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Abstract >> A Pd/TiO, catalyst was prepared by a conventional impregnation

method, and further characterized using transmission electron microscopy

Received 28 September, 2017
Revised 24 October, 2017
Accepted 30 October, 2017

(TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and
UV-Vis spectroscopy. The as-prepared material was employed to accelerate de-

hydrogenation of potassium formate in the presence of light at different
temperatures. The Pd/TiO, catalyst showed distinct dehydrogenation activities,
and particularly, the material exhibited a higher turnover frequency (TOF) of
2,097 h™ at 80°C after 10 minutes in the presence of light compared to that (TOF
of 1,477 h'l) obtained in the absence of light. Numerous analytical techniques
suggest that the increased dehydrogenation activity likely originates from
light-excited electron and hole at the photocatalyst, i.e., TiO2, in conjunction with
metal-support interaction.
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1. Introduction

Hydrogen has been considered as an alternative
energy carrier to fossil fuels because of its high
gravimetric energy density'”. To realize hydrogen
economy, it is necessary to develop innovative and
economically feasible technologies for hydrogen pro-

duction, storage, and utilization. However, these key
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technologies have still several technical obstacles for
commercialization, and particularly, an efficient and
safe hydrogen storage method with high storage den-
sities is needed.

To address the issues, numerous chemical hydrogen
storage materials including NaBH43’4), NH3BH35'7), and
HCOH*” have been proposed. Owing to its relatively
high volumetric hydrogen storage capacity (53 g/L) as

2017 The Korean Hydrogen and New Energy Society. All rights reserved.



ok
HI
%
r
0l0

448 Pd/Ti02 ZOHE 0188 HCOK
|

well as physical nature, formic acid (FA, HCO,H) has
recently attracted increasing attention among the stud-
ied materials. In addition, the chemically stored hy-
drogen atoms in FA can readily be released on de-
mand in the presence of palladium based heteroge-
neous catalysts even at room temperature, producing
hydrogen (H,) and carbon dioxide (CO,) gases'.
Likewise, structurally similar compounds, metal for-
mate (MCO;H; M = Na, K, or an alkali metal) based
materials have also proved to be potential hydrogen
carriers, although their hydrogen storage densities are
relatively low.

For a chemical hydrogen storage material to be
valuable for practical applications, it is necessary to
accelerate the rate of dehydrogenation by providing
energy required to overcome a kinetic barrier. In
general, thermal energy is employed to activate rele-
vant chemical bonds from the hydrogen storage ma-
terials (e.g., FA) with a heterogeneous catalyst. For
instance, FA dehydrogenation was proceeded in the
presence of Pd catalysts at temperatures ranging
from room temperature to 60°C. In contrast to the
thermal induced dehydrogenation, light can be em-
ployed as a energy source. For example, photolysis
of formic acid was recently reported using pure,
N-doped and Au-promoted TiO,'"; the N-doped
Au/TiO; catalyst with visible light showed enhanced
photocatalytic activity by lowering the band gap of
TiO,.

We report here on the preparation and character-
ization of Pd catalysts supported on the photo-active
TiO, material. In addition, their photo-induced de-
hydrogenation activities of potassium formate are
further assessed using simulated sun light, demon-
strating that photocatalytic Ho-release activity was
significantly improved by charge transfer to Pd ac-

tive sites.
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2. Results and discussion
2.1, Catalyst preparation and characterization

TiO, support and Pd/TiO, catalyst were synthe-
sized according to scheme 1. TEM and STEM im-
ages revealed that Pd nanoparticles (NPs) were well
dispersed over the prepared TiO, support with an
average size of ca. 2.2 nm (Fig. 1). XRD patterns of
TiO, showed the clear peaks attributed to anatase
phase were presented while no peaks were observed
for rutile or other phases (Fig. 2). After immobiliza-
tion of Pd NPs on TiO,, no phase transition was ob-
served on the XRD pattern. In addition, no peaks at-
tributed to metallic Pd species were observed presum-
ably due to the small-sized Pd NPs.

1)
L, whtesusp clear saution

TiOBYs Eion GomD 1) ACOH (1.0 mL)

10 mmol ‘stirred, 30 min

white suspension
H20 (1.0 my)
stirred, 30 min
auto clave,
120°c, 200

Tio2 ‘white powder ‘white precipitation
white powder  calcined under air 1) filtered wi Hz0
ca0la 4500C,30 ) dried invacuum oven

2|
4 Pd(NO3)2Hz0 62.5 mg)
2

PAITIO,
1) fitered wj Hz0 Hz (10 %viv, Np)  dark brown powder
59

05 H20 (50 m
9 sz 9m 2) dried in vacuum oven 250 °C, 3h .0

Scheme 1. The procedure for TiO, support (1) and Pd/TiO;
catalyst (2)
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Fig. 1. TEM (a- c) and STEM (d) images of Pd/TiO,. Pd
particle size distribution was presented in Fig. 1(d) (inset)
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Fig. 2. XRD spectra of Pd/TiO2 (red) and TiO- (black)
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Fig. 3. XPS spectra of Pd/TiOz: (a) survey peaks, (b) Pd3d,
(c) O1s, and (d) Ti2p

To elucidate chemical states of Pd, Ti, and O spe-
cies, XPS analyses were conducted (Fig. 3). The Pd,
Ti and O species was clearly appeared in the XPS
survey spectrum (Fig. 3(a)). In addition, as depicted
in Fig. 3(b) and 3(c), the Pd3(d) and Ols peaks at-
tributed to Pd-O bond were observed, indicating in-
teractions between Pd (metal) and O (from TiO,, sup-
port). The interaction could occur in away that acti-
vated electrons of TiO, by irradiation of light were
transferred into Pd active sites, which enhanced the
catalytic activity of formate dehydrogenation (see be-
low). UV-vis absorption spectroscopy was addition-
ally employed to determine electronic structures of
the TiO, and Pd/TiO, materials (Fig. 4). Compared to
that of TiO,, the absorption peak of Pd/TiO, was red
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Fig. 4. UV-Vis absorption spectra of TiO, (black) and

Pd/TiO2 (red)
shifted by the interaction of Pd with the TiO;
support. Pd NPs is known to show the surface plas-
monic resonance absorption dependent on the NP
size'”. The enhanced light absorption clearly displays
a synergistic interaction of Pd NPs and TiO, where
the Pd NPs improves both reactions kinetics of FA
dehydrogenation (vide infra) and light absorption of
TiO, photocatalyst, the two most important factors

determining the efficiency of photocatalysis.

2.2. Photolysis of potassium formate over
Pd/TiO;

The photocatalytic dehydrogenation activity of
Pd/TiO, towards potassium formate was assessed at
different temperature with and without light. In a typ-
ical reaction, 150 W Xenon lamp was used as a light
source to provide a simulated sun light with light in-
tensities ranged from 100 to 300 mW/enr’. Compared
to that obtained under dark conditions, the Pd/TiO;,
catalyst showed a higher activity at each temperature
in the presence of light (Fig. 5(a)); e.g., Pd/TiO; dis-
played a turnover frequency (TOF) of 2,097 h' at
80°C after 10 min in the presence of light but ex-
hibited a TOF of 1,477 h" without light source. In
order to determine the extent of light effect as a func-

tion of temperature on catalytic activity, the TOF val-
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ues obtained at each temperature were normalized by
the TOFs of corresponding reactions conducted in the
absence of light (Fig. 5(b)). The result show that the
normalized TOFs were found to decrease with in-
creasing temperature although the apparent TOFs in-
creased with temperature, indicating that the light ef-
fect decreased as temperature increased. In other
words, thermal effect is dominant at high temper-
atures for the catalytic dehydrogenation of potassium
formate over Pd/TiO, while light effect seems to be
favored at relatively low temperatures. Next, we fur-
ther examined the influence of light intensity on the
photocatalytic activity (Fig. 6). The catalytic activity
increased as light intensity increased, whereas the
TOF under 300 mW/cm® of light was not sig-
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Fig. 5. Catalytic dehydrogenation of potassium formate over
Pd/TiO; at different temperature: (a) 80°C (light, l; dark, H),
60°C (light, @; dark, @), 40°C (light, A; dark, &), and 30°C
(light, ¥; dark ¥) and (b) TOFs (light,N; dark, &) and normal-
ized TOFs at each temperature. The light intensity was 300
mW/cm?
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nificantly improved compared to that obtained under
200 mW/em® of light.

3. Experimental
3.1. Catalyst preparation

Photo-active TiO, support was prepared by a con-
ventional hydrolysis method". First, a titanium con-
taining precursor (Ti(OBu)), 1.0 g) was added into
ethanol (30 mL) upon vigorous stirring, followed by
addition of acetic acid (CH;COOH, 1.0 mL) after 30
min. Deionized water (1.0 mL) was then added into
the solution sequentially and further stirred for 30
minutes. The resultant white suspension was trans-
ferred into an autoclave reactor, followed by hydrol-
ysis at 120°C for 20 hours. The formed white precip-
itation was filtered, washed several times with de-
ionized water, and dried in a vacuum oven for 12
hours. Finally, the resulting material was calcined at
450C for 3 hours, yielding white powder (0.7 g).

The prepared TiO, powder (0.5 g) was then used
as a support for a desired catalyst. The TiO, material
was added into the aqueous solution (50 mL) of
PA(NOs), - 2H,O (62.5 mg), which was stirred at

room temperature for 3 hours. The heterogeneous re-

800

L]
750 1 /

600

160 ZII)O 360
Light Intensity (mW/cm?)
Fig. 6. TOF values of formate dehydrogenation using

Pd/TiOz under different light intensity. The reaction was
conducted at 60°C
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action mixture was filtered, washed several times
with deionized water, and dried in a vacuum oven for
12 hours. The obtained yellowish powders were re-
duced under a H, flow (10 v/v%, N,) at 250°C for
3 hours, yielding dark brown powders (0.5 g, 4.75
wt% Pd).

3.2, Catalyst characterization

The morphology of the as-prepared Pd/TiO, cata-
lyst was analyzed by high-resolution transmission
electron microscopy (HR-TEM) and scanning trans-
mission electron microscopy (STEM) using a field
emission, FEI Tecnai microscope G2 F20 operating
at 200 kV. X-ray diffraction (XRD) studies of the
catalyst was carried out using a Rigaku Mini Flex II
instrument operating with Cu Ko X-ray source at 40
kV and 20 mA. XPS spectra were acquired with an
XPS instrument equipped with a PHI50000 Versa
Probe operating with an Al Ko X-ray beam at a
background pressure of 6.7<10"° Pa. The spectra
were calibrated by using peak of Cls at 284.6 eV.
UV-Vis absorption of the catalyst was measured by
Cary 100 UV-Vis instrument (Agilent Technologies).

3.3. Photocatalytic dehydrogenation of
potassium formate

Catalytic dehydrogenation of potassium formate
(HCO5K) was performed as follows: First, Pd/TiO,
(12.5 mg) was added into an aqueous solution of po-
tassium formate (5.0 mL, 1.0 M). The reaction mix-
ture was purged with N, at room temperature, which
was then stirred at various temperatures (30, 40, 60,
and 80°C) for 70 minutes. A photocatalytic de-
hydrogenation was carried out under the irradiation
of 150 W of Xenon lamp (USHIO) equipped with
Model 10500 Low Cost Solar Simulator with a

Vol. 28, No. 5, October 2017
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10513 90° Uniform Illumination Accessory with
Manual Shutter (ABET technologies). The power of
light source was calibrated by a light power meter
prior to a reaction. The amount of a generated gas-
eous product, H,, was measured by a gas burette
equipped with a real-time recording system after
passing through a NaOH (10 M) trap to remove a
small amount CO, byproduct. To analyze the purity
of gaseous products, in situ Fourier transformed in-
frared spectroscopy (FT-IR) was performed using a
Nicolet iS10 instrument (Thermo Scientific) equipped
with a smart OMNI-transmission accessory. In a
spectrum, neither CO, nor CO peak was observed, in-
dicating the formation of H, only during a de-

hydrogenation reaction.

4. Conclusions

A Pd/TiO, catalyst was synthesized and further
characterized using a number of analyses. The as-pre-
pared Pd/TiO, material proved to be a potentially fea-
sible catalyst for potassium formate, which is a chem-
ical hydrogen storage material. The Hp-release prop-
erties of potassium formate over Pd/TiO, were de-
termined as a function of temperature in the presence
of light. The Pd/TiO, catalyst showed increased TOFs
at every temperature in the presence of light, com-
pared to those without light. Further studies revealed
that light-driven enhancement for the activity was
dominant at low temperatures but the extent of im-
provement decreased with increasing temperature.
The enhanced Ho-release properties particularly at
low temperatures were proposed by light-driven pho-
tocatalysis at TiO»/Pd active sites in conjunction with
metal-support interaction. On the basis of the results,
Pd supported on photo-active supports are thus poten-
tially promising as catalysts for the photolysis of po-

tassium formate particularly at low temperatures.

Transactions of the Korean Hydrogen and New Energy Society <<



452 Pd/Ti02 ZOHE 0188 HCOK
|

ok
HI
gg
r
0l0

Acknowledgement

This research was supported by a grant from the

National Research Foundation of Korea (2016M-
3D1A1021142) funded by the Ministry of Science,
ICT & Future Planning of Korea, and the Korea
Institute of Science and Technology (KIST) through

the institutional project.

References

v

. N. Armaroli and V. Balzani, “The Future of Energy Supply:

Challenges and Opportunities”, Angew. Chem. Int. Ed.,
Vol. 46, 2007, p. 52.

. M. Dadfarnia, P. Novak, D. C. Ahn, J. B. Liu, P. Sofronis, D.

D. Johnson, and I. M. Robertson, “Recent advances in the
study of structural materials compatibility with hydrogen”,
Adv. Mater., Vol. 22,2010, p. 1128.

. Y. Kojima, K. I. Suzuki, K. Fukumoto, M. Sasaki, T.

Yamamoto, Y. Kawai, and H. Hayashi, “Hydrogen gen-
eration using sodium borohydride solution and metal cata-
lyst coated on metaloxide”, Int. J. Hydrogen Energy, Vol. 27,
No. 10, 2002, p. 1029.

. S.S. Muir and X. Yao, “Progress in sodium borohydride as

a hydrogen storage material: development of hydrolysis cat-
alysts and reaction systems”, Int. J. Hydrogen Energy, Vol.
36, No. 10, 2011, p. 5983.

. U. Sanyal, U. B. Demirci, B. R. Jagirdar, and P. Miele,

“Hydrolysis of ammonia borane as a hydrogen source: fun-
damental issues and potential solutions toward simple men-

ror
Hl
+
B
g
>

o3t

ol
rr
Mo
18]

11.

12.

13.

tation”, Chem. Sus. Chem., Vol. 4, No. 12, 2011, p. 1731.

. H. L. Jiang and Q. Xu, “Catalytic hydrolysis of ammonia

borane for chemical hydrogen storage”, Catal. Today, Vol.
170, No. 1, 2011, p. 56.

. Y.Kim, Y. Kim, S. Yeo, K. Kim, K. J. E. Koh, J. E. Seo, S. J. Shin,

D. K. Choi, C. W. Yoon, and S.W. Nam, “Development of a
continuous hydrogen generator fueled by ammonia borane
for portable fuel cell applications”, J. Power Sources, Vol.
229,2013, p.170.

. M. Grasemann and G. Laurenczy, “Formic acid as a hydro-

gen source - recent developments andfuture trends”, Energy
Environ. Sci., Vol. 5, 2012, p. 8171.

. B. Loges, A. Boddien, F. Girtner, H. Junge, and M. Beller,

“Catalytic Generation of Hydrogen from Formic acid and
its Derivatives: Useful Hydrogen Storage Materials”, Top.
Catal., Vol. 53, 2010, p. 902.

. J.H. Lee, J. Ryu, J. Y. Kim, S. W. Nam, J. H. Han, T. H. Lim,

S. Gautam, K. H. Chae, and C. W. Yoon, “Carbon dioxide
mediated, reversible chemical hydrogen storage using a Pd
nanocatalyst supported on mesoporous graphitic carbon
nitride”, J. Mater. Chem. A, Vol. 2, 2014, p. 9490.

A. Gazsi, G. Schubert, P. Pusztai, and F. Solymosi, "Photo-
catalytic decomposition of formic acid and methyl formate
on TiO, doped with N and promoted with Au. Production
of H2”, Int. J. Hydrogen Ener., Vol. 38, 2013, p. 7756.

Y. Xiong, J. Chen, B. Wiley, Y. Xia, Y. Yin, and Z. Y. Li,
“Size-dependence of surface plasmon resonance and oxida-
tion for Pd nanocubes synthesized via a seed etching proc-
ess”, Nano Lett., Vol. 5, No. 7, 2005, p. 1237.

M. Wang, D. Guo, and H. Lin, “High activity of novel
Pd/TiO; nanotube catalysts for methanol electro-oxi-
dation”, J. Solid State Chem., Vol. 178, No. 6, 2005, p. 1996.

H28d HMb5E 20174 10



