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ABSTRACT: A tetra-nickel-containing polyoxotungstate,
NagK,[Niy(H,0),(PWo034),]-32H,0 (NagK,-NiyP,), has
been synthesized in high yield and systematically
characterized. The X-ray crystal structure confirms that a
tetra-nickel cluster core [Ni,O,,] is sandwiched by two
trivacant, heptadentate [PW,0,,]°~ POM ligands. When
coupled with (4,4'-di-tert-butyl-2,2’-dipyridyl)-bis(2-
phenylpyridine(1H))-iridium(III) hexafluorophosphate
[Ir(ppy),(dtbbpy)][PF¢] as photosensitizer and trietha-
nolamine (TEOA) as sacrificial electron donor, the noble-
metal-free complex Ni, P, works as an efficient and robust
molecular catalyst for H, production upon visible light
irradiation. Under minimally optimized conditions, Ni,P,
catalyzes H, production over 1 week and achieves a
turnover number (TON) of as high as 6500 with almost
no loss in activity. Mechanistic studies (emission
quenching, time-resolved fluorescence decay, and transient
absorption spectroscopy) confirm that, under visible light
irradiation, the excited state [Ir(ppy)2(dtbbpy)]™* can be
both oxidatively and reductively quenched by Ni,P, and
TEOA, respectively. Extensive stability studies (e.g,, UV—
vis absorption, FT-IR, mercury-poison test, dynamic light
scattering (DLS) and transmission electron microscopy
(TEM)) provide very strong evidence that Ni,P, catalyst
remains homogeneous and intact under turnover con-
ditions.

he photocatalytic splitting of water into dihydrogen and

dioxygen utilizing solar energy has become a very active
research area recently.' Current research endeavors focus on
developing efficient, robust, inexpensive, sustainable, and
environmentally benign catalytic systems for each half reaction,
i.e. water oxidation or water reduction. Since early reports on
molecular photocatalytic water-reducing systems in the late
1970s,> many organometallic complexes of several earth-
abundant metals including iron,> cobalt,* nickel,® and
molybdenum® have been used as molecular catalysts for
photochemically and electrochemically driven hydrogen
production. Although some of these systems are sufficiently
robust to achieve high turnover numbers (TON >
10%),%55%~¢ many others have the problems of either low
efficiency, limited solubility in aqueous media, instability toward
strong acidic environments, or they deactivate by ligand
dissociation, decomposition and/or hydrogenation.” Therefore,

-4 ACS Publications  © 2014 American Chemical Society

the development of new transition-metal-based catalysts that
are highly efficient, very stable, structurally and geometrically
tunable remains a substantial challenge.

Polyoxometalates (POMs), a large family of transition-metal
oxygen-anion clusters with d° electronic configurations, are
attractive candidates for catalysis of multielectron processes
because of their extensive tunability, rich redox chemistry and
high stability toward hydrolysis in water or hydrogenation
under reducing conditions.® Recently, transition-metal-substi-
tuted POMs have been extensively investigated as water
oxidation catalysts (WOCs) under thermal,” photochemical'
and electrochemical'' conditions; however, this is not the case
for POM-based water reduction catalysts (WRCs). There are
early studies that show reduced POMs evolve H, via
photochemical12 or electrochemical®® processes, but all these
studies involve either strong UV-light irradiation or the use of
Pt(0) as a cocatalyst.

To date, there are only few reports on visible-light-driven H,
evolution by POM WRCs,"* and only two of them are Pt(0)
free.'*? The first example by Artero, Izzet, and co-workers
involves a covalently linked Ir(III)-photosensitized polyoxome-
talate complex, which catalyzes H, production with a TON of
41 after 7 days of visible light irradiation.'** The second
example, recently reported by our group, is a tetramanganese-
containing POM, [Mn,(H,0),(VW,0,,),]"*~ (Mn,V,) that
catalyzes hydrogen evolution from water with a TON of 42
after 5.5 h of visible light irradiation. Although the efficiency of
the Mn,V, system is hlgher than that of the Ir'-photo-
sensitized POM catalyst, there is still much room for
improvement. In an effort to develop more viable (fast,
selective and stable), more efficient, and noble-metal-free
molecular WRCs, we report here a tetra-nickel-substituted
polyoxometalate, [Ni,(H,0),(PW305,),]"%" (NagK,-Ni,P,),
that works as an efficient and robust molecular catalyst for
H, production in a three-component system upon visible light
irradiation.

Ni,P, (Figure 1) was prepared from salts of earth-abundant
elements (nickel acetate, sodium tungstate, and Na,HPO,)
following a modification of the procedure by Coronado, Galan-
Mascaros and co-workers'® and systematically characterized by
thermogravimetric analysis, FT-IR, elemental analysis, ESI mass
spectrometry, cyclic voltammetry, DFT calculations, and single-
crystal X-ray diffraction (see Supporting Information (SI)).
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Figure 1. Polyhedral and ball-and-stick representation of Ni,P,.
Green, Nj; red, oxygen; pink, H; light blue, WO; orange, PO,.

The visible-light-driven catalytic activity of Ni,P, for
hydrogen evolution was examined using a three-component
system: [Ir(ppy),(dtbbpy)]* as photosensitizer, triethanol-
amine (TEOA) as sacrificial electron donor, and Ni,/P, as a
WRC. We chose the iridium photosensitizer, [Ir(ppy),
(dtbb&?]*, rather than [Ru(bpy);]** used in our recent
work, " because its excited state provides more driving force
([Ir(lsvpy)z(dtbb/py)]2+/+>X< ~ —0.96 V vs SCE; [Ir-
(ppy),(dtbbpy)]*’® ~ —1.51 V vs SCE in CH,CN) for
successive reduction of the Ni,P, catalyst.'® Photolysis of a
solution of 0.2 mM [Ir(ppy),(dtbbpy)]*, 0.25 M TEOA and
catalyst Ni,P, in deaerated CH;CN/DMF (1/3) using a blue-
light-emitting diode (LED) (4 = 455 nm, 20 mW) at 25 °C
results in the reduction of Ni,P, (change in solution color from
yellow to green; Figure S9) in agreement with DFT calculations
(see SI) and the production of hydrogen. No such color change
is observed in the absence of Ni,P,. H, production increases
linearly with time after exposure to the 455 nm visible light
(Figure 2, Figure S10), and no H, forms in the dark. A TON of
~290 (~11.6 umol H, gas per 0.04 umol catalyst Ni,P,) is
obtained after 2.5 h of irradiation. This is more than 20 times
higher than the Mn,V, WRC."* Control experiments revealed
that all 3 components, ie., the catalyst Ni,P,, TEOA and
[Ir(ppy),(dtbbpy)]* are essential for efficient H, evolution; the
absence of any one of these species results in little or no H,
(Figure S10). An additional control experiment using
TBA[P,W,50¢,] (TBA-P,Wy3) in place of Ni P, gives very
little H, (TON = 1; Figure S10). A Ni** salt (e.g,, NiClL,), a
potential dissociation product of Ni,P, under otherwise
identical conditions gives much less H, (Figure S10).

Figure 2 illustrates the reusability of the Ni,P, and NiCl,
catalysts. The Ni,P,-catalyzed system shows much higher H,
evolution rates and final yields. A slight decrease of H, yield is
observed in three successive runs. However, the addition of
fresh [Ir(ppy),(dtbbpy)]* stock solution (0.1 mL of 0.8 mM)
fully restores the H, evolution activity. The kinetics of H,
production in the NiCl,-catalyzed system shows quickly
diminishing yields of H, with time. After 12 h of irradiation,
the total TON is 1100 and 110 for Ni,P, and NiCl,
respectively. Centrifugation of the NiCl,-containing solution
almost completely removes its photocatalytic activity, indicating
the heterogeneity of the system (Figure 2a, red line, pink
arrow). This phenomenon is not seen in the Ni,P,-catalyzed
system. A scale-up experiment was used to evaluate the long-
term robustness of the Ni,P,-catalyzed system. Figure 2b shows
that Ni P, catalyzes H, production over 1 week, reaching a
TON of 6500 (corresponding to 260 ymol H, per 0.04 pmol
Ni,P,), with little or no loss of catalytic activity, which is, to our
knowledge, the highest value for a noble-metal-free POM-
catalyzed H, evolution system.
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Figure 2. (a) Photocatalytic H, evolution using 20 yM Ni,P, (black
curve) and 20 M NiCl, (red curve). Conditions: LED light (20 mW,
455 nm), [Ir(ppy),(dtbbpy)]* (0.2 mM), TEOA (0.25 M), 2 mL
CH;CN/DMF (1/3) deaerated with Ar. (b) Long-term photocatalytic
H, evolution using Ni,P, (10 #M), Conditions: LED light (20 mW,
455 nm), [Ir(ppy),(dtbbpy)]* (0.2 mM), TEOA (0.25 M), H,0O (1.4
M), 4 mL CH,CN/DMF (1/3) deaerated with Ar. Note: the blue
arrow means the reaction solution was degassed; the red arrow
indicates 0.1 mL of dye (0.8 mM) was added; the pink arrow
represents the reaction was centrifuged.

The rate of H, evolution depends on the concentrations of
catalyst Ni,P,, [Ir(ppy),(dtbbpy)]* photosensitizer and TEOA
sacrificial donor. At constant concentration of [Ir-
(ppy).(dtbbpy)]* and TEOA, increasing [Ni,P,] from 4 to
30 uM results in an increase in the H, yield from 1.33 to 15.5
umol after 2.5 h of irradiation (Figure S11). Figure S13 gives
dependences of the rate and final yield of H, on the
photosensitizer concentration. The amount of H, generated
increases from 8.5 to 14.1 umol (corresponding to a TON of
~210 to 350, respectively) when varying the [Ir-
(ppy),(dtbbpy)]* concentration from 0.1 mM to 0.4 mM.
The H, yield increases as [TEOA] increases from 0.05 to 0.25
M (TON increases from 160 to 290; Figure S12).

In photodriven catalytic systems, the photosensitizer excited
state can function as either an oxidant or reductant, and thus
can be %uenched by an electron donor or an accept-
or S HM4DI7 T assess the quenching mechanism of our
system, the luminescence of the excited photosensitizer,
[Ir(ppy),(dtbbpy)]**, in deaerated CH,CN/DMF (1/3) was
measured as a function of both TEOA and separately, Ni,P,
concentration (Figure 3a). The linear fitting of a Stern—Volmer
plot gives an apparent rate constant of 2.7 X 10" M~' s™* for
oxidative quenching by Ni,P, (Figure S14). The Stern—Volmer
analysis of the reductive quenching by TEOA yields a
quenching rate constant of 3.3 X 10" M™' s™! (Figure 3b and
Figure S14). Although the rate constant for oxidative
quenching is about 3 orders of magnitude higher than that of
reductive quenching, the reductive process is still dominant
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Figure 3. Emission spectra of [Ir(ppy),(dtbbpy)]* (0.2 mM) as a
function of added (a) Ni,P, and (b) TEOA.

given the much higher concentration of TEOA (025 M)
relative to Ni,P, (20 uM).

To further investigate the electron-transfer steps, time-
resolved fluorescence spectroscopy was used to follow the
[Ir(ppy),(dtbbpy)]** luminescence decay kinetics. Figure S15
shows that both Ni,P, and TEOA can accelerate the
[Ir(ppy),(dtbbpy)]** luminescence decay. Single exponential
fitting of these kinetics in the presence of Ni,P, and TEOA
gives lifetimes of ~96 and ~52 ns, respectively; however, in the
absence of quenchers, the luminescence decay kinetics slow
down (lifetime = 103 ns). These data further confirm that
catalyst Ni,P, and TEOA can oxidatively and reductively
quench the excited state of [Ir(ppy),(dtbbpy)]** and that the
reductive quenching pathway is dominant in agreement with
the steady state luminescence quenching results. Transient
absorption measurements have also been used to determine the
rates of electron-transfer processes. The decay kinetics of
[Ir(ppy),(dtbbpy)]** only is single-exponential with lifetime of
~115 ns (Figure S16a and Table S3). In contrast, the lifetime
of [Ir(ppy),(dtbbpy)]** shortens to ~98 ns through oxidative
quenching by Ni,P, (Figure S16b, Table S3). In addition,
[Ir(ppy),(dtbbpy)]** is also reductively quenched by TEOA
with the lifetime of ~78 ns (Figure S16c, Table S3), resulting in
the formation of one-electron-reduced dye (A, = S00 nm)
that further reduces catalyst Ni,P, (Figure S16d, red dash-line
circle). On the basis of the above experimental data, we
propose the mechanism in Scheme S1 for this visible-light-
induced photocatalytic H, evolution.

The stability of molecular WRCs under turnover conditions
is a general concern. In this context, the photostability of Ni,P,
in our system has been examined using multiple physicochem-
ical methods. First, under nonturnover conditions, the UV—vis
spectrum of Ni,P, shows no significant change after 24 h
(Figure S17). Second, the FT-IR spectra of Ni P, isolated from
postreaction solution after 2.5 h or 7 days remain unchanged
relative to the spectrum before photocatalytic reaction (Figure

S18). Third, no decrease of photocatalytic activity by Ni,P, is
observed in a mercury-poison test (using up to 150 mg Hg).
Forth, no detectable formation of nanoparticles is observed by
either DLS or TEM in the Ni,P,-catalyzed postreaction
solution. In contrast, nanoparticles with hydrodynamic sizes
centered at 1.5 and 220 nm are observed by DLS in NiCl,-
catalyzed reactions (Figure S19), consistent with the size
distribution (centered at around 2 nm) shown in TEM image
(Figure S20). Elemental mapping of these nanoparticles show
the presence of both Ni and O, where the O might come from
surface oxidation of the Ni nanoparticles upon exposure to air
(Figure S20).

In conclusion, we report an efficient, robust, and noble-
metal-free molecular POM-based WRC, Ni,P,, that catalyzes
H, production upon visible-light irradiation over 1 week. It
achieves the highest TON value (~6500) for a POM-catalyzed
H, evolution system with no significant loss in activity.
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