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Visible light assisted hydrogen generation from
complete decomposition of hydrous hydrazine
using rhodium modified TiO, photocatalysts¥
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Hydrogen is considered to be an ideal energy carrier, which produces only water when combined with
oxygen and thus has no detrimental effect on the environment. While the catalytic decomposition of
hydrous hydrazine for the production of hydrogen is well explored, little is known about its photocatalytic
decomposition. The present paper describes a highly efficient photochemical methodology for the pro-
duction of hydrogen through the decomposition of aqueous hydrazine using titanium dioxide nanoparticles
modified with a Rh() coordinated catechol phosphane ligand (TiO,—Rh) as a photocatalyst under visible
light irradiation. After 12 h of visible light irradiation, the hydrogen yield was 413 pmol g‘1 cat with a hydro-
gen evolution rate of 34.4 pmol g~ cat h™. Unmodified TiO, nanoparticles offered a hydrogen yield of
83 pmol g~* cat and a hydrogen evolution rate of only 6.9 umol g cat h™. The developed photocatalyst
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was robust under the experimental conditions and could be efficiently reused for five subsequent runs
without any significant change in its activity. The higher stability of the photocatalyst is attributed to the
covalent attachment of the Rh complex, whereas the higher activity is believed to be due to the synergistic
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Introduction

Hydrogen is considered to be an ideal, environmentally safer
and clean energy carrier which can decrease the environ-
mental pollution caused by the use of fossil fuels." The major
limitation in using hydrogen as an energy carrier is, however,
related to its high mass to volume ratio making its storage in
compressed or liquid form very difficult. The development of
safer and efficient approaches for the storage of hydrogen has
consequently become a subject of prime importance in recent
decades. Despite significant progress in this area, the effective
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mechanism that resulted in better electron transfer from the Rh complex to the conduction band of TiO,.

storage of hydrogen still remains a challenging issue. So far, a
large number of solid materials including BN adducts such as
ammonia borane” and hydrazine-borane® have been explored
as potential hydrogen storage materials as they have low mole-
cular weight and high hydrogen density. In addition, various
metal hydrides* and metal organic frameworks (MOFs)® have
also been investigated as efficient hydrogen storage materials;
these materials liberate, however, hydrogen at elevated temp-
eratures. For practical and technological aspects, hydrogen
liberation at a lower temperature is aimed. Chemical hydrogen
storage in the form of hydrocarbons and oxygenated hydro-
carbons is important due to their high energy density and
transportation, but they produce carbon dioxide as a by-
product, a greenhouse gas.

In recent decades, hydrazine monohydrate (NH,NH,-H,0)
has been acknowledged as ideal for hydrogen storage due to
its hydrogen content being as high as 8.0 wt%, liberating nitro-
gen as the only by-product. A number of efficient catalysts for
the decomposition of hydrazine to hydrogen and nitrogen
even at ambient temperature have been reported lately.®
Rhodium-nickel nanoparticles supported on graphene oxide
were used by Wang et al. for hydrogen evolution from hydra-
zine hydrate with 100% selectivity at ambient temperature.”
Singh et al. described a nickel-iridium bimetallic catalyst
stabilized with cetyltrimethylammonium bromide (CTAB) for
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the degradation of hydrazine to hydrogen.® Tong et al. investi-
gated multiwalled carbon nanotube supported iron-boron
catalysts (Fe-B/MWCNTS), prepared via the chemical reduction
of aqueous sodium borohydride with iron chloride, for the
degradation of hydrazine hydrate.” All these reports are based
on the use of expensive catalytic systems, which require
tedious synthetic procedures.

Semiconductor based photocatalysts such as TiO,, ZnO,
InVOy,, (Ga;_xZn,)(N;_,Oy), etc. could be interesting alternative
materials. These catalysts are widely used for solar light driven
photocatalytic degradation of dyes and pollutants, oxidation of
volatile organic materials as well as for hydrogen generation
and CO, reduction."® Among them, titania (TiO,) due to its
non-toxic nature, low cost and availability has been most
extensively used. Due to its wide band gap of 3.2 eV for the
anatase form, TiO, absorbs only in the UV region, which
accounts for only 5% of the total solar radiation. A number of
approaches including doping with metals (Cu, Au, Pt, etc.),
nonmetals (C, N, S, I, etc.) and sensitization with dyes have
been suggested to enhance the absorbance in the visible
region.'' The lower quantum efficiency and the premature sep-
aration of intermediates from the catalytic surface are the
prime factors for poor selectivity of the desired product.

Besides semiconductor based photocatalysts, transition
metal complexes based on Ru, Ir, Rh, Pt and Mo complexed
with ligands like bipyridines, phosphines, porphyrins, phthalo-
cyanines or others have been identified as reliable photocata-
lysts for the hydrogen evolution reaction. Brewer et al. showed
that a mixed-metal Rh™-centered [{(bpy),Ru(dpp)},RhBr,]*"
complex has better light collecting power due to the presence
of three metal centres, resulting in higher hydrogen evolution
yields."* However, such molecular photocatalysts are homo-
geneous in nature and suffer from non-recyclability and do
require sacrificial electron donors. These problems can be
overcome by grafting of molecular complexes to photoactive
semiconductor supports in which both components can work
synergistically. Furthermore, the heterogeneous nature of such
photocatalytic platforms provides facile recovery and recycling
of the photocatalyst. Recently, Takanabe et al. reported that
magnesium phthalocyanine immobilized to mpg-C3N, poly-
meric semiconductor supports via n-n interactions provides
enhanced hydrogen yields from aqueous solution when com-
pared to the homogeneous analogue.'® Zhang et al. used TiO,
modified with a binuclear complex of ruthenium
[Ru,(bpy)4(BL)](ClO,4), for photosensitized hydrogen pro-
duction from water with an apparent quantum yield of 16.5%,
without the use of any noble metal co-catalyst.'* Zhang et al.
synthesized platinized TiO, via the grafting of Pt(u) diimine
dithiolate complexes onto the surface of TiO,.'® The developed
systems were highly active and achieved hydrogen yield from
water under visible light with a turnover number between
72-84. However, to the best of our knowledge, currently there
has been no report on the photocatalytic hydrogen evolution
from hydrazine hydrate.

In continuation of our ongoing research on photocatalytic
transformations,'® herein we report for the first time, visible
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Fig. 1 Schematic illustration of photocatalytic hydrogen evolution from
hydrazine catalysed by TiO,—Rh NPs under visible light illumination.

light assisted hydrogen generation from hydrazine hydrate
using Rh'" modified TiO, nanoparticles (TiO,-Rh NPs) as
visible light photocatalysts (Fig. 1).

Results and discussion

Synthesis of rhodium chelated TiO, nanoparticles (TiO,-Rh
NPs) and characterization

The strategy for the immobilization of the rhodium/ligand 1
complex onto TiO, NPs is depicted in Fig. 2. After the for-
mation of TiO, nanoparticles by hydrolysis of Ti(O-iPr), under
basic conditions, immobilization of ligand 1 is performed
through the interaction of the catechol ligand with the
hydroxyl groups of TiO, and subsequent complexation of the
phosphane groups with [Rh(COD)Cl],, resulting in TiO,-Rh
NPs. Indeed, it is well known that catechols and their deriva-
tives can self-assemble rapidly on TiO, NPs by replacement of
the surface hydroxyl groups of TiO, NPs by the deprotonated
catechol ligands."”

The TEM images of the TiO,-Rh NPs are shown in Fig. 2b
and can be seen in the form of black spots with a size between
25 and 50 nm. Larger clusters are ascribed to the agglomerated
TiO, particles. The size of the agglomerates is about ten times
higher than the primary particle sizes. The lattice fringes with
a spacing of 3.5 A are assigned to anatase TiO, (101). The
associated SAED pattern (Fig. 2c), obtained from the nano-
particles shown in Fig. 2b, confirms the presence of tetragonal
anatase TiO,. A comparison between the interplanar distances
of the first size rings calculated from the SAED pattern and the
tabulated ones for the TiO, anatase crystallographic structure
reveals a high degree of consistency (Table 1). The first six
rings are assigned to the (101), (004), (200), (211) and (204)
reflections of the anatase phase.

XPS analysis was used to confirm the successful integration
of the ligands onto the TiO, NPs. The XPS survey spectrum dis-
plays bands at 133 eV (P,p, 3.6 at%), 310 eV (Rhq, 1.1 at%),
285 eV (Cy,, 47.8 at%), 459 eV (Tisp, 9.7 at%) and 527 eV (O,
38.0 at%), in accordance with the expected chemical compo-
sition (Table S17). The measured P/Rh ratio (3.2) is close to the
value expected for the formation of a Wilkinson-type complex
(P3/Rh), suggesting that the majority of phosphine groups are
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Fig. 2 (a) Formation of Rh()-modified TiO, nanoparticles, (b) TEM
images of TiO,—Rh NPs. The high resolution TEM image shows lattice
fringes of the 3.5 nm interlayer spacing and (c) SAED pattern of TiO,—Rh
NPs.

Table 1 Interplanar distances for TiO,—Rh NPs deduced from the SAED
patterns and compared to the expected ones for an ideal anatase phase

Interplanar distance 3.551 2.373 1.920 1.920
from SAED pattern (A)
Theoretical distance from 3.520 2.378 1.892 1.892

the anatase phase (A)
Corresponding Miller indices (101) (004) (200) (204)

coordinated with Rh. Fig. 3a depicts the C;¢ high resolution
spectrum. It can be deconvoluted into two bands at 284.5 eV
due to the aromatic catechol ring and phenyl groups of the
phosphane ligand (1) and another at 288.8 eV due to the C-O-Ti
linkage.

Fig. 3b shows the Ti,, high resolution of TiO,~-Rh NPs. The
spin-orbit-split 2ps/, and 2p,,, components can be clearly seen
in the Ti,, spectrum at binding energies of 459.0 and 464.0 eV,
respectively. The band at 459.0 eV arises from the majority of
surface Ti*" ions in accordance with the literature for anatase
TiO,. The binding energy of P, of the tethered phosphanes is
located at 133.0 eV (Fig. 3c), in accordance with the presence
of phosphane ligands complexed by rhodium, although the
presence of phosphane oxide cannot be ruled out.'®
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Fig. 3 High resolution XPS spectra of TiO,—Rh NPs: (a) Cy, (b) Tizp,
(c) P2, and (d) Rhzq.

The high resolution spectrum of Rhzq shows two peaks at
308.9 and 313.6 eV due to 3ds, and 3dj, contributions,
respectively (Fig. 3d). The binding energy of the 3ds, com-
ponent is typical of rhodium(), indicating that the formal oxi-
dation state of the metal is unchanged after heterogenization
and that rhodium nanoparticles were not formed."®

The UV-Vis spectrum of TiO,-Rh NPs (Fig. 4) exhibits
strong absorption in the UV region (below 380 nm), being
comparable to that of unmodified TiO, NPs. However, the
presence of the Rh complex results in an additional absorption
band in the visible region due to MLCT transition of the
rhodium complex and an extended absorption tail up to
625 nm which confirms that the TiO,-Rh NP catalyst can
absorb in the visible region.*°

Photocatalytic activity

The synthesized TiO, and TiO,-Rh photocatalysts were tested
for the hydrogen evolution reaction from hydrazine under
visible light. A reaction mixture of photocatalysts and degassed
hydrazine hydrate was irradiated in a cylindrical vessel by
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Fig. 4 UV-Vis spectra of TiO, NPs (black) and TiO,—Rh NPs (red).
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using a 20 W white LED light. The reaction progress was moni-
tored by analyzing the gas samples collected every 2 h of
irradiation by using GC-FID and GC-TCD. For quantitative
determination of hydrogen, a standard gaseous mixture (refin-
ery gas test sample (P/N-5080-8755) supplied by Agilent
Technologies) was injected into GC-FID and GC-TCD and the
obtained peak area was correlated with the reaction mixture.
Gaseous analysis showed the formation of hydrogen and nitro-
gen as the products of photocatalytic degradation (oxidation)
of hydrazine. The performance of the photocatalysts was
plotted in terms of hydrogen yield (in micromoles) vs. time as
shown in Fig. 5. The yield of hydrogen by using TiO,-Rh and
TiO, as photocatalysts under identical conditions was deter-
mined to be 413 and 83 pmol g~* cat, respectively, after 12 h of
vis-irradiation. The hydrogen formation rates Ry, for Rh-TiO,
and TiO, were 42.0 and 6.9 pmol g~ " cat h™', respectively, after
12 h. It is important to mention that on the basis of gaseous
phase analysis by GC-TCD, the possibility of NH; production
cannot be ruled out as NH; is highly soluble in water and
therefore may not be present in the gaseous mixture. Hence, to
confirm the formation of NH; during the photoreaction, we
performed >N NMR analysis of hydrazine solution before and
after the reaction using CD3;NO, as the external reference
(Fig. S21). As can be seen in Fig S2 (ESI}), a very small peak at
& (approx. 376 ppm) appeared which confirmed the formation
of NH; during the photoreaction. However, the intensity of the
peak is very low, indicating the formation of a very low amount
of ammonia in the present methodology. Since the amount of
ammonia was very low, it was difficult to determine the selecti-
vity of the reaction for N,/H, vs. N,/NH;. However, the absence
of hydrazine at the end of the reaction confirmed the complete
decomposition of hydrazine to give nitrogen and hydrogen
gases selectively along with the formation of ammonia in very
minute amounts.

Two blank experiments, one in the dark in the presence of
a photocatalyst and the other under light irradiation without a

a) -~ Blank reaction
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©) =K Tio,-Rh

300

200

Id of H, (umol g'cat)

100

Vi

T T T T
0 2 4 6 8 10 12
Time (hours)

Fig. 5 Graph of hydrogen evolution vs. time by using (a) a blank reac-
tion in the dark and without catalyst, (b) TiO, and (c) TiO,—Rh
photocatalysts.
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photocatalyst, were performed to confirm that the reaction was
photocatalytic in nature. In both cases, no trace of hydrogen
even after a long time of irradiation was observed, which con-
firmed the photocatalytic nature of the reaction. These results
are summarized in Fig. 5a. Further, we have calculated the
quantity of nitrogen evolved for checking the stoichiometric
performance of the photocatalytic reaction. A standard sample
of nitrogen (pure nitrogen) was injected into the GC system to
determine the quantitative yield of nitrogen. After 12 h of
visible light irradiation, the yield of nitrogen was found to be
194 pmol g~ cat. The calculated ratio of hydrogen to nitrogen
(H:N) was (2.12:1), which was near to the theoretical ratio
2:1 and thus confirmed that the derived hydrogen was genera-
ted from the decomposition of hydrazine.

Further, to check the formation of Rh nanoparticles during
the reaction, we recovered the catalyst after the photoreaction
and analyzed by HR-TEM (Fig. S1{). The HR-TEM image
clearly indicated that no Rh particles were formed on the
surface of TiO, during the photoreaction, and hence it can be
concluded that the reaction was truly catalyzed by TiO,-Rh
nanoparticles instead of Rh nanoparticles.”*

To establish the stability of the photocatalyst, recycling
experiments were performed under the described experimental
conditions. After completion of the reaction, the photocatalyst
was easily recovered by centrifugation, washed with ethanol
and reused for subsequent runs. The results of these experi-
ments are summarized in Fig. 6. As shown in Fig. 6, the recov-
ered photocatalyst was found to be quite effective as after five
recycling experiments the yield of hydrogen was found to be
384 pmol g~' cat. However, photoactivity decreased slightly in
the subsequent run, which was probably due to the leaching of
the Rh complex from the surface of TiO,. In order to confirm
the leaching, the recovered photocatalyst after the fifth run
was analyzed by ICP-AES; the value of the Rh metal after the
fifth cycle was 0.14 wt% which was slightly lower in compari-
son with the fresh one (0.16 wt%). This confirms that the
activity loss was due to Rh complex’s leaching from the surface
of TiO,.
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Fig. 6 Results of the photocatalytic stability of catalysts for photo-
catalytic hydrogen evolution during five cycles.
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If the photogenerated holes at the valence band of TiO,
were the primary species responsible for the oxidation of
hydrazine, then addition of a hole scavenger should hamper
the progress of the reaction, which will be a direct indication
of the involvement of holes in the oxidation of hydrazine.** To
evaluate the role of holes produced in the process for the
photochemical oxidation of hydrazine, we have carried out the
photo-reaction by using a TiO,-Rh photocatalyst, in the pres-
ence of EDTA-2Na as a hole scavenger under identical reaction
conditions. The quantitative estimation of evolved hydrogen
was done using GC-FID every 2 h. It can be seen from Fig. 7
that after the addition of EDTA-2Na the yield of hydrogen was
reduced to 136 pmol g~ cat after 12 h in comparison with that
obtained without any hole scavenger (413 pmol g~' cat). This
suggests that the oxidation of hydrazine hydrate takes place at
the valence band by photogenerated holes.

A plausible mechanism was proposed for defining better
photocatalytic performance of the synthesized photocatalyst.
The reduction potential required for hydrogen evolution (H'/H,)
is 0.00 V at pH = 0; however, —0.41 V overpotential is
needed for the production of hydrogen in aqueous solutions
(at pH = 7).>* The position of the conduction band of TiO, was
negative enough (—0.45 V) to promote the reduction of hydro-
gen. However, the position of the valence band was positive
enough to oxidize hydrazine to generate the required protons
and electrons.>® However, due to its wide band gap, TiO,
cannot absorb in visible light and therefore cannot produce
electron-hole pairs. However, due to the presence of some
defects, it can absorb a small part of visible light due to the
reduction of the band gap.>® Hence, unmodified TiO, afforded
very poor yield of hydrogen (83 pmol g~* cat) under visible light
irradiation. After immobilization of the Rh complex to the TiO,
support, the visible light absorbance was increased due to the
absorbance of the Rh complex in the visible region. After
absorption of visible light, the Rh complex becomes excited and
transfers electrons from the HOMO to the LUMO via MLCT
transition. These electrons can directly transfer to the conduc-
tion band of TiO, (Scheme 1).%° The resulting positively charged

With EDTA.2Na 413
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| 342
= 300
_g 278
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T ]
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Fig. 7 Photocatalytic hydrogen evolution from hydrazine by using a
TiO,—Rh photocatalyst with EDTA:2Na hole scavenger (grey), and
without hole scavenger (green).
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Scheme 1 Mechanism of hydrogen evolution from hydrazine over the
TiO,—Rh catalyst.

Rh complex returns back to its initial state by taking electrons
derived from the oxidation of hydrazine at the valence band of
TiO,. The electrons are transferred through the conjugated
network from the phosphine ligand to TiO,. The protons
derived from the oxidation of hydrazine are reduced at the con-
duction band by taking photo-generated electrons (Scheme 1).

Conclusions

The present study demonstrates the first report on the photo-
catalytic hydrogen generation from the decomposition of
hydrazine hydrate using rhodium complex modified TiO,
under visible light irradiation. After 12 h of visible light
irradiation, the yield of hydrogen by using a TiO,-Rh catalyst
was 413 pmol g~" cat, which was much higher than that by
bare TiO, (83 pmol g™ cat). The covalent immobilization of
the rhodium complex to the semiconductor TiO, support pre-
vented the leaching and the recovered photocatalyst could be
recycled efficiently for five runs without any detectable loss in
its activity. The higher photocatalytic performance of TiO,-Rh
was assumed to be due to the synergistic effect of both com-
ponents which allowed better electron transfer from the
excited rhodium complex to the conduction band of TiO,.

Experimental
Materials

Titanium tetraisopropoxide, chloro(1,5-cyclooctadiene)-rhodium(i)
dimer ([Rh(COD)Cl],), sodium hydroxide (NaOH), hydrazine
monohydrate (50-60%) and HPLC grade solvents were purchased
from Aldrich and were used as received unless otherwise indi-
cated. Phosphane ligand (1) was prepared as reported earlier.>”

Techniques used

Transmission electron microscopy (TEM) images were
recorded on a JEOL JEM-2011 electron microscope operated at
an accelerating voltage of 200 kV.

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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X-ray photoelectron spectroscopy (XPS) measurements were
performed with an ESCALAB 220 XL spectrometer from
Vacuum Generators featuring a monochromatic Al Ka X-ray
source (1486.6 eV) and a spherical energy analyzer operated in
the CAE (constant analyzer energy) mode (CAE = 100 eV for
survey spectra and CAE = 40 eV for high-resolution spectra),
using the electromagnetic lens mode. No flood gun source was
needed due to the conducting character of the substrates. The
angle between the incident X-rays and the analyzer is 58°. The
detection angle of the photoelectrons is 30°.

Solid-state magic angle spinning (MAS) NMR experiments
were performed on a Bruker Advance spectrometer operating
at 7.0 T (*H and *'P Larmor frequencies of 300 and 121.5 MHz,
respectively) using a 4 mm double-resonance MAS probe and a
spinning frequency of 14 kHz. {'H}8-*'P cross-polarization
(CP). MAS spectra were recorded at a spinning frequency of
14 kHz with 'H and *'P nutation frequencies of 57 and 43 kHz
during the CP time of 1 ms. 55740 transients were accumu-
lated with a recycle delay of 1 s and "H SPINAL-64 decoupling
(radio-frequency field strength of 70 kHz) was applied during
signal acquisition.?®

UV-Vis spectra of solid TiO, NP and TiO,-Rh NP samples
were collected on a PerkinElmer lambda-19 UV-VIS-NIR
spectrophotometer using a 10 mm quartz cell, and BaSO, as
the reference.

Preparation of Rh-complexed catechol phosphane modified
titanium nanoparticles

All reactions were performed under an inert gas using Schlenk
techniques. TiO, nanoparticles were fabricated by adding tita-
nium tetraisopropoxide (0.48 mL) and sodium hydroxide (1 M,
0.89 mL) to a water/2-propanol mixture (1:1, v/v, 12 mL). The
mixture was degassed for 15 min and the phosphane ligand
(1) (0.1437 mmol, 42.27 mg) was added; the resulting mixture
was stirred for 48 h at room temperature. [Rh(COD)CI],
(0.0239 mmol, 11.8 mg) was further added and the mixture
was stirred for two additional days. The formed particles were
precipitated using centrifugation (10 000 rpm, 3 times) and the
collected solid was washed with distilled water (3 times) and
acetone (3 times) and was finally collected on a filtration mem-
brane. The resulting yellow powder was dried overnight in an
oven at 50 °C.

General procedure for hydrogen evolution from hydrazine

Photocatalytic hydrogen evolution from hydrazine hydrate was
carried out in a cylindrical Borosil vessel (60 mL, 4.0 cm dia-
meter). At first, the vessel was filled up to 25 mL with hydra-
zine followed by nitrogen purging to remove dissolved gaseous
components. After that, 50 mg of catalyst was added to the
vessel and all the remaining gas in the vessel was evacuated
with the help of a vacuum pump. The vessel was closed tightly
with a rubber septum and then irradiated under visible light
by using a 20 W white cold LED flood light (model no.
HP-FL-20W-F-Hope LED Opto-Electric Co. Ltd) under stirring.
The light intensity on the surface of the vessel was 75 W m™—>
as measured by using an intensity meter (model: Lumen Lux;
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company: Palida, Norway). The progress of the reaction was
monitored by collecting the gaseous samples at 2 h intervals
by using a needle and analyzing them by GC-TCD and GC-FID
(Agilent 7890A GC system) using a capillary column (RGA,
refinery gas analyzer) with the following flow rate parameters:
H,: 35 mL min~', air: 350 mL min™', makeup flow:
27 mL min~"', for TCD reference flow: 45 mL min~"', helium
flow: 2 mL min~" and injector temperature: 220 °C, TCD detec-
tor temperature and FID detector temperature: 220 °C. Each
time 20 pL of gaseous sample was injected into GC and the
yield was determined by injecting the standard gaseous
mixture (refinery gas test sample (P/N-5080-8755) 15% v/v
hydrogen, pressure 2 bar, volume 1 litre, supplied by Agilent
Technologies). In order to confirm that the evolved hydrogen
was generated from the decomposition of hydrazine, we also
measured the evolved nitrogen. The ratio of nitrogen to hydro-
gen was determined to confirm the origin of evolved hydrogen
from the decomposition of hydrazine. Controlled reactions in
the dark using a photocatalyst and in light without a photo-
catalyst did not produce hydrogen even after a prolonged time
under identical conditions. These results confirmed that
hydrogen was produced from the photocatalytic degradation of
hydrazine. To establish the superiority of the TiO,-Rh NP
photocatalyst, a blank experiment using unmodified TiO, was
also conducted under identical conditions.
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