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ABSTRACT: Nanocrystalline titanium nitride (TiN) has been determined to be
a promising alternative to noble metal palladium (Pd) for fabricating base
membranes for the energy-efficient production of pure hydrogen. However, the
mechanism of transport of hydrogen through a TiN membrane remains unclear. In
this study, we established an atomistic model of the transport of grain boundary
hydride ions through such a membrane. High-resolution transmission electron
microscopy and X-ray reflectivity confirmed that a nanocrystalline TiN1.0
membrane with a (100) preferred growth orientation retained about 4 Å-wide
interfacial spaces along its grain boundaries. First-principles calculations based on
the density functional theory showed that these grain boundaries allowed the
diffusion of interfacial hydride ion defects with very small activation barriers (<12
kJ mol−1). This was substantiated by the experiment. In addition, the narrow
boundary produced a sieving effect, resulting in a selective H permeation. Both the
experimental and theoretical results confirmed that the granular microstructures with the 4 Å-wide interlayer enabled the transition
metal nitride to exhibit pronounced hydrogen permeability.

■ INTRODUCTION
The growing global energy crisis and increasing demand for
clean and efficient energy sources have constrained a greater
disposition to embrace the proposed “hydrogen economy” as a
long-term solution.1,2 Polymer electrolyte fuel cells, which are a
major application of hydrogen technology, require an ultrapure
fuel grade (99.995%) and can only tolerate parts per million
concentrations of contaminants such as CO2, CO, and CH4
because they are capable of poisoning the utilized Pt catalysts.
This has necessitated the need for the development of cost-
effective methods for hydrogen purification and separation.
Dense-membrane separation is the most feasible technique for
producing ultrapure hydrogen owing to its low energy
consumption, ease of operation, high yield, and cost
effectiveness.3 Palladium-based alloys have a strong potential
for use in hydrogen purification owing to their combination of
a high hydrogen permeability and excellent resistance to
hydrogen embrittlement.3−6 However, the resource scarcity of
Pd strongly motivates the development of Pd-free alternatives
to enable the development of more sustainable technology.

In more recent years, nanocrystalline membranes fabricated
from titanium nitride (TiN), which is one of the toughest
ceramics, have been found to exhibit pronounced hydrogen
permeability, even at ambient temperatures. Although some
metal oxides such as BaZrxCe0.8−xY0.2O3 have been known to
exhibit proton conductivity at elevated temperatures,7,8 the
hydrogen transport capability of TiN features mixed hydride
ion and electron conductivity.9,10 The nanocrystalline matrices
are readily hydrogenated at ambient hydrogen pressure

through the formation of Ti−H terminal groups on the
individual crystallite surfaces. This results in hydridic diffusion
along the interfacial grain boundary, aided by bond exchange
between the Ti−H groups.9 It has been determined that a 600
nm thick membrane yields a hydrogen permeation flux of 6 ×
10−7 mol cm−2 s−1 under a pressure difference of about 50 kPa
at ambient temperature. This flux is several orders of
magnitude higher than that of an ultrathin Pd membrane,
which is technologically limited to a thickness of 5 μm at the
same temperature, and just 1 order of magnitude lower than
the U.S. DOE target values for H-permeable membranes at
673 K.11 Nanocrystalline TiNx systems are thus promising Pd
alternatives for dense separation membranes. Hence, it is of
both fundamental and technological importance to understand
more precisely the essential hydrogen transport mechanism of
TiNx, including the hydride ion hopping path, the thermody-
namic reason for the hydridic defect, and the cause of the
significantly lower diffusion energies.

In the present study, we developed a robust physical model
of the grain boundary transport of hydride ions in nearly
stoichiometric TiN nanocrystalline films and demonstrated
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that the intergrain spacing at the boundaries was crucial to the
occurrence of selective hydrogen permeation. In the case of
TiN membranes formed from tens of nanometer-sized
crystallites with a preferred (100) growth orientation, there
is an interspace of a few ångströms between the (100) faces of
the crystallites. This agrees with the critical values obtained by
first-principles calculations based on spin-polarized density
functional theory (DFT) of hydrogen solubility and perme-
ability. We also examined the mechanism of the fast hydrogen
diffusion at the grain boundary using DFT calculations.

■ METHODS
RF Sputtering of TiN Membranes. The stoichiometric

TiN membranes were deposited by radio frequency (RF)
reactive sputtering in an ultrahigh-vacuum chamber system
(Ulvac ACS-3000) using a Ti disk target (99.99% purity) in a
flow of pure N2. The chamber pressure and RF power of the
sputtering were fixed at 0.9 Pa and 195 W, respectively. To
obtain membranes with varying crystallite sizes, the TiN crystal
growth rate was controlled by varying the substrate temper-
ature to 25, 200, and 500 °C, respectively. The thickness of the
membranes was varied within 500−1000 nm by varying the
sputtering time.
Hydrogen Permeability Measurement. The porous

support was prepared using the method employed in our
previous study.9 Briefly, macroporous α-Al2O3 disks were
prepared by uniaxial pressing of alumina powder followed by
sintering at 1200 °C for 12 h in air. A mesoporous γ-Al2O3
layer was then deposited on the disks by sol−gel spin coating
using a 0.6 M boehmite viscous precursor sol prepared by
mixing a poly(vinyl alcohol) (PVA) solution and 1 M
boehmite sol.12,13 The TiN films were directly deposited on
the porous alumina support by RF sputtering to obtain TiN
membranes.

The hydrogen permeability of the TiN membranes was
measured using a gastight chamber system built in-house,
together with a gas chromatography system (GL Sciences GC-
4000). The TiN membrane devices were sealed in a specially
designed sample holder by using carbon sheet gaskets. Pure Ar
gas was supplied to the porous support side at 25 sccm and a
1:1 gas mixture of H2/N2 was supplied to the membrane side
at 100 sccm using mass flow controllers. Detection of H2 and
He in the outflow gas was performed using a thermal
conductivity detector (TCD) with Ar and N2 gas flows used
as the reference.
Characterization. The phase purities were determined by

X-ray diffraction (XRD; Rigaku RINT2200 Diffractometer
with Cu Kα radiation). The measurements were performed by
using 500 nm TiN films deposited on a Si wafer surface
modified with a 100 nm mesoporous γ-Al2O3 layer. This
enabled an investigation of the morphologies of the films on
the porous alumina supports. The microstructures of the TiN
membranes were characterized by transmission electron
microscopy (TEM; JEOL JEM-2010F). The ultrathin speci-
mens used for the high-resolution TEM were prepared using
an Ar ion milling system (Gatan PIPS).

Magic angle spinning nuclear magnetic resonance (MAS
NMR) spectroscopy was also performed by using a JEOL
JNM-ECAII spectrometer. The employed powdered speci-
mens were prepared by scrapping off 5 μm TiN films deposited
on a γ-Al2O3/Si wafer. The scrap powder was filled into a
sample tube in an H2 atmosphere. The amounts of hydrogen
dissolved in the nanocrystalline films were measured at 25 °C

using a 5 MHz quartz crystal microbalance (QCM). The Au
film electrode (1.32 cm2) of the quartz crystal resonator was
fully covered by 1 μm TiN membranes by RF sputtering
deposition using a shadow mask. The amount of absorbed gas
was determined by the shift of the resonance frequency when
switching from pure Ar to 50%-H2/Ar gas.
DFT Calculations. First-principles calculations based on

spin-polarized DFT were used to investigate the hydrogen
permeability at the TiN boundary. A Vienna Ab initio
Simulation Package (VASP 5.4.1)14−17 and the projector-
augmented wave (PAW)18,19 method was employed. As
proposed by Hamada,20 rev-vdW-DF2 was adopted as the
exchange−correlation functional for accurate inclusion of the
van der Waals interaction. A 500 eV cutoff was used to limit
the plane-wave basis set, while a 6 × 6 × 1 Monkhorst−Pack
special k-point grid21 was applied to the first Brillouin zone
sampling using the first-order Methfessel−Paxton smearing
method22 with σ = 0.2 eV and without compromising the
computational accuracy. The lattice constants for the system
were set based on the 4.247 Å equilibrium lattice constant
theoretically predicted using rev-vdW-DF2 and a 25 × 25 × 25
k-mesh on the primitive unit cell for bulk TiN.

The TiN(100)/TiN(100) boundary model was constructed
using one hydrogen atom and a six-layer 2 × 2 TiN(001) slab
with a vacuum layer representing the boundary region as
shown in Figure S1 because the (100) surface is the most
energetically favorable to TiN. In the boundary model, all of
the atoms, including the hydrogen atom, are relaxed until the
forces on each atom fall below 0.02 eV/Å. We considered
different values of the vacuum layer thickness (L), which
correspond to the boundary width, ranging from 1.5 to three
times the interlayer distance. After relaxation, the vacuum layer
thickness ranged between 2.29 and 6.427 Å. The TiN(100)
surfaces were also modeled by six layers of 2 × 2 TiN(100)
slabs and a 15 Å vacuum layer. The bottom two layers were
fixed in the model. We considered four initial hydrogen atom
adsorption sites, namely, the Ti top, N top, hollow, and Ti−N
bridge sites. We also examined the He diffusion to determine
the gas separation properties. We considered the zero-point
vibrational energy of the H and He atoms, calculated by
harmonic approximation using the small displacement method.

To investigate the hydrogen permeability at the boundary,
we considered the H diffusion barriers for two-step diffusion,
i.e., diffusion from the surface to the boundary and within the
boundary. The diffusion barrier between surface and boundary,
which corresponds to the barrier height for interfacial
dissolution (ΔEdiss) of H and He atoms, is defined as the
total energy difference between a H or He atom on the surface
and one at the boundary. Therefore, a negative diffusion
barrier between a surface and a boundary corresponds to a
diffusion barrier between a boundary and a surface. The
diffusion barrier of grain boundary diffusion (ΔEGB) is
calculated using the climbing image-nudged elastic band (CI-
NEB) method.23 The zero-point vibrational energy in a
transition state is considered as the sum of the corresponding
vibrational energy of real number frequencies.

In this study, the electric dipole correction layer in the
vacuum area of the surface model was set to compensate for
the electric dipole interactions between consecutive slabs.24,25

The electron transfer was investigated by Bader charge
analysis.26,27 Visualization for electronic and structural analysis
(VESTA) was used to visualize the atomic models and electron
density distributions.28
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■ RESULTS AND DISCUSSION
Granular Microstructures of TiN Membranes. Nano-

granular membranes have been successfully fabricated from
single-phase NaCl-type TiNx by reactive sputtering of a pure
Ti metal target in a mixed N2/Ar process gas, with the
chamber pressure and sputtering power fixed at 0.9 Pa and 195
W, respectively.9 In this framework, the nitrogen stoichiometry
(x) could be adjusted mainly by controlling the mixing ratio of
the process gas components (N2 and Ar). Nitrogen vacancies
decrease when the N2 ratio in the mixture gases increases. In
this study, we fabricated nearly stoichiometric TiN1.0
membranes by reactive sputtering at various substrate
temperatures under a 20 sccm flow of pure N2 process gases.
The crystallite size was found to decrease with decreasing
deposition temperature.9,10 Electron probe microanalysis
(EPMA) confirms that all films have a nearly stoichiometric
composition with Ti/N molar ratios equaling 1.03 ± 0.06, and
include a small amount of O impurities with the O/Ti molar
ratios being less than 0.04. Hereafter, the membranes
deposited at the substrate temperatures of 25, 200, and 500
°C are denoted by TiN1.0-25, TiN1.0-200, and TiN1.0-500,
respectively.

The TiN1.0 membranes exhibited a (100) preferred
orientation, irrespective of the deposition temperature, as
observed by X-ray diffraction (XRD) (see Figure S2). The full
width at half-maximum (fwhm) values of the (100) peaks also
increased with decreasing temperature, attributable to the
reduced crystallite size at a lower deposition temperature.
Using the Scherrer equation, the average grain size (dav) values
for TiN1.0-500, −200, and −25 were determined to be 22, 12,
and 8 nm, respectively, as summarized in Table 1.

Cross-sectional transmission electron microscopy (TEM)
images in Figure 1a−c revealed that the TiN layer was
composed of nearly cuboid crystallites measuring a few tens of
nanometers. The dav significantly decreased with decreasing
deposition temperature, being 20, 12, and 9 nm for TiN1.0-500,
-200, and -25, respectively. These crystallite sizes determined
by TEM are in good agreement with the dav values determined
by XRD, as shown in Table 1. A high-resolution TEM
(HRTEM) image also revealed the existence of intergranular
spaces a few ångströms wide between the (100)-oriented
cuboids. Typical examples are shown in Figure 1d,1e. The
corresponding power spectra obtained by fast Fourier
transform (FFT) showed only diffraction spots on the (200)
face of the NaCl-type phase, confirming the formation of a
TiN(100)/TiN(100) boundary. The individual cuboid crys-
tallites were separated from each other by a space twice the
(200) lattice fringe, which corresponds to a lattice constant of
TiN (0.424 nm).

The relative density of the TiN1.0 membranes was evaluated
by the X-ray reflectivity (XRR). The parameter was found to
decrease with decreasing deposition temperature, with the
values being 95, 91, and 84% for TiN1.0-500, -200, and -25,
respectively (see Figure 2a−c). Using the brick layer model
shown in Figure 2d, in which the cubic grain cores are arranged
in a simple cubic lattice of length dav separated by
homogeneous, free grain boundary layers of width ζ,29 the
density of the TiN brick layer with ζ = 0.424 nm was
calculated to be 94, 90, and 86% for dav values of 22, 12, and 8
nm, respectively, which closely agree with the observed
densities. Together with the HRTEM results, the forgoing
confirms that the sputter-deposited TiN1.0 matrix retains wide
spaces of a few ångströms at the TiN(100)/TiN(100)
boundary. The intersecting grain boundary spaces act as
three-dimensional networked channels for the hydride ions.
Grain Size Enhancement for Increased Hydrogen

Permeability and Solubility. The formation of hydridic
defects, i.e., Ti−H functional groups, was confirmed by 1H
nuclear magnetic resonance (NMR) spectroscopy.30 In our
previous work, hydrogenated TiN-500 exhibited a sharp NMR
peak at 1.93 ppm, attributed to the hydride ions coupling with
Ti cations.9 The TiN1.0-25 film in this study also had similar
spectroscopic features, as seen in Figure 3; the film had a sharp
peak at δ = 1.93 ppm, and a broad peak of the hydroxyl groups
of the sacrificial mesoporous γ-Al2O3 layers centered at δ = 5
ppm. The former was identical to the hydrogen defects in TiN,
with the peak intensity increasing with hydrogenation. The δ
values were, however, different from those of the protonic
hydrogens in Ti−NH (3.9 ppm)31 and Ti−NH2 (13.5 ppm).32

These features confirm that hydridic hydrogen defects were
dominantly formed in TiN, according to the following
hydrogenation reaction

+ + eTi 1/2H (g) (TiH)Ti
x

2 Ti (1)

To determine the hydrogen permeability and selectivity of
the TiN membranes, 50 vol %-H2/He mixtures were applied to
the surface of the membranes, and the gas that exited from the
support side was analyzed by gas chromatography. The He flux
(JHe) values for all of the membranes were very low, at least 2
orders of magnitude lower than the hydrogen permeation flux
(JHd2

) values, despite the fact that He atoms are smaller than
those of H2, as seen in Figures 4 and S3. This shows that the
observed hydrogen transport was not via pinholes or cracks.
Together with the NMR results, the foregoing confirms that
the TiN membranes allow hydrogen permeation by a hydridic
conductivity.

A JHd2
for the 600 nm TiN1.0 membranes in Figure 4, i.e., the

hydrogen permeability of the membranes significantly
increases with decreasing average crystallite size dav. The JHd2

values for TiN1.0 equally increase with a decreasing dav for
every temperature. In other words, the temperature depend-
ence remains unchanged with decreasing dav. This is evidence
of interfacially controlled hydride ion diffusion in the
nanocrystalline matrices. JHd2

exhibits an Arrhenius-type linear
temperature dependence for T ≥ 150 °C, and less so for T ≤
100 °C due to the reduced mobility of the hydridic ions
resulting from the negative formation energy of the Ti−H
groups. The ratio between the hydrogen and deuterium
permeation fluxes, JHd2

/JD2, through the TiN1.0-25 membranes,
was observed to be close to the reciprocal ratio of the root

Table 1. RF Reactive Sputtering Temperatures for
Preparing TiN1.0 Nanocrystalline Membranes and the
Average Grain Size (dav) of the Corresponding Membranes
Deposited on γ-Al2O3/Si Wafers as Determined by XRD and
TEM

sample name substrate temperature/°C dav (XRD)/nm dav (TEM)/nm

TiN1.0-500 500 22 20
TiN1.0-200 200 12 12
TiN1.0-25 25 8 9
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mass, M M/D H ≈ 1.4 (see Figure S4), providing a signature
of diffusion-limited hydrogen permeation.33 Hence, the
activation energy (Ea) at T ≥ 150 °C should correspond to
the diffusion energy of the hydridic defects, with the values for

TiN1.0-500, -200, and -25 being 12, 9.8, and 8.9 kJ mol−1,
respectively, as summarized in Table 2.

The room-temperature hydrogen sorptions of TiN1.0-25 and
−200 were measured using a 5 MHz quartz crystal
microbalance (QCM) by directly depositing TiN films on
the Au electrode of a quartz resonator at 25 or 200 °C, as seen
in Figure 5.34,35 Unfortunately, thermal damage made it
difficult to deposit TiNx-500 on the resonator. Upon the
exposure of TiN1.0-25 and -200 to 50%-H2, the QCM
frequencies abruptly dropped and stabilized at −27.4 and
−20.2 Hz, respectively, which corresponded to 1.32 and 1.11
μg of hydrogen sorption at 25 °C, respectively. Using the
geometric film volumes and ideal molar density (8.44 × 10−2

Figure 1. (a) Cross-sectional TEM image of a TiN1.0 layer deposited at (a) 500, (b) 200, and (c) 25 °C. (d, e) Typical HRTEM image of the
boundary region; insets are the corresponding power spectra obtained by FFT.

Figure 2. X-ray reflectivity (XRR) profiles of (a) TiN1.0-500, (b)
TiN1.0-200, and (c) TiN1.0-25. In (a−c), black dots show the observed
and red lines show the simulations. (d) Schematic image of the brick
layer model used for interfacial hydridic conduction in nanocrystalline
NaCl-type metal nitride membranes; the yellow cubes represent grain
cores, and the gray shells represent the grain boundary phase. Here, all
of the square surfaces of each cubic grain core exhibit (100)
crystallographic surfaces. dav and ζ show the grain size and grain
boundary width, respectively.

Figure 3. 1H NMR spectra of TiN1.0-25 films (1 μm thickness)
detached from the Si substrate with a 100-nm-thick γ-Al2O3 sacrificial
coating. Blue lines show the spectra of as-deposited films, and red
lines show the films treated in 50 vol % H2/Ar at 500 °C for 3 h. The
spectrum of the sacrificial γ-Al2O3 layer (1 μm thickness) is also
shown as a reference.
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mol cm−3),36 the values of the hydrogen solubility (SH), which
is defined by the H/Ti ratio under equilibrium, of TiN1.0-25
and −200 were calculated as 0.14 and 0.11, respectively. The
determined SH values are also summarized in Table 2. The
TiNx membranes thus contained smaller crystallites that
tended to have a higher hydrogen solubility, with TiN1.0
composed of crystallites measuring less than 10 nm yielding
a 10−6 mol cm−2 s−1 hydrogen flux at 400 °C, as seen in Figure
4. This flux level is only 1 order of magnitude smaller than the
DOE target.11

According to the brick layer model in Figure 2d,37 the grain
boundary volume of nanocrystalline TiN is proportional to the
volumetric surface area, which is correlated with dav

−1.
Decreasing dav from 12 (TiN-200) to 8 nm (TiN-25) increases
the SH by a factor of 1.4, which is in agreement with the inverse
ratio of dav, i.e., (8 nm/12 nm)−1 ≈ 1.4. This unambiguously
demonstrates that the hydridic defects are predominantly
formed along the grain boundaries as Ti−H terminal groups
on the individual crystallites, without being introduced into the
grain interior.9 In addition, the JHd2

ratios of TiN1.0-200-to-
TiN1.0-500 and TiN1.0-25-to-TiN1.0-500 agree well with the
inverse ratios of dav, i.e., (12 nm/22 nm)−1 ≈ 1.8 and (8 nm/
22 nm)−1 ≈ 2.5, respectively. This reveals that the
concentration of the mobile hydride defect is linearly
proportional to dav

−1, as shown in Figure S5. These results
show that hydridic conduction in nanocrystalline TiN is
mediated by the interfacial grain boundary paths.
Mechanism of Hydride Ion Diffusion. The above results

demonstrate that hydrogen transport in nanocrystalline TiN
has an interfacial mechanism rather than a bulk mechanism

that is mediated via vacancies or interstitials. To provide a
more robust physical model, first-principles calculation was
used to figure out the favored occupation sites and diffusion
paths in the grain boundary region of the (100)-oriented TiN
granular matrices. Ideally, (100)-growth-oriented NaCl-type
cubes have six equivalent square faces on the (100) crystal
plane so that the simple model of the TiN(100)/TiN(100)
boundary can be represented by the face-to-face sandwiches of
the (100) epitaxial layers.

Regarding the H adsorption on the TiN(100) surfaces (i.e.,
for L = 15 Å), the most stable adsorption site is the Ti top site.
The hollow site is also a stable adsorption site, although its
energy level is 44.7 kJ mol−1 higher than that of the Ti top site.
The hydrogen adatom cannot stably adsorb at the N top and
Ti−N bridge sites, and thus migrates to the Ti top site. The
valence number of a hydrogen atom associated with Ti is about
−0.6, which indicates that the hydrogen adatoms are converted
into hydride ions. The corresponding Ti−H distance is 1.768
Å, which agrees well with the 1.84 Å sum of the ionic radii of
Ti4+ and H−.38

The barrier heights for the interfacial dissolution (ΔEdiss) of
H and He atoms in Figure 6, defined as the ΔEad difference
between the surface adatoms (L = 15 Å) and the interfacial
adatoms (L < 15 Å), oscillate with decreasing boundary
thickness L. The value of ΔEdiss decreases with decreasing L
from 15 Å because the adatoms interact with both the top and
bottom surfaces of the slabs, i.e., two TiN bricks, attaining a
minimum value at L = 5.31 Å. However, ΔEdiss tends to
increase with decreasing L to less than 5.31 Å, attributed to

Figure 4. Arrhenius plots of hydrogen fluxes (JHd2
) through TiN1.0

membranes of 600 nm thickness prepared at 25, 200, and 500 °C.

Table 2. Summary of the Structural and Hydrogen Transport Properties of 600 nm TiN1.0 Membranes Prepared at 25, 200,
and 500 °C

sample
name

dav
(XRD)/nm

crystal
orientation

hydrogen flux at
500°C/mol cm−2 s−1

hydrogen flux at
RT/mol cm−2 s−1

Ea of
permeability/kJ mol−1

hydrogen
solubility, SH

TiN1.0-500 22 (100) 6.5 × 10−7 1.3 × 10−7 6.0 (T ≤ 100 °C)
12 (T ≥ 150 °C)

TiN1.0-200 12 (100) 1.0 × 10−6 2.6 × 10−7 6.1 (T ≤ 200 °C) 0.11
9.8 (T ≥ 250 °C)

TiN1.0-25 8 (100) 1.3 × 10−6 4.9 × 10−7 6.1 (T ≤ 150 °C) 0.14
8.9 (T ≥ 200 °C)

Figure 5. Response transient of QCM frequency shifts due to
hydrogen adsorption on TiN1.0 films (1.0 μm) deposited at 25 or 200
°C on a gold film oscillator electrode (1.32 cm2). Measurements were
performed by switching from pure Ar to 50 vol % H2/Ar at 25 °C.
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destabilization caused by the confinements in the small grain
boundary. These results suggest that the incorporation of the
hydridic defects into the grain boundaries is thermodynami-
cally plausible when the grain boundary width is >3.65 Å.

The barrier height for the grain boundary diffusion (ΔEGB)
decreases with decreasing L to less than 6.27 Å, reaching a
minimum around L = 3.65 Å, beyond which ΔEGB begins to
increase with further reduction of L due to the interspaces
becoming too small for the hydride ions. The corresponding
energy profiles through hydrogen diffusion are shown in Figure
S6. Hence, only a relatively small ΔEGB of about 9.9−12.1 kJ
mol−1 is available in the L range of 3.65−4.20 Å, which agrees
with the observed diffusion barriers of 6.0−12.0 kJ mol−1.
Because ΔEGB varies with L, the temperature dependency of
the diffusion barrier of TiN may be due to the differing grain
boundary widths; hydrogen carriers prefer a path with a smaller
barrier height. The present theoretical results are consistent
with the HRTEM and XRR measurements, which reveal the
formation of grain boundaries (intergrain spaces) 4 Å wide.
The theoretical and experimental results demonstrate that the
formation of hydridic hydrogen defects is energetically favored
in the 4 Å-wide grain boundaries.

In contrast to H2, the adsorption of He adatoms into the
grain boundary is not energetically favored; ΔEdiss for He is
higher than 88.3 kJ mol−1 for L < 3.65 Å. This indicates that
the incorporation of He is not energetically favorable owing to
the absence of an attractive interaction between the neutral He
and charged Ti and/or N atoms. This theoretical observation
agrees with the aforementioned experimental results, showing
that nanocrystalline TiN matrices with 4 Å-wide grain
boundaries do not allow the permeation of He atoms through
molecular diffusion.

Finally, we examined the path of hydride ion hopping
through the 4 Å-wide grain boundary interspaces. In the cases
of grain boundaries more than 5.31 Å wide, a hydride ion
could migrate from one Ti to a neighboring Ti with the lowest
diffusion barrier via hollow site migration, as shown in Figure
7a. However, a N site in one grain would be close to a Ti site
in another grain when the boundary width becomes 4.20 Å,
resulting in hydride ion diffusion by intergranular transfer
between the current Ti site and the Ti site in the other grain
across the Ti−N bridge sites (Figure 7b). This modeling
clarifies that achieving a balance between an attractive
interaction with Ti and a repulsive one with N in 4 Å-wide
grain boundaries can be used to create a pathway for hydride
ions with a significantly reduced bottleneck at the grain

boundaries. As the width of the grain boundary decreases to
3.65 Å, the repulsive interaction with the N atoms of the other
side becomes stronger, leading to diffusion of the Ti−N bridge
site through the Ti site but keeping the small diffusion barrier.
At the even narrower 2.29 Å-wide grain boundaries, the most
stable hydrogen sites change to near-Ti sites, and the diffusion
passes through hollow sites. The current results show that the
4 Å-wide grain boundary structure plays a crucial role in
significantly reducing the kinetic energy of hydride ion
conduction. Due to the toughness of TiN used as a hard-
coating material and the diffusion mechanism where hydrogen
diffuses only at the grain boundaries and not into the grain, the
TiN nanocrystalline membrane is expected to have high
durability.

■ CONCLUSIONS
We demonstrated that the H permeability of a TiN1.0
nanocrystalline membrane was driven by the fast diffusion of
hydridic defects at the loosely bound grain boundaries. The
sputter-deposited nanocrystalline TiN1.0 matrix was readily
hydrogenated when exposed to hydrogen, and Ti−H terminal
groups were formed over the surfaces of the individual
crystallites, resulting in the incorporation of hydridic defects
into the grain boundary regions. It was observed that the
selective hydrogen permeability of TiN1.0 could be realized
only when the intergrain space is about 4 Å wide. In such a
confined space, the hydrogen defects are stabilized by
attractive interactions between the hydride ion defects and
the Ti cations. Conversely, the formation of He defects does
not offer any energy gain, owing to the absence of attractive
interaction between the neutral He atom and the charged
framework, resulting in the defects not being favorably
incorporated into the grain boundary. Moreover, a fast
diffusion pathway for hydride ions is developed in the
intergranular space, with little prevailing bottleneck attributed
to the balance between the attractive interaction of the hydride
ions with the Ti cations and their repulsive interaction with the
N anions. Nanocrystalline TiN1.0 membranes with appropriate
grain boundary spaces are thus capable of hydrogen transport
with lower diffusion energy and have good potential for

Figure 6. Boundary thickness (L) dependence of the barrier heights
for interfacial dissolution and the grain boundary diffusion of H and
He atoms. The dotted line shows the barrier height for the surface
diffusion of the H atoms.

Figure 7. Top and side views of hydride ion diffusion paths (a) on
TiN(100) surfaces and (b) in the grain boundary (L = 4.3 Å). Blue,
red, and pink balls are Ti, N, and H atoms, respectively.
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application to high-throughput separation for the production
of ultrapure hydrogen at ambient temperature.
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