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Introduction

In recent years, solid state nanomaterials such as nano-
semiconductors, nanometals, nanowires, nanotubes, nano-
porous, and hollow materials are exploited in the areas of
energy and environment, especially for hydrogen storage
owing to their high hydrogen absorption or adsorption prop-
erties with different mechanisms [1-5]. These solid state
storage methods offer multiple benefits such as small size of
materials, high efficiency, low weight, and low-cost compared
with physical hydrogen storage methods (cryogenics, high
pressure compression, and liquefaction techniques). These
physical storage methods suffer from some drawbacks such
as high cost and low storage efficiency [4,5].

The research for excellent hydrogen storage materials is
always a topic of interest [4—6]. Recently, porous metal oxides
(NiO, MgO and TiO,) are studied for hydrogen storage [1—3,7—9].
Among others, TiO, possesses crucial advantages such as non-
toxic and ecofriendly properties, which are exploited in several
applications such as paints, fuel cell, solar cells, gas sensors,
hydrogen storage, antibacterial materials, and photocatalysis
[10]. There are materials which store hydrogen in the form of
hydrides and materials which adsorb hydrogen molecules onto
their surface [11,12]. Generally, hydrides function at high tem-
peratures, while physisorbents require low temperatures to
deliver sufficient sorption amounts of hydrogen. This is
because the absorption enthalpies of chemical hydrides are
normally high while adsorption enthalpies of physisorbents are
normally low (e.g. 70 k] mol ! for MgHo,; and about 3—7 kJ mol*
for carbon nanomaterials) [13,14]. Only materials functioning
by the Kubas adsorption mechanism and the spillover effect
would deliver substantial sorption capacities at temperature
near ambient and at atmospheric condition without the ne-
cessity of using a heat-swing because these materials exhibit
favored adsorption enthalpies [15,16]. Various polymorphs of
TiO, are exploited as materials for Kubas-type hydrogen
adsorption when the Ti*" is partially reduced by various
chemical agents [17]. The reduction process normally yields
Ti**, and oxygen vacancies in the materials [18]. Ti*" possesses
d* electron configuration and it has been proved by several
research groups that this Ti*" can participate in a 5-7 bonding
motif with multiple dihydrogen molecules [19-22]. On the
other hand, Ag nanoparticles have been employed as hydrogen
adsorption materials because their capability of hydrogen
sorption by spillover [23,24]. In this work, we exploit the
chemically reduced TiO, as a hydrogen adsorption material and
as a carrier to accommodate large quantities of Ag nano-
particles to enhance the sorption significantly by spillover
mechanism. To the best of authors' best knowledge, this is the
first report on mesoporous Ag/TiO, nanocomposite fabricated
and applied for hydrogen storage studies.

Experimental procedure
Materials and methods

For the preparation of pure TiO, and nanocomposite Ag/TiO,,
the following chemicals were essential which were obtained

from Sigma-Aldrich; silver acetate, titanium tetra isoprop-
oxide (TTIP), citric acid, cetyltrimethyl ammonium bromide
(CTAB) and isopropyl alcohol and entire aqueous solutions
were prepared by double distilled water.

Preparation pure TiO, and TiO,/Ag nanocoupled system

The sol-gel method was implemented for the preparation of
pure TiO, material. In the beginning, 150 ml of is isopropyl
alcohol solution was mixed with 30 ml of TTIP solution under
vigorous stirring condition (600 rpm). Then, 0.5 mol of
aqueous citrate solution (citric acid dispersed in deionized
water) were added dropwise into the above solution. Subse-
quently, the colloidal gel solution was dried at room temper-
ature for the materialization of TiO, pre-synthesized powder.
At this stage, we differentiated the synthesis of pure TiO, and
Ag/TiO, nanocomposite system. The pre-synthesized TiO,
powder was calcined in a muffle furnace at 400 °C for 1 h and
TiO, nanopowder was obtained. The preparation of the
nanocomposite Ag/TiO, system adopted the thermal decom-
position method reported previously [25,26]. In this work, we
used as-synthesized TiO, powder and silver acetate (90:10
weight ratio) as raw materials. Then, the mixed raw materials
were grounded for ~3 h using agate pestle and mortar. After-
wards, the grounded as synthesized mixed materials were
calcined at 400 °C for 1 h to deliver nanocomposite Ag/TiO,.

Characterization details

The XRD patterns of the synthesized materials were collected
on an X-ray diffractometer (D5000 diffractometer, Siemens,
USA) with CuK,; (A = 1.5406 A) radiation, structural informa-
tion of synthetic materials were obtained by analysis of the
XRD patterns. The morphological and internal structural re-
marks were examined via high resolution transmission elec-
tron microscopy (HR-TEM), selected area electron diffraction
(SAED) and high-angle annular dark-field (HAADF) images
using TEM, FEI TITAN G2 80-s300, operated at 300 KeV. The X-
ray photoelectron spectroscopy (Thermo Scientific Escalab
250Xi) was used to find surface concentration and its oxida-
tion states of the prepared materials. Nitrogen adsorption was
conducted on a Micromeritics ASAP 2020 (USA) at 77 K. The
pore size and pore volume were calculated by applying BET
model on the nitrogen desorption data.

Measurements of hydrogen adsorption capacity of TiO,/Ag
nanocomposite

For evaluating the hydrogen adsorption of the prepared
porous Ag/TiO, nanocomposite, the quartz-crystal microbal-
ance (QCM) method was used [27,28]. Before the measure-
ment, the sample was dispersed in isopropanol alcohol for
sonication for 5 min. After that, the dispersed solution was
deposited onto the top face of a quartz crystal (QC) and dried
in air at room temperature. Then, the QC was placed on the
head of the QCM system (from MDC model SQM-310). The
above system was kept inside a stainless steel vacuum
chamber. The temperature of the QC was maintained around
20 °C during the whole measurement process using water
cooling. Afterwards, the inner atmosphere of the vacuum
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chamber was evacuated with the help of rotatory and turbo
pumps. Once, the chamber vacuum level was attained at
7 x 107® Torr, the vacuum gate valve was closed. Then, certain
amounts of H, (Indura, 99.995%, O, < 5 ppm, H,0O < 8 ppm,
CO, + CO < 4 ppm, N; < 20 ppm, and THC < 5 ppm) were
injected in the chamber through a needle valve using different
pressures between 3 and 100 Torr. The mass changes upon H,
adsorption by the samples were determined by monitoring in
situ changes of resonance frequency of QC during 7 min. After
H, exposure, the chamber was evacuated and again the above
step was repeated for increasing the exposure pressure value.
From the monitored data, the resonance frequency versus
time curve indicates the change of resonance frequency (Af).
The relationship between the mass added (Am) to the QC due
to H, adsorption and the shift in its resonance frequency (Af) is
represented by the Sauerbrey equation [27,28]:

2 2

A%/,f-—fm (1)
where f, = resonance frequency of the fundamental mode (Hz),
Af =frequency change (Hz), Am = mass change (g), A = effective
area of the QC (cm?), p = density of the QC (g/cm?), and u = bulk
modulus for QC. The above equation specifies that the negative
variation of the QC resonance frequency is dependent on the
mass gain of the prepared samples upon H, adsorption ability.
Further details of the Sauerbrey's equation and its description
can be found from the previous reports [27,28].

Af = —

Results and discussion

The structural confirmation of the synthesized materials is
scrutinized via powder XRD technique and their resultant
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Fig. 1 — XRD pattern of the prepared materials.

diffraction patterns are represented in Fig. 1. From the
diffraction results, the pure TiO, material is well coordinated
with tetragonal (JCPDS card no: 21-1272) anatase phase crystal
structure. The lattice parameter of the pure TiO, is resulted at
a=Db=23789 +0.009 A and ¢ = 9.505 + 0.012 A, by Rietveld
refinement. Furthermore, the prepared (via thermal decom-
position method) Ag is screening, which shows face centered
cubic crystal structure (JCPDS card no: 89-3722) with the lattice
parameter value is a = 4.093 + 0.011 A. The crystallite size of
the synthesized materials is intended by Scherrer formula and
the values are presented in Table 1. The XRD result of the
composite demonstrates that the incorporated Ag doesn't
change the TiO, structure and vice versa. In this case, the
formation of only metallic Ag is expected thanks to the use of
CH3COOAg. If other precursors, e.g. AgNOs, is used, the
decomposition products would contain mixed oxidation
states of Ag, thus, an extra step is required to reduce them to
pure metallic Ag.

The TEM, SAED, HR-TEM and HAADF images are exposed
shape, size and structural evidence of the Ag/TiO, material. In
Fig. 2a spectacles the TEM image of the synthesized Ag/TiO,
materials and their outcome visibly epitomized that the tiny
Ag nanoparticles are indiscriminately incorporated on the
TiO, surface which symbolizes spherical in shape. The
4 nm—6 nm sized spherical small Ag particles were homoge-
neously decorating the larger 11 nm—13 nm sized TiO, parti-
cles (particle size distributions were shown in Fig. 1 SI).

The SAED image (Fig. 2b) of Ag/TiO, describes the d-space
values alongside with their consistent hkl planes, which are
denoted that cubic Ag beside with tetragonal TiO,. The SAED
outcomes are well accordance with XRD results.

On the other hand, for the close surveillance of the HR-TEM
image (Fig. 2c) fascinatingly shows many line dislocation de-
fects which are circulated in the image. Interim, the HAADF
image (Fig. 2d) is reputed that the tiny Ag nanoparticles are
scattered in the TiO, matrix. After the accumulation of Ag, the
“pore or voids” are elevated in-between TiO, surface. During
thermal decomposition, the condensation and nucleation
progress lead to “pore or voids” in the Ag/TiO, materials [29].
Therefore, the morphological appearance of Ag/TiO, is signi-
fied that asymmetrical void space revolution and tiny Ag
nanoparticles are incorporated into the TiO, materials.

The synthetic Ag/TiO, is studied by X-ray Photoelectron
Spectroscopy (XPS). Fig. 3a shows the survey spectrum of the
Ag/TiO,; on which Ti, Ag, O, and C elements are detected. The
HR-XP spectra of Ti 2p, Ag 3d, O 1s binding energies are cor-
rected by using the C 1s peak (284.8 eV) as the standard. The
HR-XP spectrum (Fig. 3b) of Ti 2p is attainable in the Ag/TiO,
nanomaterials. This system has two prominent Ti 2p peaks
which are responsible for the Ti 2p ' and Ti 2p 3/2 (5.7 eV
difference), which mostly represent Ti*' state [30,31]. The
existence of small quantities of Ti*' species in the Ag/TiO, is

Table 1 — XRD crystallite size and textural information of prepared materials.

Samples XRD crystallite size (D)- nm Textural information

TiO, Ag Pore volume BJH (cm®/g)  Pore diameter BJH (nm)  Surface area BJH (m%/g)
TiO, 14.5 - 0.117 1.956 245.30
Ag/TiO, 13.4 9.2 0.332 17.21 75.59
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Fig. 2 — (a) TEM image of TiO,/Ag (b) SAED pattern of TiO,, (c) HR-TEM image of TiO,/Ag and (d) HAADF image of TiO,/Ag
nanocomposite.
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proved in the literature [32—34]. Compared with pure TiO,
(Fig. 2, SI), the Ti 2p peaks of Ag/TiO, are shifted in lower
binding energies. This reflection is due to the highly-dispersed
silver nanoparticles or existing defects lead to formation Ti**
state. This observation is reported in the literature [30,35,36].
However, accurate quantification of those Ti*" species re-
mains a challenge since they have low concentrations and are
scattered within the materials [26].

The HR-XP spectrum of Ag 3d is demonstrated in Fig. 3c
and their reliable binding energies are observed at 366.3 eV
and 372.3 eV that postulates Ag 3ds/, and Ag 3ds/, peaks with
the deviation of 6 eV [31]. This proves the existence of metallic
silver in Ag/TiO, system, being agreed with XRD and HR-TEM
results.

The textural information including porous volume, size,
and specific surface area of the synthesized materials were
evaluated by the BJH method and the values are denoted in
Table 1. The pore distribution curves of TiO, and Ag/TiO,
materials were shown in Fig. 4. The insets represent nitrogen
(N,) adsorption-desorption isotherms. The appearances of
hysteresis loop of Ag/TiO, is exposed H3 type and it is entirely
varied from pure TiO, system (which typically represents H4
type). This is due to nucleation and condensation process
which lead to line defects, which creates “holes or big pores”
on the Ag/TiO, surface [29].

Hydrogen storage by quartz crystal microbalance method

For the first time, the hydrogen adsorption behavior of Ag/
TiO, nanocomposite is reported, even though some re-
searchers have previously focused on theoretical studies [37].
The hydrogen storage capability of the prepared nano-
composite is measured using a quartz crystal microbalance
based on QC resonance frequency change as a function of
time when the sample is exposed to H, gas.

Fig. 5a and b depict the QC resonance frequency vs. time at
different H, exposure pressures for TiO, and Ag/TiO, nano-
composite. We can obviously find out the different frequency
shifts (Af) depending on the exposure pressure for the calcu-
lation, the adsorbed hydrogen mass and determination of its
storage capacity (wt. %) of the prepared nanocomposite, by
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using Saurbrey's equation (equation (1)). Fig. 5c represents the
hydrogen adsorption behavior of the synthesized nano-
composite under different H, exposure pressures. The bare
TiO, adsorbs about 0.251 wt% at 100.2 Torr, while the Ag/TiO,
nanocomposite exhibits 0.917 wt% at 96.2 Torr under the same
conditions. The presence of Ag nanoparticles enhances the
adsorption capacity by 3.65 times. In this case, the effect of
embedded noble metal nanoparticles is significant. Similarly,
Sun et al. reported that hydrogen uptake capacity of meso-
porous NiO is 0.08 wt% at 135 bar and the adsorption capacity
is almost tripled after the addition of platinum metal into the
mesoporous NiO, the Pt/NiO shows 0.22 wt% at 120 bar; this
enhancement is attributed to the existence of metallic Pt
clusters that change the electronic structure of NiO [38].
Hydrogen adsorption ability of the synthesized bare TiO, is
superior (0.251 wt%) at low pressure (100.2 Torr) compared
with previously reported data of TiO, and other metal oxides
such as NiO and MgO [17,38]. The significant performance of
bare TiO, could be attributed to its high surface area (245.3 m?/
g) and anatase phase purity, which are established by BET and
XRD results. The adsorption power and thermodynamic sta-
bility of anatase phase is better than the rutile phase and this
influences the hydrogen uptake capacity [39,40]. However,
other publications reported higher hydrogen uptake perfor-
mance [39—41]. This variation is due to morphology, surface
area, pore size, and oxidation state of Ti [17,39,40]. Although,
Hoanget al. clearly explained that the surface area alone is not
the most important factor for hydrogen storage [17]. More-
over, the Ti*" state (anatase or rutile) exhibits weaker Kubas
interaction for hydrogen storage compared with the activity of
Ti** [17,18,39].

Compared with the adsorption capacity of pristine TiO,,
the Ag/TiO, nanocomposite shows more than 3.65 times
higher hydrogen storage capacity. Likewise, this nano-
composite exhibits better results compared with other
hydrogen storage reports related with carbon nanotubes
(CNT), metal covered with metal organic frame work (MOF),
and MCM-41 [39,41—44]. The reason for the enhancement of
hydrogen storage is as follows: the characterization results
clearly specified that after the incorporation of metallic Ag on
the surface of TiO,, the electronic structure of TiO, is changed,
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Fig. 4 — Pore distribution curves of (a) TiO, and (b) Ag/TiO, materials (inserted images represented nitrogen (N,) adsorption-

desorption isotherms).
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behavior of the prepared TiO, and Ag/TiO, nanocomposite as a function of the H, exposure pressure.

the Ti** state is partially reduced to Ti** which is in agreement
with the HR-TEM and XPS results. According to the 18-electron
rule, up to five hydrogen molecules could be adsorbed by a
single Ti** species [17,18]. Therefore, Ag/TiO, nanocomposite
containing Ti*" state is central for increasing hydrogen
adsorption [17,18]. Moreover, a change in the oxidation state
of titanium and the existence of metallic Ag makes strong
interactions between hydrogen gas molecules with the Ag/
TiO, materials. This interaction is potential for bonding of
multiple hydrogen molecules with Ag/TiO, nanocomposite
surface [17,18,45]. Furthermore, Ag nanoparticles are able to
enhance hydrogen adsorption via spillover effect [23,46]. This
may contribute significantly to the outstanding hydrogen
adsorption of the Ag/TiO, nanocomposite. Previous studies
reported that addition of Ag nanoparticles into carbon nano-
tubes increases the hydrogen sorption capacity by 40%
(equivalent to a magnification of 1.4 times) at 298 K and 23 atm
of H,. After doping Ag on the TiO,, we observe an enhance-
ment of 3.65 times at a much lower testing pressure
(96.2 Torr). This significant augmentation must be attributed
to adsorption, Kubas binding of Ti*" generated by linear de-
fects, and spillover. The combination of Ag nanoparticles and
the porous TiO, is very unique due to the reducibility of Ti*" in
the TiO, framework by Ag. Such a unique partnership is not
observed on Ag-doped SiO, or Ag-doped carbon nanotubes
because SiO, and carbon nanotubes are generally non-
reducible materials. The optimization of Ag concentrations

in the Ag/TiO, composite is necessary for constructing supe-
rior hydrogen storage material at low pressure and this is one
of the tasks for our future work. Huizinga and Prins studied
hydrogen adsorption on Pt/TiO, and proved that the spillover
effect introduces the formation of H atoms, which could react
with Ti** to create protons and Ti** [47,48]. Such a phenom-
enon may happen in Ag/TiO, nanocomposite, the H, mole-
cules are dissociated into H atoms, which may react with Ti*"
to introduce more Ti*" on the surface. The enrichment of Ti*"
concentration would accommodate even higher hydrogen
adsorption capacity via Kubas binding mechanism. This
means the very first absorbed H, molecules initiate a syner-
gistic effect, which reversely enriches the concentration of
Ti*" and this Ti*" is to provide more sorption centers for the
newcomer hydrogen molecules.

Conclusion

The Ag/TiO, nanocomposite has been prepared characterized
physically. Cubic Ag nanoparticles are scattered on the sur-
face of the tetragonal anatase TiO, and partially reduce the
TiO, carrier. As a result, Ti>* is exist in the materials and the
Ag/TiO, exhibit higher hydrogen adsorption capacity than the
bare TiO, — up to 3.65 times. The outstanding enhancement
may be due to the co-performance of Kubas-type hydrogen
adsorption and spillover mechanism.
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