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ABSTRACT: An acidic resin bearing —SO;~ functional groups within its macro-
reticular structure acts as an efficient support for in situ formation of a noble-metal-free
Ni-based catalyst responsible for visible-light-driven H, production from water.
Characterization by means of XAFS revealed that simple ion-exchange of the resin with
a trinuclear Ni complex, Ni(NiL,),Cl, (L = p-mercaptoethylamine), affords
monomeric Ni(II) species involving f-mercaptoethylamine and aqua ligands in an
octahedral coordination geometry, which is easily transformed into real active species
containing a TEOA ligand during the initial induction period of the photocatalytic
reaction. Such in situ-generated Ni species offer a simple and efficient photocatalytic
system whose activity is five times greater than that of its homogeneous counterpart,
enabling efficient H, production when xanthene dye is employed as a visible-light-
responsive photosensitizer. The acidity of the resins as well as f-mercaptoethylamine
and the TEOA ligands were found to be key factors in achieving efficient catalytic
performance. Moreover, leaching and agglomeration of the active Ni species were not

2H*

observed, and the recovered catalyst could be recycled without significant loss of activity.
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B INTRODUCTION

Efficient conversion of solar energy into stored chemical
potential via environmentally friendly artificial photosynthesis is
a promising approach to providing carbon-free energy for
sustainable development."” Because of this potential, photo-
chemical H, generation driven by visible-light irradiation in an
aqueous medium has been the subject of much interest.>™> A
variety of heterogeneous systems based on semiconducting
metal oxides have been examined for water splitting into H,
and O, since the late 1970s,° and considerable successes have
been attained based on band gap engineering.” "
Molecular-based photosystems have also been extensively
studied from the point of view of photoinduced H,
production."'™** Transition metal complexes have a distinct
advantage because their photophysical properties can be tuned
by precise ligand modification.'”> Molecular-based photo-
catalytic H, production systems commonly involve multiple
components, including a photosensitizer (PS) responsible for
the absorption of visible light, in conjunction with an electron
relay (ER), a water reduction catalyst (WRC) to produce H,,
and sacrificial reagents (SR) to provide the electron
replenishing of the PS unit. The overall reaction is considered
to be a visible-light-driven proton reduction process by SR to
form molecular H, via electron relay. Traditionally, [Ru-

(bpy);]** (bpy = 2,2"-bipyridine) has been utilized as a PS and
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platinum is well established as a WRC metal.'® However,
frequent use of the precious metal Pt has sparked widespread
interest in the possibility of using abundant and inexpensive
metal complexes for WRC. Several promising examples of
photocatalytic hydrogen evolution using catalysts consisting of
Fe, Co, and Ni complexes sensitized by nonprecious-metal-
containing PSs are found in the literature.'” 72! Unfortunately,
the use of such metal complexes faces practical problems due to
the necessity of using large amounts of organic solvents and
difficulties in recovering the expensive transition metals and
ligands.

Ion-exchange resins have been extensively employed in
various separation, purification, and decontamination pro-
cesses.”” Although the thermal stability is relatively low
compared to inorganic supports, such as zeolites and
mesoporous silicas,” the unique characteristics of functional
resins, including relatively high surface areas originating from
their porous structure, acidic/basic and hydrophilic/hydro-
phobic properties, ease of introduction of a wide variety of
functional groups, and their ability to swell in reaction media,
make these materials very attractive from the viewpoint of
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catalyst design.”* Additionally, these resins can be utilized to
stabilize metal complexes and metal nanoparticles (NPs) inside
macroreticular domains with controllable morphology and
practical thermal and mechanical stability, offering promising
catalyst support for a number of industrial processes.”>™> It is
well accepted that the existence of suitable surface functional
groups in the vicinity of active metal centers exerts a beneficial
impact on catalytic performance.”® Furthermore, swelling
properties can result in dramatic improvements in the
accessibility of reactants in the liquid phase. Consequently,
the use of functional resin matrices provides unexceptional
catalytic functions that cannot be attained by homogeneous
counterparts, such as site isolation of well-defined active species
and cooperative action by several sites.

In this paper, we present a new catalyst created by simple ion
exchange of a trinuclear complex, Ni(NiL,),Cl, (L = p-
mercaptoethylamine) with a cation-exchange resin possessing
strongly acidic —SO;~ groups within its macroreticular matrix.
Recently, hydrogenase enzymes, which regulate hydrogen
metabolism in nature, have been shown to contain Ni centers
in their active sites.”” This discovery inspired us to investigate
model complexes involving mixed donors for application in
artificial photosynthesis. For example, an efficient catalyst
assembled from a Ni(II) salt and 2-mercaptoethanol was
synthesized in one step for photocatalytic hydrogen evolu-
tion.”* A monomeric NiL, complex formed between a Ni(II)
ion and pf-mercaptoethylamine and its derivative trinuclear
complex Ni(NiL,), were also evaluated in photocatalytic
hydrogen evolution.” It is expected that such Ni(II) complexes
could be promising catalysts for hydrogen production from
water, in which amine ligands act as proton donors and the
nickel functions as a hydride donor. Herein, it is shown that the
introduction of a trinuclear Ni(II) complex created, during the
induction period of the reaction, a new monomeric active
species ligated by f-mercaptoethylamine and triethanolamine
within the macroreticular space and possessing a —SO;~ group,
which exhibited superior activity, in comparison with a
homogeneous Ni precursor, in H, production from water
under visible light irradiation using xanthene dye as a
photosensitizer. We also investigated the effects of functional
groups and reaction conditions as well as the recyclability of the
catalyst.

B RESULTS AND DISCUSSION

Ni complex-exchanged acidic resin was obtained by stirring a
suspension of commercially available resins (200CTNa: resin
1) in H,O solution containing Ni(NiL,),Cl, (L p-
mercaptoethylamine) for 3 h at room temperature. Prior to
deposition, the resins were crushed by a ball mill (600 rpm for
10 min) to give Nigomplex/Tesin 1 (Ni: 0.5 wt %).

As shown in the inset of Figure 1, the UV—vis spectrum of
the Ni(NiL,),Cl, in aqueous solution exhibited a characteristic
absorption due to ligand-to-metal charge transfer (262 nm),
1Alg - leg transition (300 nm), and 'A;, — 1AZg transition
(372 nm) due to a NiS, chromophore.g’1 The broad and
asymmetric bands indicate an overlap of transitions originating
from both the terminal NiN,S, and the central NiS, moieties.
In the spectrum of Ni gypje,/resin 1, the peak due to ligand-to-
metal charge transfer (267 nm) and lAlg - 1B2g transition (310
nm) shifted slightly to longer wavelength. In addition, a new
peak that was not observed in the original Ni(NiL,),Cl, or ion-
exchange resin 1 was observed at 415 nm. These results
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Figure 1. DRUV—vis spectra of (a) acidic resin 1 and (b) Nicomplex/

resin 1. Inset shows the UV—vis spectrum of Ni(NiL,),Cl, (L = f-
mercaptoethylamine) aqueous solution.

suggested that the local structure around the Ni center was
intrinsically different from that of the Ni(NiL,),Cl, precursor.

X-ray absorption measurements were conducted to elucidate
the electronic structure and chemical environment of the
exchanged Ni complex. Figure 2A shows normalized X-ray
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Figure 2. (A) Ni K-edge XANES spectra and (B) FT-EXAFS spectra
of (a) Ni(NiL,),Cl, (L = f-mercaptoethylamine), (b) NiL, (L = f-
mercaptoethylamine), (¢) Nicompiex/resin 1, (d) NiO, and (e) Ni foil.

absorption near-edge structure (XANES) spectra at the Ni K-
edge of Nigppie,/resin 1, trinuclear Ni(NiL,),Cl, complex, and
monomeric NiL, complex, together with NiO and Ni foil as
reference samples. The shape and edge position of the XANES
spectra of Niyyiex/Tesin 1 were similar to those of NiO in an
octahedral coordination but differed from those of Ni-
(NiL,),Cl, and NiL, complexes in square planar coordination
and Ni foil. Focusing on the pre-edge region, a small pre-edge
peak was observed at around 8331 eV in the case of Nicgmpley/
resin 1 and NiO, which was assigned to an electron transition
from the Ni 1s orbital to the 3d orbital.** In contrast, a larger
pre-edge peak was observed at around 8335 eV in the spectra of
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the Ni(NiL,),Cl, and NiL, complexes, which was assigned to
the 1s — 4p, transition. In an octahedral coordination
environment, 1s — 3d transitions of Ni species are generally
forbidden; however, a slight amount of orbital mixing due to
lower local symmetry gives some probability for the 1s —3d
transition.>® Therefore, the octahedral Ni species lacked the 1s
— 4p, pre-edge peak, while the intensity of the 1s —3d pre-
edge peak was smaller than in a square-planar coordination.
This reveals that the Ni unit of Niggpple/resin 1 are in the 2+
oxidation state in octahedral coordination geometry.

In the Fourier transforms (FT) of the X-ray absorption fine
structure (EXAFS) spectra of the Ni(NiL,),Cl, complex
(Figure 2B), a strong peak was observed at around 1.7 A,
which was assigned to Ni—N and Ni—S bonds, in addition to a
small second shell at ca. 2.3 A attributed to neighboring Ni
atoms bridged with S atoms. This verifies a trinuclear binding
structure for the Ni center in square-planar coordination
geometry. In contrast, the peak due to the second shell almost
disappeared in the monomeric NiL, complex and Ni mpie/
resin 1. In addition, the main peak of Niypex/resin 1 slightly
shifted toward a shorter interatomic distance compared to the
Ni(NiL,),Cl, and NiL, complexes, suggesting the substitution
of longer Ni—S bonds with shorter Ni—N or Ni—O bonds. In
fact, it was confirmed by curve-fitting analysis that the
coordination numbers (CN) of the Ni—N(O) shell of
Nicomplex/Tesin 1 increased in comparison with the other Ni
complexes, while the CN of the Ni—S shell decreased after
deposition (Table 1). Conclusively, Ni species within the

Table 1. Curve-Fitting Analysis of Ni Samples

macroreticular resin exist in a monomeric form with octahedral
geometry surrounded by a mercaptoethylamine ligand and
H,0. The most reasonable Ni structures are illustrated in
Figure 3B. Since the trinuclear Ni(NiL,),Cl, precursor complex
is unstable in acidic solution, we speculate that it easily
decomposes to monomeric species such as [NiL(OH,),]* by
the dissociation of Ni—N and/or Ni—S bonds in the presence
of acidic resin possessing —SO;~ group under an aqueous
solution. Although there are two types of Ni species in the
original trinuclear complex, the formation of [NiL,] may be
ruled out because this electronically neutral complex is only
slightly soluble in water and does not have any electrostatic
interaction with the —SO;~ group of ion-exchange resin. In our
preliminary experiment, the immobilization of NiL, into the
resin in an acetone solution was unsuccessful: most of the NiL,
complex remained intact in solution.

Several Niggpple/resin catalysts were also prepared from
commercially available resins (Amberlite, Rohm and Haas) with
different chemical properties. The characteristics of the resins
are summarized in Table 2. Resins 200CTNa (resin 1), I6GWET
(resin 2), and 1SDRY (resin 3) were strongly acidic, while
FPC3500 (resin 4) was weakly acidic. Resin 200CTNa and
16WET had a greater water-absorption capacity (swelling
property) than 1SDRY. ICP analysis determined that the
Ni(NiL,),Cl, complex was easily attached to the above resins at
the same level of loading (Ni: 0.5 wt %). All of the resins
showed moderate BET-specific surface areas of approximately
45 m* g~'. Ni K-edge XAFS analysis showed similar spectra to
those of Nigyppler/resin 1, suggesting that the Ni species exists
in a monomeric form with octahedral geometry within the
macroreticular resins (Figure S1). In separate experiments, the
deposition of metal complexes on an anion-exchange resin
possessing basic groups within its macroreticular matrices was
unsuccessful.

In an effort to compare the potential catalytic activity of the
Nigomplex/Tesins, H, production from water was carried out
under visible-light irradiation (4 > 420 nm) in H,O solution
containing triethanolamine (TEOA) as a sacrificial reagent and
Eosin Y as a photosensitizer. Figure 4 shows the time course of

sample shell CN R/A Ac/A*
Ni(NiL,),Cl, Ni—N 14 2.05 0.19
Ni-§ 2.7 2.19 0.065
NiL, Ni—N 17 2.06 0.02
Ni—S 2.3 2.20 0.081
Nicompiex/Tesin 1 Ni—N(O) 2.8 2.06 0.044
Ni-S§ 1.7 2.18 0.096
Nicompiex/Tesin 1 Ni—N(O) 42 2.06 0.024
(isolated after30 min) Ni-S$ 1.1 2.19 0.073
Ni(NiL,),Cl,
(L=B-mecaptoethylamine)
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Figure 3. Schematic illustration of transformation of (A) Ni(NiL,),Cl, (L = f-mercaptoethylamine) into (B) proposed structure of fresh Nicoppex/
resin 1 and (C) in situ-generated active species during the photocatalytic reaction.
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Table 2. Textural Properties of Resins

catalyst resin? functional group exchange capacity (meq/mL) property water absorptioncapacity (%)
Nicomples/Tesin 1 200CTa —SO;Na >1.8 strongly acidic 46-51
Nicomplex/resin 2 16WET —-SO;H >1.7 strongly acidic 52—-58
Nigmplex/TeSin 3 15Dry —SO;H >2.6 strongly acidic 1—2
Nicomplex/Tesin 4 FPC350 —COOH >2.0 weakly acidic 60—70
“Styrenic matrix except for resin 4 (acrylic).
200 200
2 z: —0— Ni yppe/RESIN 1
S —8— Ni_,,,./Resin 2
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Figure 4. (A) Hydrogen production using Nigomplex/resin 1 and Ni(NiL,),Cl, (L = f-mercaptoethylamine). The inset shows the induction period in
the initial photocatalytic reaction. (B) Effect of resin on hydrogen production. Reaction conditions; Ni/resin catalyst (0.1 g, Ni: 0.5 wt %), Eosin Y
(0.02 g), 15 vol % TEOA solution (10 mL, pH was adjusted to 8.5 using aqueous HNO;), Ar atmosphere, Xe lamp (500 W, A, > 420 nm)

irradiation.

H, production using various resin catalysts. Eosin Y was an
indispensable component for attaining catalytic activity. No
reaction proceeded either under dark conditions in the
presence of the Ni gy /resins catalyst or without TEOA
under light irradiation. Moreover, H, production did not occur
to any significant extent in the presence of resin 1 without
metal complexes under same reaction conditions. It should be
noted that the catalytic activity of Ni¢ympie/resin 1 (TON = 21)
was higher than that of the homogeneous counterparts (TON
= 5) by a factor of 4 under such aqueous conditions. The
catalytic activity differed significantly according to the resin
used, and resin 1, which had strong acidity as well as a higher
water-absorption capacity, was effective among those examined.
Since the deposited Ni species existed in an identical structure
in each resin catalyst, the macroreticular resin matrix possessing
a —SO;~ group had a significant positive effect, enhancing
catalytic activity. The Ni** ion-exchanged resin catalyst also
gave poor results, indicating the necessity of the p-
mercaptoethylamine ligand. Under optimizing reaction con-
ditions (amount of TEOA and Ni catalyst), the TOF and TON
attained by our Nig,ppe/resin 1 are 19 h™" and 366 (20 h),
respectively. It is noteworthy that these values are higher than
those recently reported for other heterogeneous Ni catalyst
systems, such as [Ni(TEOA),]Cl,/g-C;N, (11 h™", 57 (8 h)),**
NiS/g-C;N, (3h7, 10 (4 h) ),*® and Ni-thiourea-triethylamine/
¢-C3N, (075 h™, 6 (8 h)).*

The pH of the aqueous solution played a significant role in
the catalytic activity, because this affected the dielectric
constant of the reaction medium. In our catalyst system, the
highest activity was attained at pH = 7.5—8.0, and it decreased
sharply with decreasing pH, while a gradual decrease was
observed with increasing pH (Figure S2). Generally, a decrease
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in the pH may cause protonation of TEOA to a considerable
extent, rendering it a less effective electron donor, while an
increase in pH can lead to a decrease in the thermodynamic
driving force for H, formation. Among the different xanthene
dyes evaluated, Erythrosin B was best for the photocatalytic
system under discussion. Erythrosin Y also gave a good result,
while the use of rose bengal and Eosin Y resulted in slightly
lower H, production (Figure S3). The difference in the
xanthene dyes lies in the halogenation of the xanthene ring; it is
known that heavy halogen atoms on the xanthene ring can
facilitate the formation of triplet states in xanthene dyes from
their excited singlet states through intersystem crossing.”” Since
triplet species have a much longer lifetime in comparison with
singlet species, this is advantageous for the transfer of energy
and electrons to the Ni catalyst for H, production. Another
reason may be attributed to the durability of the xanthene dyes.
It is reasonable that the xanthene dyes with heavier halogen
substituents possess higher stability relative to their lighter-
atom counterparts in the test conditions. In our system,
Erythrosin B is the most suitable photosensitizer that forms
sufficient triplet state species as well as durability.
Interestingly, the time course for H, production revealed that
the photocatalytic system containing Niympiex/Tesin 1 had an
induction period of about 30 min (inset in Figure 4A), in which
a concomitant color change of the reaction medium from bright
orange to light brown was observed. This phenomenon
suggests that the reaction medium transformed the putative
catalyst into the real one, due to the significant chemical
changes in the Ni species within the resins. To elucidate the
structure—activity relationship of this photcatalytic system, the
Ni catalyst was isolated and further characterized. In the UV—
vis spectrum, the peaks at around 310 and 415 nm in the
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spectrum of fresh Nigyp,ie,/resin 1 completely disappeared from
the spectrum of the isolated compound (Figure S4), indicating
a change of local structure around the Ni center during the
induction period. As shown in Figure 5A, the Ni K-edge
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Figure S. (A) Ni K-edge XANES spectra and (B) FT-EXAFS spectra
of (a) fresh Nigppiex/resin 1, (b) isolated Nicypppex/resin 1 after a 30
min induction period, (c) Ni(TEOA),Cl, complex, (d) Ni** ion/resin
1 after treatment with TEOA for 30 min, and (e) isolated Ni** ion/
resin 1 after photocatalytic reaction in the presence of f-
mercaptoethylamine ligand.

It should be noted that a strongly acidic ion-exchange resin
with a =SO;H group, f-mercaptoethylamine, and TEOA are
crucial components for achieving efficient catalytic activity. This
contention is supported by the following results: (i) the
catalytic activity of heterogeneous Nigopple/Tesin 1 was five
times higher than that of the homogeneous counterparts; (ii)
the reaction using Ni** ion-exchanged resin 1 or Ni-
(TEOA),*"/resin 1 without f-mercaptoethylamine resulted in
low activity (Figures 4B and 6); (iii) Ni** ion/resin 1 in the

200

150 1

100 1

H, production / umol

50 1

Time /h

Figure 6. Hydrogen production using Nigyyplex/resin 1 (@), Ni** jon/
resin 1 in the presence of f-mercaptoethylamine ligand (OJ), and
Ni(TEOA),**/resin 1(A). Reaction conditions; Ni/resin catalyst (0.1
g Ni: 0.5 wt %), Eosin Y (0.02 g), 15 vol % TEOA solution (10 mL,
pH was adjusted to 8.5 using aqueous HNO;), Ar atmosphere, Xe
lamp (500 W, A, > 420 nm) irradiation.

XANES spectrum of the isolated Nigomplex/Tesin 1 was similar to
that of the fresh product ((a) vs (b)), suggesting that the Ni
species retained its monomeric form with octahedral geometry
even after the induction period. The FT-EXAFS spectrum of
the isolated Ni gpplex/resin 1 also exhibited a strong peak
around 1.7 A attributable to Ni—N(O) and Ni—S bonds,
without any shift in comparison with the spectrum of the fresh
product (Figure SB(a) vs (b)). Curve-fitting analysis of the first
peak confirmed that the CN of the Ni—N(O) shell increased,
accompanied by a decrease in the CN of the Ni—S shell after
the induction period (Table 1). Interestingly, an additional new
second shell appeared at around 2.5 A in the isolated Nicomplex/
resin 1, which was assignable to neighboring carbon atoms.
These results verified the involvement of TEOA, a sacrificial
reagent (SR) in the photocatalytic H, production reaction, as a
tridentate binding ligand of the Ni(II) center, because a similar
second shell may be observed in the reference Ni(TEOA),Cl,
complex (Figure SB(c)). It can be concluded that the
catalytically active species is the in situ-generated Ni(Il) species
surrounded by f-mercaptoethylamine and TEOA ligands
within the macroreticular space with a —SO;~ group during
the course of H, production. A proposed structure is shown in
Figure 3C. The participation of TEOA in the formation of
active species is also evidenced by the FT-EXAFS spectra of
Ni** ion/resin 1 after treatment with TEOA and the isolated
Ni** ion/resin 1 after the photocatalytic reaction in the
presence of f-mercaptoethylamine, in which an additional new
second peak was observed at around 2.5 A (Figures SB(d) and

(e)).
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presence of a fB-mercaptoethylamine ligand showed a similar
reaction rate to Nig,pyp/resin 1, with a relatively longer
induction period (Figure 6); and (iv) the use of triethylamine
or EDTA as a sacrificial reagent instead of TEOA gave poor
results (data are not shown). In our preliminary experiment,
the addition of p-toluenesulfonic acid to the reaction mixture of
the homogeneous Ni(NiL,),Cl, complex did not improve the
catalytic activity. This result also indicates that not only the
—SO;H group but also the macroreticular structure are
important factors in attaining high catalytic activity.

There is an argument as to whether H, production occurs on
metal particles or on the molecular complex.**** As mentioned
before, the XAFS spectrum of the recovered Ni,pe./resin 1
retained its monomeric form even after the photocatalytic
reaction without detection of a Ni—Ni bond (Figure SB).
Moreover, the Nicypyex/Tesin can be recycled at least three
times (Figure SS), suggesting that this reaction proceeds on the
molecular species exchanged within the macroreticular space of
the resin. This is a strong evidence showing that the molecular
species, rather than the colloidal form, is responsible for
catalysis. Unfortunately, the catalytic activity is apparently
decreased in the third cycle which is around 70% of that from
fresh catalyst. The dropping of activity may be caused by the
slight loss of catalyst particles during centrifugation in the
recycling experiment. Another explanation is the decomposi-
tion of ion-exchange resin during photoirradiation, which may
cause the deterioration of surface functional groups.

As described earlier, the classical molecular-based photo-
catalytic H, production system consists of many components,

dx.doi.org/10.1021/cs501119d | ACS Catal. 2014, 4, 4129—4135
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including a PS (Ru(bpy);**), an ER (methyl viologen), a WRC
(colloidal Pt), and an SR. The electron relay step is generally
crucial to the success of the photocatalytic system; an efficient
ER oxidatively quenches the excited PS, thereby allowing
charge separation, although at the expense of simplicity. On the
other hand, the use of heavy halogen-substituted xanthene dyes
enables direct injection of electrons to the Ni catalyst without
an ER, owing to their high intersystem crossing yields, which
are favorable for the formation of the long-lived 3zz* triplet
state.®® In the photoluminescence spectra of EosinY, the
emission peak located at 530 nm gradually decreased with
increasing the amount of Ni complex. Such strong emission
quenching is caused by the electron transfer from the dye
molecules to the Ni complex (Figure S6). A possible reaction
pathway is illustrated in Scheme SI. First, the Ni species is
protonated, receiving a proton from water at the amine moiety,
which accepts an electron from the excited triplet state of the
Eosin Y photosensitizer, accompanied by reduction of Ni(Il) to
Ni(I). In alignment with this step, the proton is transferred
from the N atom to the Ni center to form a hydride
intermediate. Subsequent additional electron transfer and
protonation of amino groups afford the key Ni—H /N—-H*
intermediates in close proximity, which finally form a H-H
bond as the expected product. Separately, the oxidized PS is
reduced by the sacrificial TEOA electron donor. In simple
terms, this reaction is facilitated by direct electron transfer from
the photosensitizer Eosin Y to the proton reduction catalyst
(the Ni complex) without an electron mediator. Based on
theoretical and experimental studies, it has been suggested that
basic N atoms near the metal center can function as an
intramolecular proton transfer relay for achieving efficient H,
production and that the formation of a H—H bond from the
Ni—H™/N—H" intermediate is the rate-determining step in the
overall catalytic cycle.**~* This assumption also supports the
importance of the pJ-mercaptoethylamine ligand; reactions
using Ni** ion-exchanged resin 1 or Ni(TEOA),*"/resin 1 in
the absence of f-mercaptoethylamine gave poor results.
Preliminary kinetic studies found that the reaction rate showed
a first-order dependence on the loading amount of Ni used and
a 0.5-order relationship with the amount of Eosin Y (Figures S7
and S8), which supports the above-described mechanism
involving two consecutive reductions of Ni species by Eosin
Y to generate one equivalent of H, molecules. The macro-
reticular environment of the resin may not only facilitate
efficient H' transfer through —SO;~ groups but also provide for
close proximity between the Ni complex and the PS, which
assists the cooperative action of adjacent molecules, thus
ultimately enhancing the H, evolution activity.

Bl CONCLUSION

Treatment of the trinuclear complex Ni(NiL,),Cl, (L = p-
mercaptoethylamine) with an ion exchange acidic resin created
a noble-metal-free Ni-based catalyst for H, production from
water. Ni K-edge X-ray absorption fine structure (XAFS)
measurement suggested that a monomeric Ni(II) complex
coordinated to a pf-mercaptoethylamine ligand was accom-
modated in the macroreticular space with a —SO;” group
(Nigomplex/resin), which was transformed into an active Ni(II)
species in the presence of triethanolamine (TEOA) during the
initial induction period of the photocatalytic reaction. A
strongly acidic ion-exchange resin with a —SO;~ group, f-
mercaptoethylamine, and TEOA were indispensable factors in
achieving high catalytic activity. The Ni /resin behaved as

complex;

4134

a heterogeneous catalyst enabling efficient H, production when
xanthene dye was employed as a visible-light-responsive
photosensitizer, with an activity five times higher than that of
its homogeneous counterpart. Further studies are currently
ongoing to develop noble-metal-free catalysts with enhanced

activity and durability.

B EXPERIMENTAL SECTION

Materials. 2-Mercaptoethylamine hydrochloride, nickel
chloride hexahydrate, Eosin Y (EY), and triethanolamine
(TEOA) were purchased from Aldrich. These reagents were
analytical grade and were used without further purification. All
resins were Amberlite, supplied by Rohm and Haas.

Synthesis of [Ni(Ni(NH,CH,CH,S),),1Cl, [Ni(NiL,),Cl,].>°
26.4 mmol of 2-mercaptoethylamine hydrochloride was
dissolved in 25 mL of ethanol solution. A second solution
was prepared by dissolving 52.8 mmol of sodium hydroxide in
100 mL of water/ethanol = 2:3 solution, which was added to
the first solution, followed by removal of sodium chloride
formed during the neutralization by filtration. This ligand
solution was then added dropwise to a 30 mL aqueous solution
containing 20 mmol of NiCl,-6H,0 at 60 °C under magnetic
stirring. The solution turned red in color, and dark green
crystals were precipitated. After complete addition of the ligand,
the solution was allowed to stand in an ice bath for 2 h.

Synthesis of Catalyst. Several Ni catalysts were prepared
from commercially available resins (Amberlite, Rohm and
Haas) with different chemical properties. Prior to deposition,
resins were crushed by a ball mill (600 rpm for 10 min). An
aqueous solution of Ni(NiL,),Cl, (30 mL) was mixed with the
resin (1.0 g), and the resultant mixture was stirred for 3 h at
room temperature. The mixture was filtered, and the resulting
solid was washed repeatedly with distilled water and dried
overnight, giving Nioppiex/resin (Ni: 0.5 wt %). Other samples
with different resins were also prepared by the same method.
Metal loadings were determined by inductively coupled plasma
(ICP) analysis.

Characterization. BET surface area measurements were
performed using a BEL-SORP max (Bel Japan, Inc.) instrument
at 77 K. The sample was degassed under vacuum at 353 K for
24 h prior to data collection. UV—vis diffuse reflectance spectra
of powdered samples were collected using a Shimadzu UV-
2450 spectrophotometer. The reference was BaSO,, and the
absorption spectra were obtained using the Kubelka—Munk
function. Inductively coupled plasma optical emission spec-
trometry (ICP-OES) measurements were performed using a
Nippon Jarrell-Ash ICAP-575 Mark II instrument. Ni K-edge
XAFS spectra were recorded using a fluorescence-yield
collection technique at the beamline 01B1 station with an
attached Si (111) monochromator at SPring-8, JASRI, Harima,
Japan (prop. no. 2013B1041 and 2014A1045). The EXAFS
data were normalized by fitting the background absorption
coefficient, around the energy region higher than that of the
edge of about 35—50 eV, with smooth absorption of an isolated
atom. The EXAFS data were examined using the Rigaku
EXAFS analysis program. Fourier transformation (FT) of k*-
weighted normalized EXAFS data was performed over the 3.5 A
< k/A7™' < 11 A range to obtain the radial structure function.

Photocatalytic H, Production. The powdered Ni/resin
catalyst (0.1 g), Eosin Y (0.02 g), and 15 vol % triethanolamine
(TEOA) solution (10 mL) were introduced into a Pyrex
reaction vessel (30 mL) which was then sealed with a rubber
septum. The pH value of the TEOA solution was first adjusted
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to 8.5 using concentrated aqueous HNO; solution. The
resulting mixture was bubbled with Ar for 15 min in dark
conditions. Subsequently, the sample was irradiated from the
side using a Xe lamp (500 W; SAN-EI Electric Co., Ltd. XEF-
501S) through a glass filter (1 > 420 nm) with magnetic stirring
at ambient pressure and temperature. The reaction progress
was monitored using a Shimadzu GC-14B instrument equipped
with MSS5A columns.

B ASSOCIATED CONTENT
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XAFS spectra of Ni/resin catalysts, effect of pH, loading
amount of Ni/resin, and loading amount of Eosin Y in
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catalyst, recycling experiments, and photoluminescence spectra.
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