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ABSTRACT: Solar energy harvesting and hydrogen models based on metal—organic frameworks,'” metal hydrides,*’
economy are the two most important green energy and boron—nitrogen materials®® have been established and
endeavors for the future. However, a critical hurdle to examined intensively.

the latter is how to safely and densely store and transfer To achieve economical and high-density hydrogen storage, it is
hydrogen. Herein, we developed a reversible hydrogen preferable to construct the system based on abundant and
storage system based on low-cost liquid organic cyclic lightweight elements. In this regard, a promising strategy is to add
hydrocarbons at room temperature and atmospheric hydrogen to the unsaturated aromatic hydrocarbons that contain
pressure. A facile switch of hydrogen addition (>97% only carbon and hydrogen atoms.*> For instance, benzene, the
conversion) and release (>99% conversion) with superior simplest aromatic, can bear six hydrogen atoms to form
capacity of 7.1 H, wt % can be quickly achieved over a cyclohexane through a metal-catalyzed hydrogenation reaction.”
rationally optimized platinum catalyst with high electron Obviously, as one of the most widely used industrial
density, simply regulated by dark/light conditions. petrochemicals, the bulk market price of benzene (less than
Furthermore, the photodriven dehydrogenation of cyclic one dollar per kilogram) is highly competitive with other
alkanes gave an excellent apparent quantum efficiency of hydrogen storage materials. Furthermore, both benzene and
6.0% under visible light illumination (420—600 nm) produced cyclohexane (hydrogen carrier) are very stable and
without any other energy input, which provides an readily available for transportation using the current liquid fossil
alternative route to artificial photosynthesis for directly fuel distribution infrastructure. However, this potential hydrogen
harvesting and storing solar energy in the form of chemical storage system suffers from a severe limitation that the
fuel. dehydrogenation of cyclohexane is highly endothermic. Owing

to the large positive Gibbs free energy (Figure S1), an elevated
temperature (>300 °C) is always required for hydrogen release,”*

S ince the first discovery of water photolysis on TiO, which is not suitable for practical applications and also inevitably
electrodes by Honda and Fujishima in the early 1970s, results in the formation of coke.

utilizing solar energy to either produce renewable fuels'™> or Based on our recent work on the photoinduced methane
trigger valuable transformations*~” has become one of the most COTIV'31‘SiOIl,25_27 we reasoned that photoenergy should be
sustainable and promising strategies to solve the growing global effective to overcome the intrinsic thermodynamic constraint
concerns on energy supply and environmental issues,” which are of activating C—H bonds of cyclic alkanes and access easy
among the biggest challenges facing our society today. Thus far, a hydrogen release under ambient conditions. Herein, we designed
variety of artificial photosynthesis systems have been established a reversible hydrogen storage/release cycle based on the metal-
to fix the energy of sunlight into chemical energy, which include catalyzed hydrogenation and photoinduced dehydrogenation of
the photocatalytic conversion of water’ ! and carbon organic cyclic hydrocarbons at room temperature. More
dioxide'®"® into useful molecules (e.g, Hy, CO, and hydro- importantly, the cleavage of six covalent C—H bonds from one
carbons) and their applications in the fuel-cells for power cyclohexane molecule to form hydrogen and benzene stores

comparable amount of energy to that of splitting one water
molecule (egs 1 and 2), indicating a new approach to the solar
energy harvesting.

generation.'*'® Specifically, clean H, produced from the water-
splitting reaction is a very attractive energy storage carrier due to
its exceptional mass energy density (142 MJ kg™'), which is ';12
least three times higher than that of other chemical fuels. _

Unfortunately, the problem of hydrogen storage and trans- 2H,0(g) = 2Ha() + Oslg),  AHgm = 484 KJ/mol
portation is a major obstacle to employing hydrogen as a
universal fuel since hydrogen has a very low volumetric density at
ambient conditions. This has prompted great efforts to replace

(1)

CeHiy(g) = CsHy(g) + 3H,(g),  AH(o5¢) = 206 kJ/mol

the current method of using compressed gas hydrogen (30—70 (2)
MPa) or liquid hydrogen (—253 °C) in tanks.'” The major

challenge is how to design a high capacity system with superior Received: April 9, 2015

reversibility that can realize both hydrogen release and Published: June 10, 2015
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Metal—semiconductor hybrids are ideal candidates for the
fabrication of visible-light photocatalysts. In order to develop an
efficient catalyst for the hydrogen release from cyclohexane
under visible light, we synthesized a series of noble metal (Au, Pt,
Pd, Ir, and Ru) modified TiO, nanoparticles (NPs) by chemically
reducing the corresponding metal precursors in a NaBH,
aqueous solution in the presence of commercialized Degussa
P2S TiO, (particle size, ~25 nm; Brunauer—Emmett—Teller
(BET) surface area, 55.2 m *g™'; anatase/rutile phase ratio, 4/1)
at room temperature. The as-synthesized metal@TiO, hybrid
materials were tested as photocatalysts for the nonoxidative
dehydrogenation of cyclohexane under visible light (>420 nm)
from a 300 W xenon lamp. To eliminate the photothermal effect,
a cooling system was employed to keep the reaction temperature
constant at 20 °C. Pt@TiO, NPs gave the highest photocatalytic
activity for the dehydrogenation reaction among all the samples
tested under identical conditions (Figure S2). We then set out to
further optimize Pt@TiO, NPs by altering the Pt content,
NaBH, concentration, and pH value during the preparation
procedure (Table S1). Finally, the optimized Pt@TiO, NPs with
a platinum content of S wt % were carefully prepared by using 20
equiv of NaBH,, (in terms of platinum) at pH 10, designated as
Pt@TiO,—N. Transmission electron microscopy (TEM, Figure
lab) images revealed that Pt species were highly dispersed on
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Figure 1. General characterization. (a) Low- and (b) high-resolution
TEM images, (c) size distribution, and (d) powder X-ray diffraction
patterns of the as-synthesized Pt@TiO, NPs with a platinum content of
S wt %.

the surface of TiO, with an exposed (111) facet. The Pt size
distribution derived from TEM measurements fits well in a
logarithmic normal distribution with a mean diameter of 3.2 nm
(Figure 1c). The powder X-ray diffraction (XRD) measurements
confirm the formation of metallic Pt’ species with a high degree
of crystallinity since three characteristic peaks of Pt’ at 26 = 41°,
46°,and 67° can be clearly detected from the sample (Figure 1d).

The photocatalytic cyclohexane dehydrogenation reaction
over the optimal Pt@TiO,—N led to the formation of benzene
with nearly stoichiometric amounts of H, (3 equiv). Using 10 mg
of Pt@TiO,—N and 100 umol of cyclohexane, a conversion of
99% and a benzene selectivity of nearly 100% were achieved after
2 h of visible light irradiation (Figure 2a). The carbon mass
balances during the conversion were close to 100%, and only a
trace amount of methane and carbon dioxide byproducts were
detected by gas chromatography. The control experiments have
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Figure 2. Visible-light-driven cyclohexane dehydrogenation reactions.
(a) Cyclohexane conversion and hydrogen release over different Pt-
modified catalysts under visible light. (b) XPS spectra of Pt 4f for the
different Pt modified catalysts. Reaction conditions were as follows: 100
umol of cyclohexane and 10 mg of Pt@TiO,—N upon visible light
(>420 nm) irradiation for 2 h (or 24 h in the cases of other catalysts) at
20 °C.

shown that the reaction does not proceed at all in the dark or in
the absence of Pt species (exemplified by using pure TiO,),
confirming that the dehydrogenation of cyclohexane to benzene
by Pt@TiO,—N is a photocatalytic process and the Pt species
behave as the active sites for reaction.

To gain a better understanding of the nature of the catalytic
active sites, we have prepared another Pt-modified TiO, through
the photoreduction of PtCls>™ precursor in a mixture of
methanol/water solution (designated as Pt@TiO,—M). Inter-
estingly, although the content, shape, and size of Pt species in
Pt@TiO,—M are similar to those in Pt@TiO,—N, as confirmed
by TEM and XRD, the photoactivity of Pt@TiO,—M, however,
was very low for cyclohexane dehydrogenation under the same
reaction conditions (Figure 2a). As shown in the X-ray
photoelectron spectroscopy (XPS) spectra (Figure 2b), the Pt
4f peaks of Pt@TiO,—N are negatively shifted (704 eV)
compared to the standard binding energies of metallic Pt° (71.1
eV),”® indicating that the Pt species in Pt@TiO,—N possess a
fraction of negative charge; whereas the Pt 4f peaks of Pt@
TiO,—M remain almost unchanged (71.0 eV). These results
imply that the Pt species with high electron density, which can act
as Lewis base sites, are highly beneficial to the dehydrogenation
process.

Besides TiO,, GaN and Al,O; were also used as supporting-
substrates for the cyclohexane dehydrogenation reaction. As
shown in Figure 2a, the performances of Pt@GaN—N and Pt@
Al,O;—N were very poor under visible light irradiation, although
the band gap and band position of GaN are similar to TiO,. The
binding energy of Pt deposited on GaN or Al,Oj is also higher
than that on TiO,, as evidenced by XPS (Figure 2b). Compared
with other supports, a strong chemical interaction between
platinum metal and TiO, support exists due to the electron
transfer from TiO, to Pt, which is called “strong metal-support
interaction (SMSI)” and first reported by Tauster et al.”* The
electron transfer from TiO, to Pt is the reason for the formation
of negatively charged Pt species. Specifically, under the reduction
of NaBH,, TiO, will generate oxygen vacancies and Ti** defects
in the vicinity of Pt metal, which results in electron transfer from
Ti** to Pt particles.®® These results indicate that TiO, support
draws a significant effect on the catalytic performance through
altering the electronic property of the loaded Pt species.>!

Nanosized Pt is a visible-light-active species due to the
intraband electron transitions,””*> whereas TiO, substrate can
only absorb photons in the ultraviolet region. Therefore, the
metallic Pt species in this study essentially act as both sensitizers
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to absorb resonant photons and active sites to facilitate the
dehydrogenation reaction. As illustrated in Figure S3, upon
visible light irradiation, the photoexcited hot electrons of Pt
species can be temporarily added to an empty C—H o*-
antibonding orbital of the adsorbed cyclohexane to actively and
homolytically cleave its C—H bond, followed by the formation of
an H atom, which then couples with another H atom to produce
H,. It is worth pointing out that the alkane dehydrogenation
process does not consume extra electrons,”® and thus, the
photoexcited electrons will finally fall back to Pt. This mechanism
is consistent with the experimental and XPS results that the Pt
species with high electron density (low electron binding energy),
which can offer electrons efficiently, are critical to access a high
reactivity to the cyclohexane dehydrogenation reaction under
visible light.

To identify the effective spectral range and quantum efficiency,
wavelength dependence experiments were carried out using a
series of filters. As shown in Figure 3, the photocatalytic activity
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Figure 3. Apparent quantum efficiency (AQE) (red line and hexagon
symbol, left axis) and released H, (blue columns, right axis) as a function
of wavelength of the incident light. The inset shows a typical powdered
Pt@TiO,—N sample spread evenly at the bottom of the closed quartz
reactor.

still remained a high level around 600 nm but decreased
dramatically when the wavelength of light irradiation was longer
than 700 nm. The apparent quantum efficiency (H, produced
per photon consumed) between 420 and 600 nm was calculated
to be ca. 6.0%, which rivals previously reported best performing
solar water slitting devices without any external bias voltage.

During the cyclohexane dehydrogenation reaction, only
cyclohexene intermediate was observed, whereas 1,3-cyclo-
hexadiene was not detected. The control experiment indicated
that 1,3-cyclohexadiene can either directly lose hydrogen to form
benzene or react with cyclohexene to form benzene and
cyclohexane over Pt@TiO,—N under visible light irradiation.
Both reactions are extremely fast (within few seconds). However,
cyclohexene was converted into a mixture of cyclohexane (ca.
60%) and benzene (ca. 40%) in the presence of Pt@TiO, with a
conversion rate much faster than cyclohexane but much slower
than 1,3-cyclohexadiene. Taken together, a plausible mechanism
was proposed in Scheme 1. The reaction starts with the activation
of cyclohexane C—H bonds on the exposed Pt facets. Upon
visible light irradiation, cyclohexane loses two hydrogen atoms to
form cyclohexene. 1,3-Cyclohexadiene produced from the
further dehydrogenation of cyclohexene can quickly go through
the dehydrogenation process or react with cyclohexene to form
benzene.

After the dehydrogenation reaction, the produced hydrogen
can very slowly add back into benzene to form cyclohexane again
under darkness at room temperature in the presence of Pt@
TiO,—N. In contrast, no hydrogenation product was obtained in
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Scheme 1. Proposed Photocatalytic Dehydrogenation
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the absence of Pt@TiO,—N. The hydrogenation process can be
accelerated dramatically under slightly higher temperature. As
shown in Figure 4a, a hydrogenation conversion of 97% can be
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Figure 4. Kinetic studies on the hydrogen addition and release
processes. (a) Time courses of hydrogen addition (300 ymol) onto
different aromatics (100 gmol) over Pt@TiO,—N under dark at 50 °C.
(b) Plots of hydrogen release from different cyclic alkanes (100 ymol) as
a function of time over Pt@TiO,—N under visible light irradiation
(>420 nm) at 20 °C. (c) Kinetic isotope effects in the dehydrogenation
and hydrogenation processes.

achieved within 1 h at 50 °C. Furthermore, toluene/
methylcyclohexane and xylene/1,4-dimethylcyclohexane sys-
tems also work well for hydrogen storage (Figure 4a) and
release (Figure 4b) under the same conditions, indicating a wide
applicability of our strategy.

To gain the mechanistic insights of different hydrogen transfer
steps, the deuterium kinetic isotope effects (KIE) for both
dehydrogenation and hydrogenation processes were determined
comprehensively (Figure 4c). In the case of the dehydrogenation
reaction, a high KIE (ky/kp) of 5.8 was determined through
parallel reactions by using the same amount of cyclohexane and
cyclohexane-d;, (C4D),), indicating that the C—H bond cleavage
is the rate-determining step. However, kinetic studies for the
hydrogenation reaction were performed by using four different
combinations including benzene/H,, benzene/D,, benzene-ds/
H,, and benzene-ds/D,. The hydrogenation rate of benzene/D,
was much lower than that of benzene/H, (ky/kp = 3.5), whereas
a large inverse secondary isotope effect was observed in benzene-
d¢/H, (kH/ kD = 0.59) since the hybrldlzatlon of carbon changes
from sp” to sp* during the reaction.** In benzene-d¢/D, case, the
overall KIE value is close to one since both primary isotope and
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inverse secondary isotope effects exist in the system, which can
neutralize each other to a certain extent.

In summary, our detailed studies have shown that the
abundant and low-cost petrochemicals can be made possible
for large scale reversible hydrogen storage/release. The apparent
quantum efficiency for solar-to-hydrogen conversion can reach
6% under white light illumination, which can be further improved
by optimizing the photon absorption. Compared with on-board
hydrogen storage, this strategy is more promising for stationary
applications due to the requirement of light. The efforts to
further reduce the amount of Pt and develop other inexpensive
metal catalysts are in progress.
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