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ABSTRACT: We report a 3.6 nm Tis,—oxo cluster with
precise atomic structure, which presents a largest size
record in the family of titanium—oxo clusters (TOCs).
The crystal growth of such large Tis, is based on a stepwise
interlayer assembly approach from Ti4 substructures. The
possible growth mechanism of Tis, could be deduced from
crystal structures of two substructures, Tis and Ti,;, which
were also synthesized under similar conditions as Tig,.
Moreover, these TOCs show cluster-size-dependent
photocatalytic hydrogen evolution activities with Ti,
giving a H, production rate up to 398 ymol/h/g, which
is also the highest record in the family of TOCs. This work
not only represents a milestone in constructing large
TOCs with comparable sizes as TiO, nanoparticles but
also brings significant advances in improving photo-
catalytic behaviors of TOCs.

olar energy driven water splitting has become a promising

way for the clean and sustainable production of hydrogen
and will provide a practicable solution to the global energy and
environment crisis.' > Titanium dioxide (TiO,) and related
Ti—O nanomaterials are the most widely applied catalytic
materials for water splitting due to their low cost, high activity,
and environment-friendly characteristics.”™® Size, composition,
and atomic connectivity are important factors that determine
the physical behaviors of titanium oxide nanoparticles.”'® To
build structure—property relationship and achieve chemical
fine-tuning, understanding the binding modes and electronic
structures of Ti—O materials at the molecular level is
crucial. """

Since the first crystal structure of the initial crystalline
hydrolysis product of titanium tetraethoxide was determined by
X-ray diffraction in 1967, tremendous progress has been
made on the research on crystalline titanium—oxo clusters
(TOCs).”"*"*~! Their crystalline phases offer the opportunity
to get accurate structural information, providing a unique
bridge between theoretical modeling, crystallography, and
spectroscopy.'”'® However, despite lots of TOCs have been
characterized, the assembly of crystalline high-nuclearity TOCs
with comparable sizes as TiO, nanoparticles has always been a
challenge. The most majority of the reported TOCs show
nuclearities less than 42 titanium atoms and core diameters
smaller than 1.5 nm (Figure 1).121%19727 Moreover, although
most of the driving forces of the research on TOCs come from
simulating the photocatalytic titanium oxide materials, the
studies on their photocatalytic H, evolution applications still
remain very rare.””
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Figure 1. Illustration of the development of the TOCs family.

In this work, we set a new record for the family of TOCs and
report a 3.6 nm TOC with precise atomic structure. Through
controlling the chelating ligands and reactants concentrations,
we successfully achieve the stepwise assembly from Tig(us-
0),(BDC),(PA),(0iPr),, (COM-1; BDC = 1,2-benzenedicar-
boxylate; HPA = propionic acid, COM denotes cluster—organic
material), via Tij;(#,-0),(#3-0)15(44-0),(PA)5(OiPr)
(COM-2) toward Tis,(u-OH),(4-0)14(3-0)s0(py-
0)s(PA)3,(OiPr),s (COM-3), whose core skeleton diameters
span from 0.9 to 3.6 nm. All of these COMs represent layered
structures with both COM-2 and COM-3 being constructed
from the basic {Tis} unit in COM-1. To the best of our
knowledge, COM-3 is the largest titanijum—oxo cluster
reported to date. Its {Ti,O,} cluster core can even be directly
visualized by high-resolution transmission electron microscope
(TEM) analysis. Moreover, photocatalytic H, evolution studies
indicate cluster-size dependent activities, with COM-1 and
COM-3 displaying H, production rate of 206 and 398 ymol/h/
g, respectively. Cycling tests have confirmed the high
photocatalytic stabilities of COM-1 and COM-3.

The crystal growth of such a large Ti—O cluster as COM-3 is
quite challenging, and it is possibly based on a stepwise
interlayer assembly approach from Tis substructures. For-
tunately, two substructures (COM-1 and COM-2) were also
obtained under similar synthetic conditions as COM-3, so that
the growth mechanism could be deduced. The solvothermal
reaction of Ti(OiPr), with 1,2-benzenedicarboxylic acid in the
presence of propionic acid in isopropanol at 80 °C for 72 h
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Figure 2. Crystal structures of COM-1 (a), COM-2 (b), and COM-3 (c). The above array displays their molecular structures. The below array
represents the polyhedral drawing of the {Tic}, {Ti,;}, and {Tis,} clusters, with their core diameters highlighted. H and C atoms have been omitted
for clarity. Atom color code: green Ti; red O; black C. Polyhedral color code: pink TiOs; green TiOg; yellow TiO,.

gave rise to colorless crystals of COM-1 after cooling to room
temperature. Single-crystal X-ray diffraction analysis indicated
that COM-1 contained a ribbon-like {Ti4z(15-O),} unit whose
two sides were blocked off by two BDC molecules (Figure 2a).
It would be rational that if these two BDC ligands were taken
away, more Ti,0, species could be attached to the two sides of
COM-1 to give “thicker” and larger clusters. Indeed, upon
removing BDC ligands from the reaction system, colorless
crystals of COM-2 were formed whose structure comprised two
{Tig(u3-O),} subunits connected by some isolated Ti atoms
(Figure 2b). More interestingly, when further doubling
concentration of the reactions, the largest COM-3 was
obtained, which contained greatly expanded sublayers (Figure
2¢). It should be noted that the yield of COM-2 was quite low,
indicating that it might be the intermediate product between
the {Tiz(u5-O),} basis layer and COM-3.

The synthetic and structural evolution between the above
three COMs is illustrated in Figure 3. Like taking a flake of
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Figure 3. Synthetic and structural evolution between {Ti¢} in COM-1,
{Ti};} in COM-2, and {Tis,} in COM-3. The {Ti4} flakes in COM-1
and COM-2 and the {Ti;o} and {Tiy} sublayers in COM-3 are
highlighted in gray filling. Atom color code: green Ti; red O; black C.

carbon with a thickness of just one atom to form the two-
dimensional material graphene, the structures of these COMs
can also be associated with peeling the onions. The belt-like
{Tig} core fastened by four y3-O bridges in COM-1 represents
the simplest Ti—O flake fragment of such cluster series.
However, the BDC ligands located above and below this flake
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make it unable to be further extended. Naturally, when the
blocking BDC ligands are eliminated, the obtained structure of
COM-2 comprises two parallel Tig flakes stuffed with four Ti
atoms plus an apical one. Moreover, in the {Ti¢} core of COM-
1 the two Ti;O units are twisted; while in the {Tis} flake of
COM-2 they are almost on the same plane, making it easier to
incorporate more Ti atoms to give expansive layers. Such
deduction has successfully been verified by the structure of
COM-3, which is prepared by simply increasing the titanium
concentration. To better interpret the structure of COM-3, the
{Tis,} giant cluster can be divided into one central {Ti} layer,
two {Ti;} ladders decorated from two sides, and four apical Ti
atoms. Both the {Tiy} and {Ti,} sublayers should be
generated from the basic {Tis} flakes by adding/moving
some fi3-O bridges to adapt the requirements of Ti attaching
for structure growth. Therefore, by removing blocking BDC
ligands, two {Tiz} flakes in COM-1 can be held together to
form COM-2; further incorporating more Ti atoms to these
{Tis} flakes can give rise to the {Tiy} layer and {Tio} ladder in
COM-3. Such structural evolution can also be supported by
electrospray-ionization mass spectrometry (ESI-MS) analysis
(Figures S27 to S30). The fingerprint peaks of {Tis} species are
presented in the spectra of the synthetic reactions for all
clusters, indicating that it could be the cornerstone for the
assembly toward {Ti;,} and {Tis,}.

COM-3 is currently the largest TOC protected by surface
organic ligands. The crystal structure of COM-3 represents a
centrosymmetric {Tis,} core built from two symmetry-related
boat-like {Ti,s} subarchitectures (Figure S19). The outer face
of this {Tis;O74} nanorod is functionalized by 34 PA ligands
and 28 isopropyl molecules. In contrast to the exclusively
existed 6-coordinated Ti ions and p3-O centers in the TiO,
nanoparticles, the nanocluster of COM-3 shows a significant
structural diversity. There are four S-coordinated (Til, TiS),
four 7-coordinated (Ti4, Till), and 44 6-coordinated (Ti2,
Ti3, Ti6—Til0, Til2—Ti26) titanium ions. The 52 Ti atoms are
then interconnected through three different kinds of oxo
bridges: 16 y-O(H), 50 p3-O, and 8 y,-O. Each of the 34 PA
ligands bridges two adjacent Ti atoms in a (k'-k')-u-
coordination mode. Two of the 28 isopropyl ligands act as
bridges between the two {Ti,s} subunits, and the others act as
terminal ligands. The {Tiy} subunit can also seem to be a
layered structure consisting of a {Ti,} bottom layer, a {Ti,}
middle layer, and two decorated titanium vertexes. Remarkably,
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in the {Ti,4} layer {Ti@Tis} pentagons can be identified, which
act as the building blocks of the recently constructed fullerene-
like {Ti,} cluster.’® The {Ti5,0.,} cluster core of COM-3
possess a large outside diameter of 4.0 nm (carbon and
hydrogen atoms are not included) and an inside diameter of 3.6
nm (taking off the ionic radius of two Ti*" ions), which is four
times larger than COM-1 and COM-2. Such a large {Tis;O7,}
cluster core can even be directly visualized by high-resolution
TEM (Figure S25). Moreover, from the view of nuclearity,
COM-3 is 10 atoms greater than the formerly largest {Tiy,};
while from the view of diameter, the size of COM-3 is nearly
twice as much as that of the Tiy, and Ti,, cluster (Figure
S18).!*

The stability of COM-1 and COM-3 were studied by treating
their crystalline samples in acidic and alkaline aqueous solutions
for 24 h. PXRD analysis confirms that both of them were stable
between pH 3 and 13 (Figures S31 and S$32). Their high
chemical stabilities should be due to the protection effect of
organic ligands.

Diffuse reflectance spectroscopy was used to study the
ultraviolet—visible absorption of COM-1 and COM-3 (Figure
4). BaSO, was used as a blank, and absorbance was expressed
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Figure 4. Optical and photocatalytic properties of COM-1 and COM-
3. (a) The solid-state ultraviolet—visible diffuse reflectance spectrum of
COM:-1, with the bandgap calculated to be 3.46 eV (insert). (b) The
solid-state ultraviolet—visible diffuse reflectance spectrum of COM-3,
with the bandgap calculated to be 3.69 eV (insert). (c) The
comparison of the H, production rates of COM-1 and COM-3. (d)
Recycling water-splitting H, evolution tests under UV—visible light
illumination on COM-3.

by treating the reflectance data with the Kubelka—Munk
function.”’ According to the UV absorption edges of 358 and
336 nm, the bandgaps of COM-1 and COM-3 were
experimentally estimated to be 3.46 and 3.69 eV, respectively.
The slightly smaller bandgap of COM-1 might be attributed to
the existence of 1,2-benzenedicarboxylic ligands in its structure.
The TiO, nanoparticles show an absorption edge around 390
nm, corresponding to a bandgap of about 3.2 eV.>> Therefore,
the absorption edges of COM-1 and COM-3 shift toward
shorter wavelength in comparison with bulk TiO,. Such blue-
shift is likely the result of the different bonding within the
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titanium oxide core and also the incorporation of alkoxide and
propionic groups.

UV light-driven water-splitting H, production studies were
carried out using crystalline samples of COM-1 and COM-3 as
photocatalysts and methanol as a sacrificial reducing agent. The
evolved hydrogen was monitored by online gas chromatog-
raphy (GC) analysis. Sampling was performed at an interval of
2 h over 8 h during the reaction. For both catalysts, the
experimental results showed linear increase of the amount of
produced H, during the entire testing period. Interestingly,
although COM-1 and COM-3 represent similar bandgaps, their
photocatalytic activities differ significantly from each other. The
H, production rates for COM-1 and COM-3 are 206 and 398
umol/h/g, respectively (Figure 4c). Therefore, by growing the
cluster nuclearity from 6 to 52, the H, evolution activity has
increased by almost 100%, giving rise to the highest H,
production rate reported for TOCs. Moreover, the recycling
experiments reveal that there is no obvious reduction of
photocatalytic activity after three cycles for both COM-1
(Figure S22) and COM-3 (Figure 4d), indicating good
photocatalysis stability of these materials.

In summary, we successfully developed a crystal growth
approach to make atomically precise titanium—oxo clusters
larger and larger. A stepwise assembly strategy has been applied
to construct a 3.6 nm Tig,—oxo cluster with boat-like interlayer
structure (COM-3). So far COM-3 holds two new records in
the family of TOCs: largest size and highest efficiency for
photocatalytic H, production. Photocatalytic water-splitting H,
evolution studies confirm that both the Tig and Tis,—oxo
clusters are efficient and stable catalysts; while the H,
production rate of the latter is twice as much as that of the
former, indicating interesting cluster size-effect. The success of
our work provides a significant advancement in the
construction of large Ti—oxo nanoclusters that can be
comparable with TiO, nanoparticles. Moreover, our inves-
tigation on the influence of connectivity and nuclearity on the
photocatalytic activities of TOCs will benefit a lot for the
understanding of the structure—property relationships of
titanium oxide nanoparticles.
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