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Clusters have proven useful models to elucidate the correlation between
macroscopic properties and microstructures. However, the actinide clusters
still remain much less developed compared to the splendid and systematic
works of other members of this family. Here we show the synthesis of a tetra-
shell mixed-metal cluster [ThOg@Th,(OH),4@Nig(H,0)s@(sba)»] (IHEP-25,
H,sba: 2-sulfobenzoic acid) with the strategic introduction of competitive Ni**
ions. A cluster-based framework (IHEP-28), featuring a 2D honeycomb network

and demonstrating excellent stability, has been constructed through the
multistage assembly of IHEP-25, facilitated by the introduction of cationic
cluster [Na,(OH)3(H,0)s]". IHEP-28 acts as a highly effective visible light-driven
photocatalyst for CO, reduction. This study demonstrates that the incor-
poration of heterometal ions not only alters the hydrolysis patterns of actinide
metal ions, resulting in the formation of new actinide clusters, but also
broadens their potential applications.

Clusters, serving as intermediaries between discrete metal ions and
bulk materials, present perfect models to elucidate the correlation
between macroscopic properties and microstructures, leading to the
synthesis and comprehensive characterization of numerous poly-
nuclear metal clusters involving transition, main-group, and lantha-
nide metals'™ In contrast, the exploration of actinide clusters lags
behind®. In recent years, with the development of the nuclear industry,
actinide clusters have gradually attracted attention due to their
potential applications in managing nuclear waste and mitigating
radioactive pollution. For instance, under neutral and alkaline condi-
tions, the pronounced propensity of actinides, especially their hyper-
valent ions, for hydrolysis can lead to the genesis of soluble
polynuclear species. These species are of paramount importance in
understanding the environmental transport and migration of
radionuclides**. The methodical investigation of actinide clusters
thus offers critical insights for precisely depicting the mobility of
radionuclides in environmental matrices. Against this backdrop,

several notable actinide clusters have been synthesized and detailed,
including U(IV)-based clusters such as [Uyel, [Ua4], [Usg]”, an assort-
ment of uranyl-peroxide clusters’®?®, the mixed-valent cluster
[UY(U"'0,)g]*, and transuranic clusters [Pusg]”*® and [Npsg]®, show-
casing significant strides in the field.

Thorium is gaining attention as a potential new source of nuclear
energy, especially with the development of Molten Salt Reactors
(MSR)*>*2, Consequently, the chemistry of thorium has become
increasingly significant in recent years* . The synthesis and structural
characterization of polynuclear thorium clusters, in particular, play a
crucial role in enhancing our understanding of the structures and
properties of thorium-based materials, including thorium colloids and
thorium-based nuclear fuels. While there have been recent advances in
the chemistry of uranium clusters, the study of thorium (Th) clusters
remains comparatively underdeveloped™****2 Due to the acidity and
high charge density, the propensity of Th*" ions to undergo hydrolysis
typically leads to the formation of lower-nuclearity clusters or ThO,
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nanoparticles**>>, A reasonable strategy for synthesizing large-
nuclearity thorium clusters involves the introduction of competitive
metal ions. These ions, alongside organic or inorganic ligands, can
serve as terminating agents that prevent the aggregation of actinide
polynuclear species into stable colloids’**. By varying the types of
competitive metal ions introduced, it’s possible to tailor the hydrolysis
and condensation behaviors of actinides, potentially leading to the
formation of mixed-metal clusters with greater nuclearity and size.
Furthermore, considering the complexity of natural environmental
systems, understanding the formation processes and structural traits
of various mixed-metal clusters can aid in predicting the occurrence,
migration pathways, and concentration mechanisms of actinide ele-
ments under diverse environmental conditions® . This insight is
crucial for advancing research in environmental science and geology.
Meanwhile, it can expand the potential applications of actinide
materials®,

As a proof-of-concept, herein we report the synthesis and char-
acterization of a mixed-metal cluster, [Th;3NigOg(OH)»4(H»0):5(sba);,]
(IHEP-25, H,sba: 2-sulfobenzoic acid). At its core, IHEP-25 features a
[Thiz05(OH),4] structure, analogous to the classical a-Keggin type
molecule. By modifying the reaction conditions, some of the surface
solvent ligands can be exchanged, resulting in the formation of three
additional [Th13Nl5] clusters: [Th13NiG(O)g(OH)24(Sba)12(H20)12

(CH3CN)e] (IHEP-26), [Thy3Nig(0)s(OH)24(sba)i2(H20)15][ThisNig(O)s
[Thi3Nig(0)s(OH),4

(OH)24(sba)12(H20)12(CH3CN)6] (lHEP'27) and

(sba);2(H,0);0(CH5CN),] (IHEP-31). Furthermore, the stable [Th;3Nie]
cluster can also assemble into a 2D honeycomb net structure, IHEP-28
{[Thy3Nis(O)s(OH)24(sba)14(H,0)12(CH3C0O0),(CH3CN), 15[Nay
(OH);3(H;0)515},, induced by the cation cluster [Nas(OH);(H,0)5]".
IHEP-28 demonstrates exceptional stability in air and various solvents
and serves as an effective CO, reduction photocatalyst in the visible
light region.

Results

Structural characterization

Single-crystal X-ray diffraction reveals that IHEP-25 crystallizes in the
cubic space group Pn3n (Supplementary Table S1). As shown in Fig. 1a
and Supplementary Fig. S1, the asymmetric unit of IHEP-25 contains three
crystallographically independent Th atoms, one Ni atom, six O*/OH"
anions, two deprotonated 2-sulfobenzoic acid anion ligands (sba*) and
three coordinated H,O0. In this unit, Th3 is located at the special position
of the symmetry axis with a position occupancy of 1/6, while the other
two Th atoms have full occupancies 1.0. Through an axisymmetric
operation the complete [Thy3Nig(0)s(OH);5(OH)g(sba)o(H,0)s] cluster
structure of IHEP-25 is obtained (Fig. 1b). The entire structure of IHEP-25
is organized into four concentric shells (Supplementary Fig. S2). In the
innermost shell, a Th atom (Th2) resides at the center, coordinated by
eight p,-0%, forming an approximate cube with O--O distances ranging
from 2.7532 A t0 2.7908 A (Fig. 1c, f and Supplementary Figs. S3 and S4a).
The cube is enveloped by 12 Th atoms as the second shell, as shown in

Fig. 1| The structure of IHEP-25. a The asymmetric unit of IHEP-25. b The whole
structure of IHEP-25. ¢ Th2 atom is coordinated by eight p,-0* to from an
approximate cube. d The [Thys] core structure of IHEP-25. e The [Thy3Nig] core
structure of IHEP-25. f The simplified cubic geometrical configuration of Th2.

g Twelve Th atoms are bridged to each other by 30 oxygen atoms to form an

approximate Archimedean Solid icosahedron structure. h Six NiTh; units inter-
connect through a vertex-sharing mode and integrated onto the [Thyz] icosahedron
surface via a face-sharing approach. Color scheme: Th, green and dark green; Ni,
cyan; C, gray; O, red; S, yellow. H atoms are omitted for clarity.
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Fig. 1d. These 12 Th atoms are interconnected by 30 oxygen atoms,
stemming from 18 p3-OH", 6 1,-OH™ and 6 sba*” ligands (Supplementary
Fig. S3), constructing an approximate Archimedean Solid icosahedron
structure (Fig. 1g), with Th-Th distances varying from 3.8140A to
4.7679 A (Supplementary Fig. S4b). The central [ThOg@Thy(OH),4]%*
core is reminiscent of an a-Keggin type molecule. While such cores have
been noted in various metal clusters’, this report marks the first
appearance of such a core structure in thorium clusters. Furthermore, six
Ni atoms are uniformly distributed around the Thy; cluster, forming a six-
membered ring with a chair conformation as the third shell, with Ni-Ni
distance of 6.7329 A (Supplementary Fig. S4c and S4d). Each Ni atom is
linked to three Th atoms via three p3-OH" ligands (Fig. 1e) to form a
compressed tetrahedral NiThs structure. These six NiThs units inter-
connect through a vertex-sharing mode and integrated onto the [Thys]
icosahedron surface via a face-sharing approach (Fig. 1h). The fourth
shell of IHEP-25 is consisting of 12 sba®” ligands, which serve to shield the
heterometal clusters from further hydrolysis and prevent polymer for-
mation, resulting in the matryoshka nanocluster
[ThOg@Thy(OH)»4@Nig(H,0)1s@(sba)ix] (Fig. 1b and Supplementary
Fig. S2d). Based on the differing coordination interactions between the
sba”” ligands and metal ions, the twelve coordinating ligands of IHEP-25
are categorized into two groups with coordination modes of p,-n'n’n'
and p-n'n' (Supplementary Fig. S5). The coordination modes of all the
ligands involved in IHEP-25 have been collected in Table 1. As shown in
Supplementary Fig. S6, each [ThysNig] cluster is connected to six adja-
cent equivalent clusters through hydrogen bonding (C-H--O-S, C-H--O-C,
O-H--0-S), forming a 3D supramolecular structure.

Theoretical calculation of mixed-metal [Thy3Nig] clusters

The structures of the inner cores [Thy3(0)s(OH)x] cluster and
[Thy3(0)s(OH)24Nig(sba);2(H,0):5] molecule were explored using the
scalar-relativistic density functional theory (DFT) to explore the elec-
tronic structures. The detail computational methods are provided in
SI, and the optimized structures are shown in Supplementary Fig. S15.
The front molecular orbitals (MOs) and the corresponding energy
levels of [Thy3(0)s(OH),4]* are provided in Fig. 2. The energy gap
between the highest occupied MO (HOMO) and the lowest unoccupied
MO (LUMO) of [Thy3(0)s(OH) 41" is 4.03 eV, which is significant larger
than that of Au,g (1.82 V)% and Ceq (1.57 eV)** clusters, which reflects
that the [Th;3(0)s(OH),4]™" cluster is highly stability. The energy level
of MOs obviously shows three parts in Fig. 2, the lowest band is Th 6 d
and O 2p orbitals, the middle band is mainly O 2p orbitals, while for the
highest band is dominated by Th 6 d orbitals. Moreover, the six lower
HOMOs (HOMO-66 - HOMO-71) appear obvious interactions between
Th and O atoms. The analysis of the electron localization function (ELF)
of the [Thy3(0)s(OH),4]*" cluster with three planes, including different
Th-O bonds, is displayed in Supplementary Fig. S16. There is clear
interaction between the Th and O atom with more electron density,
which also implies the stable electronic structure. In addition, the
electronic structure of [Thy3(0)g(OH).4Nig(H,0)15(sba),] is also
explored at the same level of theory, and the front MOs are showed in
Supplementary Fig. S17. The HOMO-LUMO gap (2.61eV) of
[Thi3(0)g(OH),4Nig(H,0)15(sba);]  is  smaller than that of
[Thy3(0)g(OH) 241" core because the HOMOs of former are contributed
by the Ni 3 d orbitals, which suggests that Ni>* has the potential to serve
as the catalytic active center of [Thi3(0)s(OH)24Nig(H20)15(sba)ss]
cluster.

Controlling the Secondary Assembly of [Thy;Nig] Cluster

Similar to other stable clusters, the surface ligands of the [Thy3Nig]
cluster are exchangeable®. By modifying the reaction conditions, three
additional [Thy3Nig] clusters, IHEP-26, IHEP-27, and IHEP-31, have been
synthesized. As shown in Supplementary Figs. S7 and S32, the asym-
metric unit of IHEP-26 constitutes half of a [Thi3Nig] cluster, presenting
three types of Ni** cations characterized by various coordination modes.

Nil is bonded to three OH, two sba® ligands, and one H,0 molecule. Ni2
is coordinated by three OH", two H,0, and one CH;CN molecule. The
coordination sphere of Ni3 is occupied by three OH", two CH;CN
molecules, and one sba*” ligand. Consequently, the six coordinated H,O
molecules in IHEP-25 are substituted by six CH;CN molecules, resulting
in the comprehensive [ThyzNig(0)s(OH)4(sba);»(H20)1,(CH3CN)¢] clus-
ter structure of IHEP-26 (Fig. 3a). As shown in Fig. 3b, the entire structure
of IHEP-27 contains two independent Thy3Nig clusters with molecule
formula of [ThyzNig(O)s(OH)24(sba)1x(H20)1s][ThysNig(0)s(OH),4(sba)in
(H,0)12(CH3CN)gl. One of the ThysNig clusters matches that of IHEP-25.
The other, while akin to the IHEP-25’ cluster, features one of the Ni*
cation coordinating H,O molecules replaced by CH;CN (Supplementary
Fig. S8). As shown in Supplementary Fig. S9a, the asymmetric unit of
IHEP-31 constitutes half of a [Thy3Nig] cluster, presenting two types of
Ni** cations characterized by various coordination modes. The coordi-
nation modes of Nil and Ni2 are similar, both are bonded to three OH",
one sba®” ligand and one H,O molecule. Ni3 is coordinated by three OH",
one sba’” ligand, one H,0, and one CH;CN molecule (Supplementary
Fig. S9c¢). The comprehensive [Thy3Nig(0)s(OH)4(sba);»
(H,0)10(CH3CN),] cluster structure of IHEP-31 is shown in Supplemen-
tary Fig. S9b.

The adaptability of the surface ligands enables the Thy3Nig cluster
to function as a versatile node for constructing cluster-based materi-
als, akin to other stable clusters such as [Fes], [The], [Ag;s], and others.
lllustrating its potential, the [Thy3Nig] cluster can be interlinked with
the [Na4(OH)3(H,0)5]" cationic cluster to forge a 2D honeycomb net-
work, forming the foundational structure of IHEP-28 (Fig. 3c). The
asymmetric unit of IHEP-28 comprises half a [Thy3Nig] cluster core and
a third of a [Nag] cluster core, as depicted in Supplementary
Fig. S10a and S10b. The coordination environments of the metal ions
and the coordination patterns of sba®” ligands are detailed in Supple-
mentary Figs. S11 and S12, respectively. While the [Thy3Nig] cluster core
of IHEP-28 remains consistent with those in IHEP-25, 26, 27, and 31, its
surface ligands exhibit significant differences. Some of the coordi-
nated H,O molecules are substituted with CH;CN molecules, CH;COO~
ligands, and sba® ligands, culminating in the comprehensive
[Thl3Ni6(O)8(OH)24(Sba)14(Hzo)lz(CH3COO)2(CH3CN)2] cluster struc-
ture (Supplementary Fig. S10c and S10d). Each [Thy3Nig] cluster is
tethered to four adjacent units via two [Na4] clusters, creating an
extensive heterotrimetal honeycomb (6, 3) network (Fig. 3¢ and Sup-
plementary Fig. S13) with a [Thy3Nig] cluster separation of 19.1534(3) A.
The honeycomb network’s minimal structural unit is composed of six
[ThisNig]l clusters and six [Na4] clusters, boasting a diameter of
24.0932(4) A (Supplementary Fig. S13b). Moreover, the adjacent 2D
networks exhibit an ABCABC stacking pattern (Supplementary
Fig. S13d), evolving into a 3D porous framework (Supplementary
Fig. S14).

Synthetic comments

In solvothermal reactions, some organic functional groups may
undergo in situ reactions due to high temperature and pressure con-
ditions. Typical examples of such reactions include the hydrolysis of
cyano and ester groups®, as well as the oxidation of halogen groups®’.
Notably, during the synthesis of coordination polymers, it is quite
common for cyano groups to hydrolyze and then coordinate with
metal ions, a phenomenon that also accounts for the source of acetate
ligands in IHEP-28. In addition to the aforementioned reactions, all the
compounds reported in this work involve the in situ oxidation of thiol
groups to sulfonate groups, a process that has been documented in
several literatures®®. In our study, we conducted a solvothermal reac-
tion by dissolving nickel nitrate, thiosalicylic acid, and sodium hydro-
xide in a mixed solution of water and acetonitrile, obtaining a thiol-
coupled product, 2, 2-dithiosalicylic acid. However, when thorium
nitrate was added to the reaction system, thiosalicylic acid was oxi-
dized to 2-sulfobenzoic acid. This oxidation phenomenon may stem
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Table 1| Coordination modes of all the ligands involved in IHEP-25 -IHEP-31
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from the strong hydrolysis of Th*" under high-temperature and high-
pressure conditions, leading to the generation of hydrogen ions from
water decomposition. This process significantly enhances the oxidiz-
ing ability of nitrate anions, thereby facilitating the oxidation of thio-
salicylic acid to generate 2-sulfobenzoic acid®’.

To explore the potential formation mechanism of [Thy3Nig] clus-
ters, a series of comparative experiments were conducted. Based on

the results of these experiments and the structural comparison of
thorium complexes reported in this work, a possible formation
mechanism for [ThiNig] clusters was proposed (Supplementary
Fig. S18). Reported thorium monomers include Th(OH);" and
Th(OH),*, as well as dimers e.g., Th,(OH),*, tetramers e.g.,
Th4(OH);,*, and hexamers e.g., The(us-0)4(us-OH),**, all of which are
important species of thorium ions in solution”. In addition, the
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Fig. 2 | The energy gap between HOMO and LUMO of [Th;3(0)s(OH),4]”*". The energy level (eV) of MOs for the inner core [Th;3(0)s(OH),4]"* cluster and the
representative MOs for each energy level band at the bp86/ECP78MWB/6-31 G(d) level of theory.

N A‘;/A)

A =2

Fig. 3 | The structures of IHEP-26, IHEP-27, and IHEP-28. a The whole structure of ~ network of IHEP-28. Color scheme: Th, green; Ni, cyan; Na, pink; C, gray; O, red; N,
IHEP-26. b The whole structure of IHEP-27. ¢ The Thy;Nie cation cluster can be blue; S, yellow. H atoms are omitted for clarity.
bridged by the cationic cluster [Nay(OH)3(H,0)s]* to form the 2D honeycomb
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presence of carboxylate anion ligands can promote the formation of
hexamer [Thg] clusters’®2, which is consistent with our experimental
observations: in the absence of Ni** ions, Th* ions preferentially
assemble with the sba> ligand to form [Thg(O)4(OH)4(sba)(H,0)6]
cluster (IHEP-29, Supplementary Fig. S19). As the concentration of
NaOH increases, the morphology of the [Thg] cluster changes,
accompanied by the generation of amorphous thorium hydroxide,
which eventually becomes the main product. After the introduction of
Ni?* ions, [The] clusters were no longer observed in the reaction pro-
ducts; instead, [ThysNig] clusters and 1D chain structure (IHEP-30) with
mononuclear Th* as nodes formed. This is due to the competition
between nickel ions and the [The(sba);,] cluster for the sba®” ligands,
leading to its dissociation into units such as [Ths], [Thy], and mono-
nuclear [Th]. In alow-alkalinity environment, the dissociation products
are primarily mononuclear [Th], which further form a 1D chain struc-
ture IHEP-30, {Th(sba),(H,0)3},-2nH,0 (Supplementary Fig. S20). As
the alkalinity of the reaction system increases, the stability of the
lacuna oligomers [Ths] and [Th,] is enhanced. This enhancement
facilitates their secondary assembly in a co-vertex manner, resulting in
the formation of an intermediate product, [Tho], characterized by a
sandwich structure. This product continues to capture mononuclear
[Th] in the reaction system, ultimately leading to the formation of the
[Thys] cluster. A portion of the 0> /OH™ coordination sites on the sur-
face of the [Thys] cluster is occupied by nickel ions, resulting in the
formation of the heterometallic cluster [Thy3Nig]. Furthermore, under
the induction of different alkali metal cations, the [Th3Nig] clusters
can further assemble to form 3D frameworks with various packing
patterns and topological structures (IHEP-25, IHEP-26, IHEP-27, IHEP-
28, and IHEP-31). Their core structure [Thy3Nig(0)g(OH)24]*** remains
stable (Table 2). Therefore, the introduction of nickel ions plays a
critical role in the formation of [Thys] clusters. On the one hand, the
lacuna clusters formed by the partial disassembly of [Thg(sba);,]
clusters induced by Ni** subsequently reorganize in the solution to
form [Thys] clusters. On the other hand, Ni?* and sba® ligands function
as capping units, halting further aggregation of the clusters into
polymers e.g., thorium hydroxide.

CO, photoreduction using IHEP-28

In recent years, solar-driven artificial carbon dioxide reduction reac-
tions (CO,RR) have gradually gained widespread attention for their
potential to reduce greenhouse gas emissions and lower energy
demand. To achieve this goal, synthesizing highly efficient and selec-
tive photocatalysts to lower the thermodynamic energy barrier has
become a critical issue that needs to be addressed. Among the various
photocatalysts developed for CO, reduction, nickel compounds are
considered one of the promising candidates . A significant advan-
tage of these photocatalysts is that CO, can effectively bind to and be
activated by the nickel center, thereby promoting its conversion effi-
ciency under solar irradiation. In this work, the [Thy3Nig] cluster

exhibits a local [NiTh;05] structural unit, which can be regarded as a
discrete molecular equivalent of the nickel-supported catalyst
Ni@thoria**’®”” (Supplementary Fig. S21). Therefore, the [Thy3Nig]
cluster holds promise for application in the photocatalytic reduction
of CO,. However, as mentioned previously, due to the substitutability
of the surface ligands on the [Thy3Nig] clusters, the discrete [ThyzNig]
clusters (IHEP-25, IHEP-26, IHEP-27, and IHEP-31) we obtained are dif-
ficult to simultaneously meet the requirements of high purity and high
yield in experimental applications, primarily because these clusters
often mix with each other. Once the [Thy3Nig] clusters are interlinked
with the [Na,(OH);(H,0);]" clusters to form a 2D coordination polymer
(IHEP-28), both purity and yield are significantly enhanced, and this 2D
structure also contributes to improving the stability of the materials.
Furthermore, the porous structure of IHEP-28 can expose more active
sites, thereby further enhancing its photocatalytic performance. In
addition, IHEP-28 features excellent stability in both air and common
solvents (Supplementary Fig. S22). Based on these factors, in the
subsequent research, we will focus on IHEP-28 as our primary subject
to explore the photocatalytic reduction performance of the [ThyzNig]
cluster for CO,.

Photocatalytic CO, reduction experiments utilizing IHEP-28 as the
catalyst were conducted in a CH;CN: H,O mixture (4:1 volume ratio),
employing [Ru(bpy);]Cl,-6H,0 as the photosensitizer (10 mg) without
the need for an additional sacrificial agent. The CO,RR results, pre-
sented in Fig. 4a under 1atm of pressure and visible light irradiation
(A>420 nm), reveal a nearly linear growth in CO production over 3 h,
amounting to a rate of 112.7 umol-h™g™. The photocatalytic process
displayed an exceedingly high selectivity for CO production, nearly
100%, with no other gas or liquid phase products detected (Supple-
mentary Fig. S23a). This rate is comparable to reported Ni-based
cluster or MOF photocatalysts without additional sacrificial agent
(Supplementary Table S2). The CO, photoreduction system manifests
an apparent quantum yield (AQY) of 0.74% under monochromatic light
irradiation of 525 nm. Control experiments, as depicted in Fig. 4b and
Supplementary Table S3, yielded a negligible amount of CO. Notably,
when CO, was substituted with Ar, no CO production was observed,
confirming that the CO is derived from CO, reduction rather than the
decomposition of IHEP-28, which can also be confirmed by the isotopic
test (Supplementary Fig. S23b). Remarkably, IHEP-28 efficiently cata-
lyzes the photocatalytic reduction of CO, even in the absence of
photosensitizers and sacrificial agents, achieving a CO production rate
of 10.1 umol-h™-g™. Post-photocatalysis, PXRD analysis confirmed that
IHEP-28 retained its crystallinity, indicating its excellent chemical sta-
bility (Supplementary Fig. S24). Intriguingly, after three catalytic
cycles, IHEP-28 maintained similar catalytic activity and high crystal-
linity, demonstrating its excellent stability during the photocatalytic
process (Supplementary Fig. S25).

The band gap energy (Eg) of IHEP-28 is determined to be 2.43 eV,
based on the UV-Vis-NIR spectrum and Tauc plots (Supplementary

Table 2 | The Formulae of Compounds IHEP-25 - IHEP-31 and Their Core Structures

Compounds Formulae of compounds Formulae of cores

IHEP-25 [Thi3Nig(O)s(OH)1s(OH)s(sba)2(H20 el [ThisNig(O)s(OH)24**

IHEP-26 [ThyaNig(O)s(OH),4(sba2(H20)52(CH3CN)s] [ThiaNig(O)s(OH)o4**

IHEP-27 [Thy3Nig(O)s(OH)24(sba)i(H20)el+[ThisNis [ThiaNig(O)s(OH) 4"
(0)s(OH)24(sba)ix(H20)1(CH3CN)e]

IHEP-28 {[Th13Nig(O)s(OH)24(sba)ia(H202 [ThiaNig(O)s(OH)24**
(CH3COO0),(CH3CN),13[Na(OH)3(H20)s151n

IHEP-29 Nag[Ths(0)a(OH)4(sba)2(H20)s] [The(O)4(OH)4I"™"

IHEP-30 [Th(sba)u(H;0)s]n2nH,0 Th*

IHEP-31 [ThysNig(O)s(OH)24(sba)z(H20)0(CH3CN),] [ThiaNig(O)s(OH)24**

*20H,0

Hysba: 2-sulfobenzoic acid
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Fig. 4 | The photocatalytic CO, reduction performance and electrochemical
characterization of IHEP-28. a Time-dependent evolution of the photocatalytic
reduction of CO, to CO over IHEP-28. b CO production rates of IHEP-28 under

different conditions. Conduct three parallel experiments, calculate and label the

standard deviation as the error bar. ¢ Electrochemical impedance spectra (EIS)
taken on IHEP-28 and the IHEP-28 + [Ru(bpy)s]** mixture under visible light irra-
diation. d Transient photocurrent response (TPR) of IHEP-28 and the IHEP-

28 + [Ru(bpy)s]*" mixture under visible light irradiation.

Fig. S26a, b). The Mott-Schottky plots result indicates that IHEP-28
behaves as a typical n-type semiconductor, evidenced by a positive
slope with the flat band potential of —1.12'V (vs. Ag/AgCl), as shown in
Supplementary Fig. S26c. Consequently, the conduction band (CB)
potential of IHEP-28 is estimated to be — 0.92 V vs NHE. Therefore, the
valence band (£yg) of IHEP-28 is determined to be 1.51V (vs NHE),
according to the empirical formula Eyg = Ecg + Eg (1) (Supplementary
Fig. S26d)’%. To confirm the products of the reaction between the
photoinduced holes and H,O, we first examined the gaseous products
and did not detect the presence of oxygen. Subsequently, based on the
classic Ti-oxalate method reported in the literature, we tested the
solution after the photocatalytic reaction and detected the formation
of H,0, (Supplementary Fig. S27)”°. Therefore, under visible light
irradiation, photoinduced electrons move to catalytically active sites
for CO, reduction while corresponding holes are consumed by H,O
with the formation of H,0,.

A set of electrochemical techniques were used to check the
electrochemical behaviors in IHEP-28°*%. The electrochemical
impedance spectroscopy (EIS) test was performed to investigate the
interfacial charge transfer and recombination (Fig. 4c). Nyquist plots
acquired under illumination conditions show that the charge transfer
impedance of the IHEP-28 + [Ru(bpy);]** mixture is smaller than that
of the IHEP-28 alone, suggesting the better separated photoexcited
charged pairs by introduction of Ru(bpy);*, ultimately improving
the photocatalytic performance. As shown in Fig. 4d, there is a much
higher transient photocurrent response signal observed on the IHEP-
28 + [Ru(bpy)s]** mixture, while the absence of Ru(bpy);** yields a
much weaker photocurrent. These test results indicate that the
introduction of Ru(bpy);** significantly improved the transfer and
separation efficiency of photogenerated electrons and holes in IHEP-
28, which aligns with the experimental results showing that
Ru(bpy);** enhances the photocatalytic reduction efficiency of CO,
by IHEP-28.
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Fig. 5 | In situ DRIFTS characterization. In situ DRIFTS spectra for detecting the
reaction intermediates in photocatalytic CO, reduction over IHEP-28 under visible
light irradiation.

Mechanism of photocatalytic CO, reduction

By employing in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), it is possible to monitor in real-time the sur-
face species adsorbed during the CO,RR process and the inter-
mediates generated from CO, conversion. As shown in Fig. 5, the time-
resolved spectra of IHEP-28, after introducing moist CO; in the dark,
reveal characteristic infrared peaks of the active «CO, intermediate
(1632 cm™), bidentate carbonate (b-COs*, 1540 cm®), monodentate
carbonate (m-CO3>, 1514 cm ™), Under light irradiation, several char-
acteristic infrared peaks can be observed around 1698 cm?, indicating
the generation of *CO,, which is attributed to the activation of adsor-
bed CO, by photogenerated electron®’. Meanwhile, new peaks at 1226
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Fig. 6 | Computational studies on the reaction pathway. Potential energy profile
for the possible mechanism of CO, activation by IHEP-28. Color scheme: Th, green;
Ni, cyan; C, gray; O, red; S, yellow; H, dark green.

and 1558 cm™ can also be observed, and their peak intensities increase
as time go on. Both peaks should be assigned to the COOH* group,
which is a key intermediate during CO, photoreduction into CO®. In
addition, the detection of the CO* absorption band at 2077 cm™ and
the gas CO absorption band around 2162 cm™ further confirms the
formation of CO. Moreover, the CO,RR process detects the formation
of HCO5 (1426 and 1462 cm™)%,

DFT calculations were conducted to further elucidate the CO,RR
mechanism of IHEP-28. As shown in Supplementary Fig. S28, con-
sidering the similar coordination mode of Ni** ions in IHEP-28, we
extracted the ThsNi"(H,0), structural unit from the Th13Ni cluster as a
model for DFT calculations. In this model structure, the Ths unit
bridged by three hydroxyl groups serves as the support for the cata-
Iytically active center Ni%*. Under the excitation of visible light,
ThsNi'"(H,0), enriched a photogenerated electron from the photo-
sensitizer while simultaneously losing two coordinated water mole-
cules, thereby forming ThsNi' with unsaturated coordination. As shown
in Fig. 6, the ThsNi' unite combines with a CO» molecule to form the
intermediate complex Th3Ni"(CO,), accompanied by an exothermic
process of —0.29 eV, which indicates that this reaction is thermo-
dynamically feasible. In the Th3Ni"(CO,) complex, the CO, molecule is
coordinated to the Ni atom with the n*(C, O) coordination mode,
where the Ni-C and Ni-O bond distance is 1.993 and 2.063 A, respec-
tively. The reaction from Th3Ni"(CO,) to Th3Ni"(COOH) is endothermic
by 0.08eV. In this process, an O-H bond was formed in the
Th;Ni"(COOH) complex, resulting in a change in the coordination
mode between the Ni atom and CO, molecule from n?(C, O) to n'(C),
with the Ni-C bond distance of 1991A. Subsequently, the
Th;Ni'"(COOH) complex captured an additional photogenerated elec-
tron from the photosensitizer while simultaneously acquiring a proton
(H*) to form the intermediate complex Th;Ni"(CO)(H,0). This process
was accompanied by a significant exothermic release of —3.58 eV. In
the transformation of ThsNi"(COOH) to Th;Ni'(CO)(H,0), one C=0
bond of the CO, molecule is broken, resulting in the formation of a
coordinated H,O molecule and a coordinated CO molecule. In the
ThsNi'(CO)(H,0) complex, the bond lengths are 2.015A for the Ni-
Owacer bond and 2.565 A for the Ni-Oc—o bond. The elongated Ni-Oc—o
bond distance facilitates cleavage in the presence of water molecule,
ultimately resulting in the formation of the Th3Ni"(H,0), complex
while concurrently releasing a CO molecule, through an exothermic
process with the energy release of —0.73 eV.

Based on previous related reports®**®’, the aforesaid in situ IR
analysis, and the DFT calculations, the photocatalytic CO,RR
mechanism of IHEP-28 is proposed as follows. Under visible light

ThNi"(H,0), 4% [/
v e

NAT \
s

b NG

Fig. 7 | Schematic mechanism of the photocatalytic CO, reduction by IHEP-28.
The CO, molecules absorbed on the IHEP-28 surface were reduced into CO undergo
a two-electron process under visible light irradiation. Color scheme: Th, green; Ni,
cyan; C, gray; O, red; S, yellow; H, dark green; Ru, pink.

irradiation, electrons photoinduced by the photosensitizer
[Ru(bpy)s]** transferred to the ThysNig cluster of IHEP-28, and then the
CO, molecules absorbed on IHEP-28 surface were reduced into CO
undergo a two-electron process (Fig. 7).

Discussion

In summary, the mixed-metal cluster [Thy3NigOg(OH),4(H0)15(sba)so]
(IHEP-25) was synthesized using a competitive metal ion approach. The
cluster features a classical a-Keggin type [Thy30g(OH)4] core, marking a
new hydrolytic species of Th(IV). DFT calculations indicate that the
HOMO-LUMO gaps for the [Thy3(0)g(OH),4]*" core structure and the
[Thy3(0)s(OH)24Nig(H0)1s(sba)ix]  cluster are 4.03eV and 2.61eV,
respectively, suggesting exceptional stability of the heterometallic clus-
ter. Modifications to the reaction conditions allow for the substitution of
some coordinated H,O molecules in IHEP-25 with CH;CN, yielding three
new [Th13NI6] clusters: [Th13Ni6(0)8(OH)24(5'33)12(H20)12(CH3CN)5]
(IHEP-26),  [Thy3Nig(0)s(OH)4(sba)12(H0)18][ThisNig(0)s(OH)4(sba)
(H20)12(CH5CN)g]  (IHEP-27) and  [Thy3Nig(O)s(OH)4(sba)2(H20)10
(CH3CN),] (IHEP-31), which further attest to the high stability of the
[ThysNig] cluster. In addition, the [Thy3Nig] cluster can be interconnected
with the cationic cluster [Na4(OH);(H,0);]" to construct a 2D honeycomb
framework
{[Thy3NieO0)g(OH)24(sba)14(H20)12(CH3CO0),(CH3CN),15[Nas(OH)s(Hy-
0)3]2}, (IHEP-28). Without the need for additional sacrificial agents, IHEP-
28 demonstrates remarkable activity in the visible-light-driven photo-
catalytic reduction of CO,, achieving CO production rates of
10.1ymol-h™g™ (without a photosensitizer) and 112.7 umol-h™g™ (with
[Ru(bpy)s]** as a photosensitizer), respectively. The mechanism of pho-
tocatalytic CO, reduction by IHEP-28 was clearly elaborated using in situ
DRIFTS and theoretical calculations. This work suggests that under
complex environmental conditions, actinide metal ions may exist as
mixed-metal clusters. The presence of heterometallic ions can alter the
hydrolysis patterns of actinide metal ions, leading to the formation of
new hydrolytic species and influencing the behavior and migration of
radionuclides in the environment.

Methods

Materials availability
Caution! Thorium nitrate (Th(NOs3)4°4H,0, 98%, Aladdin) is radioactive
and chemically toxic; precautions with suitable care and protection for
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handling such substances must be followed. Ni(NO3),*6H,O (98%,
Xilong Chemical Industry Incorporated Co. LTD), thiosalicylic acid
(99%, Aladdin), [Ru(bpy);]Cl>:6H,0 (98%, Aladdin), LiOH*H,O (98%,
Energy Chemical), NaOH (99%, Innochem), KOH (95%, Shanghai Titan
Scientific Co., Ltd), CH5CN (99%, Shanghai Titan Scientific Co., Ltd) and
other reagents were analytical grade and used without further
purification.

SyntheSiS of IHEP-25 [Th13Ni6(0)s(OH)24(Sba)12(H20)18]

Th(NO3), (0.5M, 200 uL), Ni(NOs), (0.5M, 200 L), thiosalicylic acid
(0.4 mmol), CH3CN (3 mL), KOH (1M, 75 uL) were loaded into a 25 mL
autoclave. The autoclave was sealed, heated to 150 °C in an oven for
12 h, and then cooled to ambient temperature. A small quantity of
almost colorless square block crystals of IHEP-25 could be obtained, as
well as a lot of amorphous solids.

Synthesis of IHEP-26 [Thy3Nig(0)s(OH),4(sba);2(H0)12(CH3CN)g]
Th(NO3)4 (0.5M, 200 pL), Ni(NO3); (0.5M, 200 uL), thiosalicylic acid
(0.4 mmol), CH5CN (3 mL), KOH (1M, 125 uL) were loaded into a 25 mL
autoclave. The autoclave was sealed, heated to 150 °C in an oven for
12h, and then cooled to ambient temperature. Almost colorless
rhomboid crystals of IHEP-26 could be obtained, as well as a lot of
amorphous solids.

Synthesis of IHEP-27 [Thy3Nig(0)s(OH),4(sba);2(H,0);5]
o[Thy3Nis(0)s(OH),4(sba)1>(H20)12(CH3CN)]

Th(NOs)4 (0.5M, 200 pL), Ni(NO3), (0.5M, 200 pL), thiosalicylic acid
(0.4 mmol), CH;CN (3mL), NaOH (1M, 210 uL) were loaded into a
25 mL autoclave. The autoclave was sealed, heated to 150 °C in an oven
for 12 h, and then cooled to ambient temperature. A small quantity of
light green polygonal crystal crystals of IHEP-27 could be obtained, as
well as a lot of green square block crystals of IHEP-28 and amorphous
solids.

Synthesis of IHEP-28
{[Thy3Nig(0)s(OH)24(sba);14(H,0)12(CH3CO0)2(CH3CN);13[Na4 (O-
H);(H,0);12}n

Th(NOs)4 (0.5M, 200 uL), Ni(NO3), (0.5M, 200 L), thiosalicylic acid
(0.4 mmol), CH;CN (3 mL), NaOH (1M, 270 uL) were loaded into a
25 mL autoclave. The autoclave was sealed, heated to 150 °C in an oven
for 12 h, and then cooled to ambient temperature. The green square
block crystals of IHEP-28 were produced and washed three times with
fresh CH50H.

Synthesis of IHEP-29 Nag[Thg(0)4(OH)4(sba);>(H,0)¢]

Th(NO3)4 (0.5M, 200 pL), thiosalicylic acid (0.2 mmol), CH3CN (3 mL),
NaOH (1M, 185 uL) were loaded into a 25 mL autoclave. The autoclave
was sealed, heated to 150 °C in an oven for 12 h, and then cooled to
ambient temperature. The colorless fusiform crystals of IHEP-29 were
produced, as well as a small quantity of big block crystals of IHEP-30.

Synthesis of IHEP-30 [Th(sba),(H,0);],,2nH,0

Th(NO3),4 (0.5M, 200 pL), thiosalicylic acid (0.2 mmol), CH3CN (3 mL),
NaOH (1M, 120 uL) were loaded into a 25 mL autoclave. The autoclave
was sealed, heated to 150 °C in an oven for 12 h, and then cooled to
ambient temperature. The block crystals of IHEP-30 were produced.

Synthesis of IHEP-31
[Thy3Nis(0)s(OH)24(sba);2(H20)10(CH3CN),]1¢20H,0

Th(NOs3)4 (0.5M, 200 uL), Ni(NO3), (0.5M, 200 L), thiosalicylic acid
(0.4 mmol), CH3CN (3 mL), LiOH (1 M, 270 pL) were loaded into a 25 mL
autoclave. The autoclave was sealed, heated to 150 °C in an oven for
12 h, and then cooled to ambient temperature. The yellow-green block
crystals of IHEP-31 were produced and washed three times with
fresh CH;OH.

Physical properties

IR measurements were obtained on a Bruker Tensor 27 infrared
spectrometer. The sample was diluted with spectroscopic KBr and
pressed into a pellet. The measured wavenumber is between 400 and
4000 cm™. Powder X-ray diffraction measurements were made using a
Bruker D8 Advance diffractometer with Cu Ka radiation (1=1.5406 A)
in the range 5-50° (step size: 0.02°). Thermogravimetric analysis (TGA)
was performed on a TA Q500 analyzer over the temperature range of
30-800 °C in an air atmosphere with a heating rate of 5°Cemin’. The
in situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was conducted on a Nicolet iS 50 (Thermo Fisher Scientific,
USA) FT-IR spectrometer. The UV-vis diffuse-reflectance spectroscopy
(UV-vis DRS) were obtained on a UV-visible spectrophotometer
(HITACHI UH4150), and BaSO, was used as a reference. The photo-
current responses, Mott-Schottky plots, and the electrochemical
impedance spectroscopy (EIS) were measured at an electrochemical
workstation (PGSTAT302N Autolab, Metrohm). Normally, the Ag/AgCl
electrode as the reference electrode, the platinum sheet electrode as
the counter electrode, and the glassy carbon electrode as the working
electrode formed a three-electrode system with 0.1 M sodium sulfate
as the electrolyte. In the test of photocurrent responses, the F-doped
tin oxide (FTO) conductive glass electrode was selected as the working
electrode.

Photocatalytic performance measurements

The photocatalyst (15mg) and photosensitizer [Ru(bpy);]Cl,-6H,0
(10 mg) was added to 4 mL of acetonitrile and 1 mL H,O in a custom-
made 20 mL photocatalytic reaction cell, which was degassed and
saturated with ultra-pure CO, before sealing. The photocatalytic
reactions were carried out under irradiation of a 300 W Xe lamp (CEL-
PE300L-3A) equipped with a 420 nm filter. After the reaction, potential
gaseous products (H,, CO, CH,) were determined by gas chromato-
graphy (GC, 8890, Agilent Technologies, Inc.). Potential liquid pro-
ducts were determined by 'H NMR spectra using 500 pL of the liquid
after reaction mixed with 100 pL of D,O and 0.05 pL dimethyl sulf-
oxide as internal standard. In the isotope labeling experiment, *CO,
was used as the reactant to analyze the carbon source of photocatalytic
CO, reduction to produce CO. The “CO was analyzed by gas
chromatography-mass spectrometry (7890B, Agilent Technologies).

Data availability

The authors declare that the data supporting the findings of this study
are provided in the article/Supplementary Information/Source Data
file. All data are available from the corresponding author upon request.
The X-ray crystallographic coordinates for structures reported in this
study have been deposited at the Cambridge Crystallographic Data
Center (CCDC), under deposition numbers 2324079-2324084 and
2412223. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_
request/cif. Source data are provided in this paper.
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