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Complexed Semiconductor Cores Activate Hexaniobate Ligands as
Nucleophilic Sites for Solar-Light Reduction of CO, by Water

Guanyun Zhang, Fei Wang, Tal Tubul, Mark Baranov, Nitai Leffler, Alevtina Neyman,

Josep M. Poblet, and Ira A. Weinstock*

Abstract: Although pure and functionalized solid-state
polyniobates such as layered perovskites and niobate
nanosheets are photocatalysts for renewable-energy
processes, analogous reactions by molecular polyoxonio-
bate cluster-anions are nearly absent from the literature.
We now report that under simulated solar light,
hexaniobate cluster-anion encapsulated 30-Ni"-ion
“fragments” of surface-protonated cubic-phase-like NiO
cores activate the hexaniobate ligands towards CO,
reduction by water. Photoexcitation of the NiO cores
promotes charge-transfer reduction of NbY to Nb',
increasing electron density at bridging oxo atoms of Nb-
pu-O-Nb linkages that bind and convert CO, to CO.
Photogenerated NiO “holes” simultaneously oxidize
water to dioxygen. The findings point to molecular
complexation of suitable semiconductor “fragments” as
a general method for utilizing electron-dense polyox-
oniobate anions as nucleophilic photocatalysts for solar-
light driven activation and reduction of small molecules.

Solid-state polyniobates"! such as the layered perovskite,
K,Nb:O,,, calcium-niobate nanosheets, KCa,Nb;0,,,*! and
binary oxides such as SrNb,O" are photocatalysts for
water oxidation, H, evolution and CO,” reduction, with
activities enhanced by interactions with incorporated
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metal®<° or metal-oxide® " nanoparticles. By contrast,
photocatalysis by molecular polyoxoniobate cluster-anions!®
is nearly absent from the literature.

One reason is that the excitation of electrons from the
highest-occupied to lowest-unoccupied molecular orbitals,
i.e. HOMOs to LUMOs, within the molecular clusters
requires ca. 5 eV (250 nm),” versus the ca. 3.5 eV (354 nm)
band gaps that allow for solar-light driven catalysis by solid-
state niobates.!"! Notably, however, the O atoms of bridging
NbY-u-O-Nb" linkages in polyoxoniobate clusters are highly
electron dense, more so than in analogous linkages in W"'-
or Mo"-based cluster-anions."”! And, electron density at
bridging O atoms should increase considerably if adjacent
Nb" atoms were reduced to Nb'. This combination of highly
energetic electrons in Nb" atoms bound to nucleophilic O
atoms presents a promising scenario for binding and
reducing CO,. The challenge is to reach this attractive state
using the solar spectrum.

One idea is to use hexaniobate clusters to “trap”
molecular fragments of metal-oxide semiconductors whose
photoexcitation can populate the ligating cluster-anion’s
NbY-based LUMO. In this regard, we recently used
hexaniobate anions to complex metal-oxide fragments
closely resembling the phase and catalytic properties of
parent bulk materials.""! For this, base-stable plenary
polyoxoniobate anions combine large charge densities!'”
with high symmetries that enable them to serve as non-
templating donor ligands>" that allow encapsulated metal-
oxide clusters! to retain the phases of related bulk
oxides.'"3

We now report that at pH values and temperatures
suited to formation of cubic-NiO NCs, plenary hexaniobate
anions indeed trap fragments of surface-protonated cubic-
phase NiO (1; Figure 1A). Experimental and DFT results
show that solar-light irradiation of their NiO core results in
the reduction of Nb¥ to Nb" (Figure 1B), leading to CO,
reduction by “photo-activated” hexaniobate ligands, while
NiO “holes” oxidize water™ to O,.

Molecular complex 1 was prepared by adding NiCl, to a
basic solution of hexaniobate, ([NbsO]*, K* salt) and
heating at 170°C to give a blue-green solution. After work
up, green, rod-like crystals of 1 were isolated at an
unoptimized yield of 1.5% (Figure S4-S7), along with
colloidal NiO by-products.

Single-crystal X-ray diffraction analysis!' of 1 revealed
30 Ni atoms encapsulated by 10 plenary-hexaniobate ligands
(Figure 2; Table S1-S3) giving the highest-nuclearity nickel
cluster with entirely inorganic ligands. All Ni atoms are
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A NIO(H) B s e magnetic resonance (EPR) spectra of 1 are consistent with
AL 2 " Lumo paramagnetic Ni" ions (3d%, S=1) in pseudo-O, sites. At
QN \\\ E— A T 40 K, the EPR spectrum reveals a broad asymmetric signal,
T , E o centered at g=2.08+0.03 (black curve in Figure S11A),
é ] S : consistent with those of Ni" ions in bulk NiO and Ni(OH),
4 . N = ° (g~2).2" Upon warming to 260 K, signal intensities obey
" Hexaniobate £ z VB the Curie-Weiss law, with little change in g-factor and
ks NiO i linewidth. The EPR-estimated Weiss constant of —12K
41 core HOMO (Figure S11B) indicated weak anti-ferromagnetic Ni"-Ni"

1 Hexaniobate [22]

Figure 1. A) Complex, 1, obtained by hexaniobate-anion encapsulation
of a 30-Ni ion cluster. B) Solar light promotes electron transfer from
the Ni'-based HOMO of the NiO core to the Nb"-based LUMO of
ligating hexaniobate ligands. The band structure of NiO is from the
literature!”! and Mott-Schottky analysis of 20-nm cubic NiO NCs
(Figure S1-3); Molecular orbital (MO) energies of hexaniobate are
from literature values and DFT calculations discussed below.

wu g0C
wu 2¢°2

Figure 2. Polyhedral representations of 1 along the a-axis (A) and b-axis
(B) and their respective dimensions in height and width. Hexaniobate
ligands are in light brown; blue polyhedra contain Ni" atoms.

located in pseudo-octahedral environments and linked via O
atoms to give a {NizO,5} structure. The height and width of
{Niz;pO, 5} are 2.09 and 1.47 nm, respectively, with inclusion
of the hexaniobate ligands giving dimensions of 2.47x
1.80 nm for 1 itself (Figure 2).

The {Niz,O;;5} structure (Figure S8A) contains a central
{Ni20} core, linked by an additional 12 u,-O atoms to 10
surrounding Ni atoms. Due to its small size, O atoms of 6
Ni-u,-O-Ni linkages and 18 Ni;-u;-O linkages of the {Ni20}
core are monoprotonated in water, while eight outer Ni
atoms of {Ni;O,;5} are ligated by OH, (bond valence sum
calculations; Table S4-5). Also, 86 O atoms of {NizO,s} are
supplied by 22 Nb=O and 64 Nb-u,-O-Nb moities of the 10
hexaniobate ligands.

The crystallographic data formulate 1 as K,,[Niz(OH),-
(H,0)4(NbgO19),4]-100 H,O, consistent with elemental analy-
sis and thermogravimetric analysis (Figure S9). Notably, the
central {NizO,4} cluster is remarkably similar to cubic NiO
(Figure S8B),I"! with protonation of surface-oxygen atoms
an inherent consequence of the relatively small size of the
{Ni30} fragment.

Two sets of peaks in the X-ray photoelectron spectrum
of 1 (Figure S10): Ni 2p,, and Ni 2p,, at 855.2 and 873.1 eV,
respectively, with broad satellite peaks, are similar to cubic
NiO and Ni(OH),.”" Temperature-dependent electron para-
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interactions as reported for small NiO NCs.

Tauc plots gave a 3.60 eV difference between HOMO
and LUMO energies of 1 (Figure 3A). Flat-band potentials
were determined by Mott-Schottky analysis. For molecular
compounds, flat-band potentials are close to HOMO or
LUMO energies.” From the negative slopes in Figure 3B, 1
exhibits p-type behavior, with a HOMO energy of 1.69 V.
This, along with a 3.60eV HOMO-LUMO gap, gives a
LUMO energy of —1.91 V.

DFT calculations (see the Supporting Information for
methods and references) were performed to better under-
stand the electronic structure of 1. Initially, two simplified
models of 1, involved 3 Ni" or 7 Ni" ions encapsulated by
hexaniobate ligands. Calculations, performed at the PBE
level, nicely reproduced the experimental geometry (Fig-
ure 4A and S12).

A more localized set of frontier MOs was obtained by
single-point calculation with the hybrid B3LYP functional
and the PBE optimized structure (Figure 4A). The HOMO
(ca. —4eV) is mainly localized on Ni" centers, while the
LUMO is localized on Nb" centers. Charge migration from
Ni to Nb was confirmed by in situ X-ray photoelectron
spectroscopy (Figure S13), and consistent with a long
fluorescence lifetime of 3.22ns (by time-resolved photo-
luminescence spectroscopy; Figure S14-15). The calculated
HOMO-LUMO gap of 3.70 €V is close to the experimental
value of 3.60 eV (see also Figure S12). A similar experimen-
tal value of 33eV was found for NiO-intercalated
K,NbO,,.’Y In summary, DFT calculations show that the
electronic structure (HOMO and LUMO) of 1 is comprised
of NiO and hexaniobate ligands, analogous to the situation
in metal- or metal-oxide intercalated niobate
nanosheets. "2

The experimentally determined energy levels (Fig-
ure 4B) show that the HOMO and LUMO of 1 are suitable
for solar-light driven reduction of CO, by water. Also, the
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Figure 3. A) and B) Tauc and Mott—Schottky plots of 1.
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Figure 4. A) MO diagram for a simplified model [Nis(OH),(NbsO;0)3]*
of compound 1. Energies of pseudo-bands for occupied and
unoccupied MOs are represented by filled and empty boxes. Ni"O, Nb"
and Ni" are used to represent which atoms contribute most to each set
of MOs. At right: Representative MOs. B) Energy-level diagram of 1
from data in Figure 3.

bridging oxo ligands of fully oxidized hexaniobate clusters
feature the largest oxo-ligand electron densities observed for
polyoxometalates, exceeding those of Mo and W clusters.
Excitation of electrons to the NbY-based LUMO, to give
Nb"™, should further enhance the already large electron
density and nucleophilic character of the bridging oxo atoms
of Nb-u,-O-Nb linkages of the hexaniobate ligands, promot-
ing effective coordination to the electrophilic carbon atom
in CO,.

Catalytic CO, reduction was investigated by placing an
aqueous solution of 1 on a transparent window of fluori-
nated tin oxide (FTO), drying, insertion into 2.5 v:v %
water: MeCN in a glass vessel under 1atm CO,, and
irradiating with simulated solar light (Figure S16-S18). No
sacrificial agents or photosensitizers were added. After 15 h,
products in the headspace were analyzed by gas chromatog-
raphy.

H, and CO were obtained at 86 % selectivity for CO at a
rate per mass of NiO (core), much larger than that observed
for 20 nm cubic-NiO NCs (Figure SA). Per total mass of 1,
irradiation-intensity normalized rates of 17.8 and
108.2 pmolg 'h™' of H, and CO, respectively, exceed those
of other catalysts reported to use solar-light and water to
reduce CO, to H, and CO (Table S6).
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light (150 W) with an intensity of 697 mW cm™2. A) CO,-reduction rates
per mass of NiO for optimally-thin films of 20-nm cubic-NiO NCs and
1. B) CO,-reduction rates (molar basis) for films of 1 and molecular
nickel-cluster photocatalysts, (Ni4)"¥ and (Ni13),% shown using blue
for Ni, red for O, orange for P, and grey for W-centered polyhedral.

Compared to Ni-based polyoxometalate photocatalysts:
the H,y-evolution catalyst, Nays[Ni;3(H,0);(OH)o(POy)4-
(SiW,0,,);] (Nil3),”"! was inactive, and K¢Na,[Ni,(H,0),-
(PW,0,,),] (Ni4)," showed little activity (Figure SB and
S19, S20). For NiO NCs, 1 and Ni4, no soluble organic
products were detected by 'HNMR analysis of MeCN
reaction solutions (Figure S21).

Compared with 730 umolg 'h™' of CO produced under
1 atm CO, (Figure SA and S22A), reaction under air (4x
10~*atm CO,) gave no detectable products. One atm
99 atom-% “CO, (Figure S23), gave only “CO, proving CO
formation from CO,.

Upon reduction of the water content from 2.5 to 0.08 v:v
%, no products were observed, and with 98 atom-% H,*O
(2.5 v:v water), O, alone was found (Figure S24-25).
Stoichiometric oxidative equivalents of O, were produced
during seven repeat catalysis runs, during which no decrease
in activity was observed (Figure S26, S27); no changes were
observed in FTIR or powder-XRD spectra of 1 (Figure S28,
S29).

DFT calculations, Figure 6, addressed coordination of
CO, and water to 1 (panel A) and conversion of CO, to CO
(panel B). At the outset of photoexcitation, water is bound
to Ni centers (left in Figure 6A; —5.2 kcalmol ™), while upon
photogeneration of Nb'", the highly electron dense oxo
atoms of Nb"-u,-O-Nb" linkages are sufficiently nucleo-
philic to bind CO, (right in Figure 6A; —20.7 kcalmol™).
Subsequent reduction of a second Nb atom to Nb' is
followed by the coupled transfer of two electrons and two
H™ to CO,, from Nb" and water, respectively, to give bound
CO, H-bonded H,O and two equivalents of OH™ (Fig-
ure 6B). Determinations of full reaction mechanisms for
water oxidation® and CO, reduction® by polyoxometa-
lates are very complex and additional computational studies
are currently underway.

In summary, soluble macroanions, 1, feature 30 Ni"-ion
cubic-phase like {Ni;O,;5} cores complexed by 10 hexanio-
bate, [NbsOy]*", ligands. DFT calculations and in situ XPS
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A Water coordination CO, coordination

AE = -20.7 kcal mol

AE = -5.2 keal mol!
B 2e-reduced {(NbVY,—0)-CO,} {H,0-{Nb",~1+-0)-CO}

?

+2H*to O1

AE = -23.9 kcal mol”

{(NbVy—ys-0)-COz} +2H,0 ——>  {H,0-(Nb',—1+-0)-CO} + 20H

Figure 6. DFT calculated coordination and CO, reduction. A) Coordina-
ation of H,0O and CO, to photoexcited NiO and reduced hexaniobate.
B) CO, reduction. Addition of two H* from water to O1 of bound CO,
induces cleavage of the C—O1 bond, giving bound CO and H-bonded
H,O1 (at right).

show that solar-light promotes electrons from a Ni" based
conduction band of {Niy,O;;s} to the NbY based LUMO of
hexaniobate (Figure 4A) decreasing the energy needed to
generate Nb" from 5 eV (typical of polyoxoniobate cluster-
anions) to 3.6 eV, similar to pure and functionalized solid-
state polyniobates. While photogenerated NiO “holes”
oxidize water, reduction of NbY to Nb' increases the
already large electron densities of bridging oxides of the
hexaniobate ligands, rendering them sufficiently nucleophilic
to bind CO,, with protons from water triggering energeti-
cally favorable proton-coupled electron transfer to CO,.
More generally, the findings suggest that complexation of
phase-defined fragments of visible-light semiconductors may
provide a general method for transforming polyoxoniobate
cluster-anions into photocatalysts for the solar-light driven
binding and activation of small molecules.
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