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A Bioinspired Molecular Polyoxometalate Catalyst with
Two Cobalt(ll) Oxide Cores for Photocatalytic Water

Oxidation

Jie Wei,” Yingying Feng,” Panpan Zhou,” Yan Liu,” Jingyin Xu,”) Rui Xiang,™
Yong Ding,*®® Chongchao Zhao," Linyuan Fan,' and Changwen Hu

To overcome the bottleneck of water splitting, the exploration
of efficient, selective, and stable water oxidation catalysts
(WOCs) is crucial. We report an all-inorganic, oxidatively and
hydrolytically stable WOC based on a polyoxometalate
[(A-0t-SiW403,),C0g(OH)4(H,0),(CO5)51"®"  (CogPOM). As a co-
balt(ll)-based cubane water oxidation catalyst, CosPOM
embeds double Co",0; cores. The self-assembled catalyst is
similar to the oxygen evolving complex (OEC) of photosyste-
m I (PS Il). Using [Ru(bpy);]** as a photosensitizer and persul-
fate as a sacrificial electron acceptor, CoPOM exhibits excellent
water oxidation activity with a turnover number (TON) of 1436,
currently the highest among bioinspired catalysts with a cubical
core, and a high initial turnover frequency (TOF). Investigation
by several spectroscopy, spectrometry, and other techniques
confirm that CogPOM is a stable and efficient catalyst for visible
light-driven water oxidation. The results offer a useful insight
into the design of water oxidation catalysts.

Splitting water into H, and O, through artificial photosynthesis
is a feasible way to alleviate the energy crisis in the future."! To
break through the bottleneck of water splitting, the explora-
tion of efficient, selective, and stable water oxidation catalysts
(WQCs) is crucial.”’ Nature’s cuboidal CaMn,Os catalyst of pho-
tosystem Il (PS Il) is the heuristic component for design of bio-
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inspired WOCs, and the transition-metal-oxo cubical core has
been recognized as being of critical importance towards catal-
ysis of water oxidation.”

In order to closely mimic the structure of the cubical core,
many efforts have been devoted to exploring cubical tetranu-
clear metal catalysts. However, only few molecular tetranu-
clear metal catalysts, including ruthenium-"" manganese-,"
cobalt-7" and nickel-based® complexes, have so far been syn-
thesized and recognized as viable WOCs under photocatalytic
conditions. Within the scope of metal organic complexes, just
three typical examples have been reported:
[Co",0,(0AC),(py),],B" [Co",0,(0AC),(p-NCsH,X),] (Where X=H,
Me, tBu, OMe, Br, OAc, CN),"™ and [Co",(hmp),(u-OAC),(u,-
0AC),(H,0),1.77" Nevertheless, Nocera etal. recently raised
doubts about whether or not catalyst [Co",0,(0AC),(py-X).]
mentioned above is a genuine molecular catalyst in photocata-
lytic water oxidation.”” The result of their research is that the
water  oxidation activity of the compound class
[Co",0,(0Ac),(py-X),] emanated from Co" impurities. A possible
reason why the [Co",0,(0Ac),(py-X),] is not responsible for the
observed water oxidation activity is that structure of com-
pound class [Co",0,(0Ac),(py-X),] contains no terminal aquo li-
gands. Inspired by the proposed PS ll-oxygen evolution com-
plex (OEC) mechanisms, the implementation of transition
metals coordinated to terminal aquo, hydroxo, or oxo ligands
is a major step toward O—O formation pathways via water
attack and exchange processes."”

Recently, many robust, molecular polyoxometalates (POM:s)
as efficient WOCs have been developed, because this kind of
catalyst eliminates the problem of ligand oxidative instability,
while being thermally stable and allowing for structural fine-tu-
ning.f¢’<"  However, apart from [{Ru,O,(OH),-(H,0)}(y-
SiW,,04),1'°", based on a noble metal,” only three types of
bioinspired POMs containing earth-abundant metals with cubi-
cal core have been reported: [{Co,(OH);(PO,)},(XW405,),1" (X=
Si, P Ge, As)’9 [Mn,0;(CH;CO0);(A-0-SiW,0,,)1°, and
[Ni,s(H,0),-0H)15(C0O5),(PO,)s(SiW403,)¢1° B The lack of transi-
tion metals coordinated to a terminal aquo ligand in the first
two catalysts mentioned above may result in a lower turnover
number (TON). The number of fast, selective, and stable molec-
ular POMs that function as WOCs is still small up to now.

Herein, we report the synthesis, crystal structure, and photo-
catalytic water oxidation activity of a homogeneous POM
WOC, [(A-a-SiW403,),Co5(0H)4(H,0),(C0O,);]"*". This octanuclear
cobalt complex contains double-defective cubical Co",0; cores
(Figure 1), with two of these cobalt atoms coordinated to ter-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/cssc.201500490

.@'2 ChemPubSoc
Br<7 Europe

w1 w2

Figure 1. Combined polyhedral/ball-and-stick representation of CogPOM
(bottom: Co, cyan; O, red; Si, orange; C, white; W, gray; counter cations and
H atoms were omitted for clarity) and Mn,CaOs (top: Mn, violet; Ca, brown;
O, red).

minal aquo ligands."? Co,POM is readily synthesized from

Na;o[A-0-SiW,05,], CoSO, and potassium carbonate in an
aqueous solution of sodium acetate at room temperature (see
Supporting Information for details). After potassium carbonate
solution was added and stirring for 1 h at room temperature,
the resulting solution was maintained at pH9.0 all the time. It
is well-known that POMs are hydrolytically sensitive, especially
under alkaline conditions.” Co,POM was synthesized at pH
around 9.0, which can insure its hydrolytic stability during the
process of photocatalytic water oxidation at pH 9.0. The hydro-
lytic stability of CogPOM in 80 mm pH 9.0 sodium borate buffer
was further confirmed by UV/Vis experiments (Supporting In-
formation, Figures S5 and S7).

Purple, platelike crystals of CoPOM were obtained (Support-
ing Information, Figure S2), and the crystal structure was tri-
clinical (Supporting Information, Table S1). As can be seen from
this POM (Supporting Information, Figure S1), two Co",0; cores
are located in two trivacant [A-a-SiW,0,,]'" ligands and are
connected by three CO,*~ anions (Supporting Information, Fig-
ure S3). All the Co—O bond lengths fall into 2.0-2.4 A (Support-
ing Information, Table S2), and the Co"-Co" distances of the
Co",0; cores are in the range of 2.96-3.75 A (Supporting Infor-
mation, Table S3). These structural features show a direct rela-
tionship to the CaMn,O; cubane of Nature’s PSIl, where
Mn--Mn distances fall in the range of 2.8-3.3 A (Figure 1).'*™
Bond valence sum (BVS) calculations indicate that all the
cobalt atoms in the CogPOM have a +2 oxidation state (Sup-
porting Information, Table S4); a finding supported by X-ray
photoelectron spectroscopy results (Supporting Information,
Figure 58).[7C,'|1h,'|5]

The UV/Vis spectrum of CogPOM in 80 mm borate buffer re-
veals transitions involving orbitals with both cobalt and poly-
oxometalate ligand character. An intense band around 508 nm
(€450=184M Tcm ™, £505=190M "cm™') in the UV/Vis spectrum
of CogPOM in solution (Figure S5) is in good agreement with
other Co"-containing polyoxometalates."® DFT calculations fur-
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ther revealed the electronic properties of CogPOM. An opti-
mized geometry of CogPOM is presented in Figure S11 (Sup-
porting Information), and the calculated important bond dis-
tances are in good agreement with the X-ray crystallographic
values. The highest occupied molecular orbital (HOMO) of
CogPOM is mostly cobalt core orbital (Supporting Information,
Figure S12). These results indicate that the {Co,O,} units should
participate in the water oxidation reaction whereas polytungs-
tate ligands and carbonate ligands should be effectively inert
under the catalytic conditions. Furthermore, in the oxidative
scan, cyclic voltammetry (CV) of 0.5 mm CogPOM in 80 mm
sodium borate buffer solution (pH 9.0) shows a large, irreversi-
ble oxidative wave corresponding to catalytic water oxidation
with an onset potential of 0.95V (vs. Ag/AgCl (saturated KCl),
Supporting Information, Figure S13).

Photoinduced water oxidation was investigated using a sacri-
ficial system, which was composed of [Ru(bpy);]*" (1 mwm),
Na,S,0; (5 mm), borate buffer solution (80 mm, pH 9.0, 15 mL),
and excited at 1>420 nm. Figure 2 shows the oxygen evolu-

O, (pmol)
©
1

0 T T T T T 1
0 2 4 6 8 10

Tllimination time (min)

Figure 2. Kinetics of O, production in the photocatalytic system by 2 pm
CogPOM under different pH conditions in 80 mm borate buffers (black curve
at pH 8 and red curve at pH 9) containing [Ru(bpy);]** (1 mm) and Na,S,04
(5 mm).

tion over CogPOM under different pH conditions. Oxygen pro-
duction leveled off to a plateau yield after 9 min of irradiation
due to the consumption of electronic sacrificial reagent
(S,04°7). Because a high pH is thermodynamically favorable for
water oxidation,"” the reaction at pH 9.0 showed a higher cat-
alytic activity with 43.6% O, yield and TON of 545. When the
pH 8.0 buffer was used, the O, yield and TON decreased to
20.5% and 256, respectively. After completion of the first run,
17.8 mg Na,S,05 was added to the reaction and the system
started producing oxygen again (Supporting Information, Fig-
ure S14, Table S6). In the second run, the amount of O, de-
creased from 16.4 umol to 8.4 umol and O, yield decreased
from 43.6% to 22.4%, respectively. At the same time, the pH
value was 8.7 after the first run, and changed to 8.0 after the
second run. These phenomena suggest that the photocatalytic
reaction system is influenced by the pH value. In addition, the
decomposition of photosensitizer [Ru(bpy);]*" also influences
the photocatalytic reaction.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Light-driven water oxidation activity was also examined at
different concentrations of CosPOM (Supporting Information,
Table S5). The TON of CogPOM reached as high as 1436 using
0.5 um catalyst. The quantum yield of the photoinduced reac-
tion is directly related to the initial slope (O, versus time),
which can reach as high as ~36% at 2.0 um CogPOM. In order
to differentiate homogeneous and heterogeneous water oxida-
tion catalysis, the photocatalytic water oxidation activity of
CogPOM and Co(NO,), (in situ-generated cobalt oxide) were in-
vestigated thoroughly. Although water oxidation catalyzed by
CogPOM and Co(NO,), in separate reactions exhibited similar
kinetic profiles, more oxygen evolved when using Co(NO,), at
both pH 8.0 and pH 9.0 (this phenomenon is common™?) (Sup-
porting Information, Figure S15). On the other hand, Co,POM
was proved to have a higher activity at pH 5.8 (Supporting In-
formation, Figure S16). The difference in catalytic water oxida-
tion activity at different pH values using CogPOM or the equiv-
alent Co®" (aq) is a strong evidence that Co,POM is a genuine
water oxidation catalyst, rather than Co’" (aq) or CoO,. Fur-
thermore, the dependence of the catalytic water oxidation ac-
tivity by Co,POM and Co’" (aq) as a function of pH and buffer
concentration is different (Supporting Information, Table S6).
Table S6 also gives many additional results to verify that
CogPOM is a genuine water oxidation catalyst.

[Ru(bpy)s]** + hv — *[Ru(bpy)s]** (1)
2*[Ru(bpy);]** + 5,05~ — 2[Ru(bpy);|** + 250, (2)
n [Ru(bpy)s]** + CosPOM — n [Ru(bpy)s]** 4+ CosPOM®)  (3)
CogPOM® 4+ 2H,0 — CosPOM + O, + 4 H" (4)

In a photoinduced sacrificial system comprising [Ru(bpy);]**
and Na,5,0, the photosensitizer can be oxidized to
[Ru(bpy)sI*" by Na,S,04 under photoirradiation [Egs. (1)-(2)].
Steady-state luminescence spectra of [Ru(bpy);]** show that
63% of the excited state *[Ru(bpy);]** can be quenched by
persulfate by comparing the emission intensity values in the
presence and absence of persulfate (Supporting Information,
Figure S18). Upon addition of the catalyst, the quenching effi-
ciency is not affected, indicating that the quenching of
*[Ru(bpy);]*" by Co,POM is negligible. The resulting
[Ru(bpy)s]** can further oxidize water to produce O, thermo-
dynamically, but with a poor selectivity and at a lower rate."®
However, water oxidation catalysts can break the limitations of
kinetics, restoring [Ru(bpy);]** quickly to [Ru(bpy);]** and oxi-
dizing water to oxygen at the same time [Egs. (3)-(4)]. In the
meantime, the WOCs can alleviate degradation of the photo-
sensitizer, which occurs in the reduction of [Ru(bpy);’* to
[Ru(bpy);]*".'®*™ The ligand-to-metal charge transfer (LMCT)
band of [Ru(bpy);]*" at 670 nm was not observed in the pres-
ence of CogPOM in pH 8.0 borate buffer solution after 30 s of
irradiation, but was obvious in the absence of catalyst (Sup-
porting Information, Figure S19). The difference in degradation
of the photosensitizer should be caused by electron transfer
between [Ru(bpy);]*" and Co;POM.
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In photocatalytic cycles, the overall efficiency of oxygen pro-
duction is strongly affected by the electron transfer rate from
the catalyst to the oxidized photosensitizer [Eq. (3)].**" A fast
electron transfer process between the chemical oxidant and
the catalyst could contribute to a high turnover frequency
(TOF) for CogPOM in water oxidation processes. A classical ex-
periment for investigating hole scavenging rates is flash pho-
tolysis, in which a suitable concentration of [Ru(bpy),]** is gen-
erated by the activated reaction of [Ru(bpy);]*" with S,04%"
using a 450 nm laser. The reaction condition of [Ru(bpy);]**
with CogPOM was monitored by detecting the absorption at
450 nm (the metal-to-ligand charge transfer (MLCT) band of
[Ru(bpy);]*") due to the regeneration of [Ru(bpy);]*" [Eq. (3)].
Figure 3 shows the results obtained from the flash photolysis
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-0.02
10 Co POM
CoPOM =25 4
Co,POM = 50 M
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Figure 3. Laser flash photolysis experiments (1., =450 nm) at pH 9.0 (80 mm
sodium borate buffer solution) containing [Ru(bpy);]** (50 um), CogPOM (0-
50 pm) and S,05% (5 mm).

(excitation with 450 nm light) in pH 9.0 sodium borate buffer
solution with different concentrations of CogPOM (0-50 um)
containing 50 um [Ru(bpy);]** and 5mm S,04°". The black
trace shows the bleach persistence (i.e., constant [Ru(bpy);]**
concentration) obtained in the absence of CogPOM. The pres-
ence of CosPOM leads to bleach recovery, resulting from
[Ru(bpy)s]** reduction by hole scavenging. The hole-scaveng-
ing activity increases with an increase in concentration of
CogPOM in microsecond time scale. However, these mecha-
nisms are still not clarified because of the complexity of WOCs
and the water oxidation process itself [Eqgs. (3)-(4)]. In any
case, the fast hole scavenging processes involving CosPOM
would allow protection towards the stability of the overall
photochemical water oxidation process, because the
[Ru(bpy)s]** should be rapidly scavenged and therefore could
not be affected by the decomposition reaction.®'?

The reaction rate of [Ru(bpy);]*" reduction to [Ru(bpy),]*" is
so fast at pH 9.0'"¥ that monitoring the reaction conditions is
difficult. Therefore, we synthesized Ru(bpy),;(ClO,); and measured
kinetics of [Ru(bpy);]*" reduction to [Ru(bpy);]*" at a modest
overpotential of 350 mV (¢°%([Ru(bpy)sl*/[Ru(bpy);* ") =1.24V,
£%(0,/H,0)=0.89 V at pH 5.8). In 20 mm NaHCO,/Na,SiF, buffer
at pH 5.8, the addition of 2.0 um CogsPOM results in ~13% con-
version of [Ru(bpy)s]’" in 30s, and the conversion of

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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[Ru(bpy);’* increases to ~37% with the concentration of
CogsPOM increasing to 4.0 um (Supporting Information, Fig-
ure 520). These results also demonstrate that CogPOM can make
[Ru(bpy);]** restore to [Ru(bpy);]** faster and break the dynam-
ic limitation of water oxidation (Egs. (3)-(4)).

The stability of Co,POM was indicated by several experi-
ments. After aging 10 h, no apparent changes in the UV/Vis
spectra were observed in borate buffer (Figure S7). The FTIR
spectrum of the recovered catalyst after the first run was com-
pared with that of the fresh CogPOM, and the consistency certi-
fied structural integrity of CogPOM (Supporting Information,
Figure S21). Dynamic light scattering (DLS) measurements did
not reveal nanoparticles after photocatalytic water oxidation
(Supporting Information, Figure S22). However, nanoparticles
(ca. 779 nm in diameter) were detected when using 2 um
Co(NOs),, as shown in Figure S23 (Supporting Information).
This provides solid evidence that cobalt hydroxide/oxide nano-
particles are not generated in situ from the hydrolytic decom-
position of CogPOM. Mass spectrometry analysis of CogPOM
was performed before and after the reaction, and the results
show the integrity of CogPOM polyanions after photocatalystic
water oxidation (Supporting Information, Figure S24). The con-
dition of CosPOM before and after the photocatalytic water ox-
idation was investigated by X-ray photoelectron spectroscopy
(XPS). The absence of changes in the surface conditions of the
solid CogPOM indicates that the structure of CosPOM was
maintained during photocatalytic water oxidation (Figure S8).
These findings indicate that CogPOM is a stable molecular cata-
lyst in photochemical water oxidation.

The design concept behind bioinspired homogeneous WOCs
is to imitate the configuration of the OEC in PS Il as much as
possible. This bioinspired double cubane Co",0; core POM pos-
sesses four absolute advantages. Firstly, CogPOM inherited the
versatile nature of POMs. This family of catalysts can readily
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Table 1. TON and TOF,,, of different water oxidation catalysts with cubi-
cal core.

Catalyst TON®'  TOF [s7"] Ref
CogPOM®! 1436 10 this work
[C0",0,(0AC),(py)]* 40 002 [3]
[C0",0,(0AC),(p-CsH X), 1 10 0.02 [7a]
[Co"s(hmp),(1-OAC),(1,-OAC),(H,0),1 40 7 [7b]
[{Ru,0,(OH),(H,0) }(y-SiW,(054),1"* 500 0.1 [5a]
[Mn";Mn"05(CH,CO0);(A-0-SiW40,,)1° 9 5  No data [6]
[{Co4(OH)(PO,)}4(GeW;0,,), 1> 9 70 01 [7d]
[Ni,5(H,0),0H)15(CO5),(PO,)6(SiW405,)6*° 25 03 [8]

PS I 107 500 [20]

[a] TON=mole of O,/mole of catalyst. [b] Conditions: LED light (16 mW,
A>420 nm, beam diameter 2cm), [Ru(bpy);ICl, (1.0 mm), Na,S,0q
(5.0mm), CogPOM (0.5 pm), borate buffer (80 mm, initial pH 9.0).

[c] [Ru(bpy);*/S,04*". [d] Ce"-driven. [e] Tyrosine radical.
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