low frequency.?

Figure 6 shows the Nyquist plot of the imaginary part £”(w)
vs. the real part ¢’(o) for the pristine (Figure 6a) and Zn-
titanate (Figure 6d). The diagrams are dominated by the
slowest relaxation assigned to bulk conduction and polariza-
tion P1 (P’1), hiding the other relaxation processes. To distin-
guish the other processes, the Nyquist plot is decomposed with

appropriate dielectric relaxation functions, which are present-
ed below for a better understanding.

In an ideal condition where the interactions between dipoles
are absent, the complex permittivity as a function of the field's
frequency w is described with the Debye function (equation
2), where &, and &, respectively correspond to the permittivity
at the lowest and highest frequencies, and 7 is the relaxation
time.

& — Ex
1+iwt @)

Non-Debye relaxations are, however, observed in most of
the experimental data so the Debye function needs to be modi-
fied. The Cole-Cole (equation 3) function is a modified ver-
sion of the Debye function where « is an empirical parameter
related to the degree of departure from the Debye model.?* The
Debye and Cole-Cole functions are expressed by a semi-circle
in the Nyquist plot.

& — E»
w + 1+ (iwt)l- ©)

The Havriliak—-Negami equation (equation 4) is another em-
pirical modification of the Debye relaxation model, enabling
one to account for the asymmetry and broadness of the relaxa-
tion.”® Havriliak-Negami function is commonly used to study
molecular motions in disordered systems such as polymers or
ion-conducting glasses.**° The Havriliak-Negami function is
characterized by a skewed arc.

& — Ew
=t (1 4+ (fwr)-%)B “)

For pristine (and Zn-titanate), the decomposition of the
Nyquist plot evidenced two other processes, named P2 (and
P’2) and P3 (and P’3) that are respectively assigned to charge
hopping and water rotation (Table 2). The relaxation frequen-
cies of P3 and P’3 were obtained using the Cole-Cole func-
tion. In both samples, the water rotation frequency is in the
same order of magnitude with 2.7-10° Hz for the pristine and
5.4-10° Hz for Zn-titanate. For comparison purposes, we recall
that the relaxation frequency of free water is 18-10° Hz.*

The second contribution related to charge hopping shows
significant differences between the two samples. For the pris-
tine, P2 was fitted using the Havriliak-Negami function at
4.3-10" Hz (Figure 6b). Similar relaxation frequencies were
measured in amorphous protonic conductors and assigned to
proton hopping.®" Hence, we attribute P2 to proton-hopping. In
the absence of excess proton in the pristine, we assign the
origin of such proton-hopping by the self-dissociation of H,0O
molecules. The low ionic conductivity, however, showed that
proton hopping proceeds only at the short-range order. High
protonic conductivity is typically explained by a Grotthuss
mechanism® involving long-range hopping. The occurrence of
local proton hopping between neighboring water molecules
indicates hydrogen bonds between two water molecules (O—
H---O). The activation energy (0.49 eV) associated with the
proton hopping indicates mild hydrogen interactions.*®

In the presence of Zn?* ions, the P2 contribution was fitted
using the Cole-Cole instead of the Havriliak-Negami function.
Since the latter is typically used for disordered systems, this
suggests that Zn>* ions induce an ordering effect. The obtained
frequency assigned to charge hopping, 1.3-10° Hz, is much
higher than for the pristine (4.3-10* Hz), indicating higher
mobility. A lower activation energy of 0.29 eV (0.49 eV for
pristine) was also found and further supports the higher bulk

e (w) =&, +

e (w) =¢

e (w)=¢



ionic conductivity of Zn-titanate compared to the pristine
compound. Similar to the pristine compound, we assigned the
charge hopping to proton-hopping by self-dissociation of H,O
molecules.
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Figure 6. Nyquist plot of the imaginary part €”(w) vs. the
real part €' (w) of the complex permittivity for pristine and
Zn-titanate recorded at room temperature. a) Entire plot:
only the contribution P1 is visible. b) Plot obtained upon
the subtraction of P1: Evidence of the second relaxation
P2. c¢) Plot obtained upon the subtraction of P2: Evi-
dence of third relaxation P3. For Zn-titanate, the low-
frequency part related to the total conductivity was sub-
tracted previously. d) Entire plot: only the contribution
P’1 is visible. e) Plot obtained upon the subtraction of
P’1: Evidence of the second relaxation P’2. f) Plot ob-
tained upon the subtraction of P’2: Evidence of third
relaxation P’3.

To elaborate on the effect of Zn*" insertion and its impact on
the interlayer dynamics, for both samples an Arrhenius-based
law was plotted for the proton and water relaxation frequen-
cies (Figure S10). Interestingly, for both samples the attempt
frequency (v,) of the proton hopping yielded close values
(Table 2). When plotting the activation energy of diffusion as
a function of the proton relaxation frenquency obtained for
both samples at 293 K, a linear relationship was established
(Figure 7) confirming that the nature of the charge carrier,
that is proton, is identical in both samples. In addition, the
energy of proton migration is drastically reduced from 0.49 eV
for the pristine to 0.29 eV for Zn-titanate. Furthermore, by
considering that the activation energy of diffusion within the
bulk (Ey) is the sum of the energy of proton migration and a
term related to the energy of the number of mobile protons
(E,), the latter is equal to 0.02 eV for the pristine and 0.17 eV
for Zn-titanate. The concentration n of mobile charge carriers
(i.e., H") that are thermally activated is given by: n =

N exp —Z2) ‘where N is the total number charge carriers.
kT

Using this law, the ratio of the number n of moving proton to
the total number N of proton can be estimated, yielding 46 %

for the pristine and 0.1 % for Zn-titanate at 293 K. This indi-
cates that half of the water molecules in the pristine are in
interactions, eventually yielding proton transfer (i.e., water
self-dissociation), which however only occurs at short-range
order. The intercalation of Zn** induced a drastic decrease of
the energy of migration of proton with diffusion that can occur
at long-range order yielding a high ionic conductivity. The
presence of zinc, however, seems also to trap protons as
shown by the low concentration of mobile protons in Zn-
titanate. This suggests that there might be an optimum in the
Zn®* concentration to reach the upper limit of proton conduc-
tivity in this material.

Table 2. Contributions, frequencies (at 293 K), activation
energies, and bulk conductivities (at 293 K)of pristine and Zn-
titanate.

Sample Contribution Charge Water
hopping | rotation

Pristine Notations P2 P3
Relaxation frequency | 4.3-10* | 2.7-10°
(v) (Hz)
Ea (eV) 0.49 0.24
Attempt  frequency | 9-10% | 4.10"
(Vo) (H2)
Bulk conductivity, | 8.11-10° S/m
activation energy Eap=0.51¢eV

Zn-titanate | Notations P2 P’3
Relaxation frequency | 1.3-10° | 5.4.10°
(v) (H2)
Ea (V) 0.29 0.25
Attempt  frequency | 210" 9.10%
(Vo) (H2)
Bulk conductivity, | 3.7-10% S/m
activation energy Ea=0.46 eV
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Figure 7. Activation energies Ea (eV) vs. relaxation
frequencies v (Hz) at 293 K attributed to proton migration
(hopping) and water rotation in pristine (1) and Zn-
titanate (2): E = 2.3kT logw, — 2.3KT logv. The slope of
dotted lines is 2.3kT and gives the average frequency
prefactors (attempt frequencies) v, of about 10** and
5x10"™ Hz for proton migration (red) and water rotation
(blue), respectively.

To summarize, as shown by PDF, the chemical insertion of
Zn®* ions can proceed without altering the layered
lepidocrocite-type structure. EXAFS revealed that Zn-O and
Zn-Cl bonds are stabilized in the compound, with Zn-ClI being
predominant. ‘"H NMR showed that the local environment
reassembles that of the pristine compound with the presence of
vacancies. Using BDS, the observed enhanced bulk ionic
conductivity was assigned to proton hopping. According to
EXAFS and the assessed chemical composition, we postulated



the presence of ZnCl,(H,O) complex within the interlayer
space. Such species were further used as a model to investi-
gate the dynamic of water using first-principles molecular
dynamics simulations.

First-principles molecular dynamics. To understand how
Zn** ions affect the interlayer structure and dynamics (protons
hopping), we used first-principles molecular dynamics per-
formed on two simulation cells consisting of lepidocrocite
structure without (pristine) and with Zn** ions (Zn-titanate).
The pristine system was used as a reference to understand the
effect of the Zn”* ions within the interlayer space. For the Zn-
titanate, the simulation cell contains one ZnCl,(H,O) complex
(Figure 8a). This complex was shown to be stable throughout
the 20 ps of the density functional theory molecular dynamics
(DFTMD) simulation, further supporting the validity of the
proposed model. The analysis thus shifts to investigate the
impact that this transition metal complex has on the interlayer
order and proton dynamics, both factors influencing the mate-
rial's conductivity.

The dynamics of protons within the vicinity of the
ZnCl,(H,0) complex were investigated through the evolution
of the two O-H bond lengths of the coordinated H,O molecule
as a function of the Zn-O distance at the corresponding time
step of the simulation (Figure 8b). The results revealed that
the Zn-0 vibrational mode is dynamic with a large fluctuation
of the distance. Such variation, however, does not seem to
correlate with the O-H bond length. Most interestingly are the
distinct behaviors of the two protons of the coordinated H,O
molecule, then differentiated as H1 and H2. In blue, H1 shows
a greater likelihood of O-H bonds to break (d > 1.1A), thus
moving closer to its hydrogen-bonded neighbor. To visualize
such an effect, we selected a configuration featuring a long O-
H1 bond length of 1.25 A. In the corresponding snapshot
(Figure 8c), the proton H1 is approximately equidistant to two
oxygen atoms from the coordinated and free water molecules
suggesting that these events enabled proton mobility, notably
in the region of the Zn** ion.

1.8 1.9 2

CI- H2

To dig further into the impact of the Zn?*" ions, we looked at
the arrangement of the interlayer water molecules. To do so,
we considered the computed radial distribution function
(RDF) between oxygen atoms only within the interlayer (Fig-
ure 9). Such O---O distance represents a good descriptor of
the proton dynamics since for distances of around 2.5 A or
below, the proton transfer barrier is low and eventually vanish
because the electron shells of the donor and acceptor interpen-
etrate.'®*

The first peak corresponds to the O---O distance between
two neighboring water molecules. The presence of Zn** ions
induces a reduction of the average distance between oxygen
atoms with a peak centered at 2.70 A for the pristine and 2.65
A for Zn-titanate. Additionally, the presence of Zn®*" ions
induces a narrowing of the peak suggesting an ordering effect.
Interestingly, the region between 3.1A and 3.6A shows a very
low density of water molecules between first and second
neighboring water molecules, suggesting a more rigid ar-
rangement of water molecules at greater distances. This mini-
mum, which approaches zero, is not observed in the pristine
simulation (Figure 8, black), for example, nor in the RDF of
bulk water as widely published in the literature®. We also
consider the CI-O RDF and the CI-H RDF (Figure S11) to
understand the local order around the chloride ions. We ob-
served that water molecules generally approach the chloride
ions to approximately 3A with a preferred orientation placing
one of the water’s hydrogen atoms in between the chloride and
the water’s oxygen atom, but overall there is little structure in
the RDF beyond this initial peak suggesting weakly hydrogen-
bonded neighbors. This confirms that the ordering as present-
ed in Figure 7 comes in great part from the coordinated water.
Overall, these observations suggest an increase of the H-bond
interactions induced by Zn** ions, in good agreement with
solid-state "H NMR. The ordering effect induced by Zn* ions
was also observed in the second solvation shell, with a more
pronounced peak at ~4.5A, suggesting a structuration of the
interlayer water molecule network. These results show that the
experimental measured high proton conductivity enabled by a
Grotthuss-based mechanism is due to water ordering around
the zinc complex.

Cl- H1
Zn2* O<

21 22 23

Zn-O [A]

Figure 8. (a) Structural representation of ZnCl,(H,0) complex used for the molecular dynamics simulations. (b) A scat-
ter plot of bond lengths for Zn-O and the protons associated with the coordinated water molecule (O-Hx where x = 1
(blue), 2 (purple)). Each point represents a timestep throughout the simulation. (c) snapshot at time A.
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Figure 9. Radial distribution function of O-O within the
interlayer space for the pristine and Zn-titanate obtained
from DFTMD simulation.

CONCLUSION

We reported a chemical process relying on the sol-gel
method to intercalate Zn®* ions in a layered titanate structure.
The analysis of the PDF data indicated that the local structure
is that of the lepidocrocite with and without zinc inclusion.
The measured bulk ionic conductivity highlighted a conduc-
tive change behavior moving from an insulating titanate to an
ionic conductor for Zn-titanate. Broadband dielectric spectros-
copy from 50 to 10" Hz enabled to identify proton as the

charge carrier responsible for the increase of bulk conductivity.

In the absence of excess proton in the material, we attributed
the ionic conductivity to proton transfer between interlayer
water molecules. Molecular dynamic simulations showed that
the zinc complex mediates the proton transfer through order-
ing of the hydrogen bonding network. This work opens a
versatile chemical approach to tune the interlayer transport
properties providing opportunities in the development of ener-
gy storage materials.

EXPERIMENTAL SECTION

Synthesis. Pristine: In a 45 mL Teflon-lined container, 4 mL of
titanium (1V) isopropoxide (> 97 %, Sigma-Aldrich) was
added into 25.19 mL of isopropanol (99.5 % min, Alfa Aesar)
under stirring. Subsequently, we added 0.81 mL of ultrapure
water (h = [H,O]/[Ti(OR),] = 3.33). The container was sealed
in a stainless-steel autoclave and heated in an oven at 90 °C
for 12 h to activate the precipitation thermally. The obtained
white precipitate was recovered by centrifugation after being
washed with ethanol (96 %), and it was dried in an oven over-
night at 80 °C and then at 100 °C under vacuum.

Zn-titanate: two solutions were prepared with i) 4 mL of Ti
(1V) isopropoxide (> 97 %, Sigma-Aldrich) dissolved in 10
mL of isopropanol (99.5 % min, Alfa Aesar) and ii) ZnCl,
(Zn/Ti = 0.1, 0.2, and 0.3) dissolved in 15.19 mL of isopropa-
nol and 0.81 mL of distilled water. The two solutions were
then mixed in a Teflon-lined container. After 10 min of stir-
ring, the container was sealed in a stainless-steel autoclave and
heated in an oven at 90 °C for 12 h. The obtained gel was
washed with ethanol, recovered by centrifugation, and dried
overnight at 80 °C.

Broadband dielectric spectroscopy. The powder was
pressed into pellets at 0.7 GPa (diameter = 3 mm, thickness =
1 mm) and metallized with silver paint. The pellets were
placed between the inner conductor and a short-circuit of a
coaxial APC7 cell.***® The complex conductivity and permit-
tivity data were collected between 50 and 10" Hz with Agilent
E4990A Impedance analyzer (50 to 10°® Hz) and Keysight
E8364b Network analyzer (10 to 10 Hz). The measurement
was performed between 298 and 213 K.

Energy dispersive X-ray Spectroscopy. The energy dispersive
X-ray spectroscopy (EDX) analysis was performed with JEOL
2100-Plus transmission electron microscopy LaBg 200 kV.
X-ray Diffraction. The powder X-ray diffraction was per-
formed with Rigaku diffractometer equipped with Cu Ka
radiation.

High energy X-ray total scattering. The high energy X-ray (A
=0.2128 A) scattering measurement was performed at the 11-
ID-B beamline of Advanced Photon Source at Argonne Na-
tional Laboratory. The 2D total scattering data were integrated
into 1D diffraction data with FIT2D.* Subsequently, the data
were Fourier transformed to PDFs after the correction using
PDFgetX3.%®

X-ray absorption spectroscopy. Synchrotron X-ray absorption
spectroscopy was performed at the Zn K-edge at the ROCK
beamline of the SOLEIL synchrotron facility (Saint-Aubin,
France).®* The Si(111) quick-XAS monochromator with an
oscillation frequency of 2 Hz was employed to select the inci-
dent photons energy. The spectra were collected in transmis-
sion using three gas ionization chambers in series as detectors.
A Zn metallic foil was placed between the second and the
third ionization chambers to ensure the energy calibration. An
average of 550 scans per spectrum (corresponding to 5
minutes of acquisition time for one merged XAS spectrum)
was recorded to ensure the reproducibility and to increase the
signal-to-noise ratio. The ZnCl, and ZnO reference samples
were prepared by mixing the active material uniformly with
carbon, then pressed into pellets of 10 mm in diameter.“°
Thermogravimetric analysis. The thermogravimetric analysis
was performed using TA instruments TGA 550 analyzer be-
tween 25 and 600 °C at a heating ramp of 1 °C/min under N,
atmosphere. Zn-titanates were measured with Hi-Res™
TGA™

Solid-state NMR. *H solid-state magic angle spinning (MAS)
NMR experiments were performed on a Bruker Avance 300
spectrometer operating at 7.0 T (*H Larmor frequency of 300.2
MHz), using a 1.3 mm CP-MAS probe head. The room tem-
perature 'H MAS spectra were recorded using a Hahn echo
sequence with an interpulse delay equal to one rotor period.
The 90° pulse length was set to 1.25 (2.4) ps and the recycle
delays were set to 5 (20) s for pristine (Zn-titanate). ‘H spectra
are referenced to TMS and were fitted using the DMFit soft-
ware.*

In order to quantify the proton content on the pristine and Zn-
titanate sample, 'H solid-state MAS NMR (Hahn echo) spec-
tra were also recorded for an organic crystalline solid,
adamantane (Tricyclo[3.3.1.13,7]decane, (CH)4(CH,)s) and
the mass of each sample in the rotor were measured. The fits
of the spectra allow one to determine the integrated intensities
(1) for each sample. Since, for each sample, the recycle delays
were chosen to ensure that the amount of signal detected is
maximum (20 s for adamantane), we assume that the integrat-



ed intensities are proportional to the number of scans and the
molar quantity of F atoms (n) in the rotor. The following val-
ues of "H wt.% have been deduced: 2.1 (+0.2) for pristine and
2.0 (+0.2) for Zn-titanate.

%Zn NMR spectrum has been recorded on a Bruker Neo 850
spectrometer (20.0 T) operating at a frequency of 53.2 MHz.
Sample has been packed in a 4 mm diameter zirconia rotor and,
to overcome the probe's dead-time, a Hahn echo sequence
under static conditions with a 40 ps inter-pulse delay has been
used. Selective irradiation conditions have been assumed using
a 24 kHz radio-frequency field and hence a T90 pulse of 3.5
ps. 256000 transients have been accumulated with a 0.5 s
recycle delay (i.e., a total acquisition time of approx. 36 h).
®7Zn chemical shifts were referenced to 1.0 M Zn(NO,), at 0
ppm.

Density Functional Theory Calculations. The DFT molecular
dynamics simulations were performed using the CP2K via the
Quickstep algorithm.”*** Kohn-Sham wavefunctions were
constructed using DZVP-MOLOPT-SR-GTH basis sets and
GTH pseudopotentials.* The electronic wavefunction cutoff
was set to 400 Ry. The XC functional used in this work was
PBE."**" A geometry optimization was performed on a 4 x 4 x
1 lepidocrocite supercell made of two titanate layers, two
interlayer water layers. The composition of the supercell is
Tigs[1:0124(0H),-32H,0, consistent with our previous work.*
Ti** vacancies (C0) remain charge neutral with four hydroxyl
groups, the positions of which were determined in previous
our work. We highlight the concentration of Ti** vacancies in
the model system is lower than that of the experimental mate-
rial, but the choice to include only one vacancy was made to
simplify the analysis investigating the possible role of vacan-
cies on the interlayer water dynamics.

Two NVT molecular dynamics simulations were launched.
The first simulation was a pristine case in which the
lepidocrocite structure described above has only water in the
interlayer and was used as the control to compare local struc-
ture of the confined water. The second case is a simulation in
which one ZnCl, was manually added to the simulation cell.
Upon adding ZnCl,to the simulation cell, one water molecule
was removed to account for the larger size of Cl ions. This is
consistent with the experimental result that the lepidocrocite
system with ZnCl, is observed to have a lower hydration state.
The pristine and Zn-titanate simulations were each performed
at 298 K with a time step of 0.5 fs for a total of 18ps and 17ps,
respectively. Atoms in the titanate layers (except for the hy-
droxyl groups around the vacancy) were constrained to motion
only within the plane and motion perpendicular to the titanate
layer, which would result in a fluctuating interlayer distance,
was forbidden. The interlayer was fixed at 11.5 A.*® Given the
significant amount of motion of the surface hydroxyl groups
observed in previous work, these atoms were not constrained
in their motion.

Analyses of DFTMD trajectories. The initial 2ps of each simu-
lation were discarded to account for the initial equilibration of
the simulation. The RDF computed for the pristine case repre-
sents an average overall all oxygen atoms for all configura-
tions throughout the 20ps trajectory, as each water molecule is
considered to be equivalent. In the case of Zn-titanate, the
RDF is computed setting 0 to be exclusively at the position of
the oxygen atom bound to the zinc ion. In this way, possible
induced order due to the Zn-complex could be more easily

visualized. All RDF were computed in 2D to remove the con-
tributions between water molecules in parallel planes of inter-
layer water.
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