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The development of core-shell nanoclusters with controllable composition is of utmost importance as the
material properties depend on their constituent elements. However, precisely tuning their compositions
at the atomic scale is not easily achieved because of the difficulty of using limited macroscopic synthetic
methods for atomic-level modulation. In this work, we report an interesting example of precisely regu-
lating the core composition of an inorganic core-shell-type cobalt polyoxoniobate [CoysNb3g0149]°2~ by
controlling reaction conditions, in which the inner Co-core composition could be tune while retaining
the outer Nb-shell composition of resulting product, leading to a series of isostructural species with a
general formula of {Co5.,Nb3s,n0140} (1=0-2). These rare species not only can display good powder
and single-crystal proton conductivities, but also might provide helpful and atomic-level insights into the
syntheses, structures and composition modifications of inorganic amorphous core-shell heterometal oxide

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Core-shell nanostructures have attracted significant interest due
to their charming configurations and intercomponent synergistic
effects that might enhance their expected functions or launch ex-
otic properties [1-21]. These have rendered the core-shell nano-
structures one of prime targets in the development of advanced
composite materials. Of them, intensive synthetic efforts have
been invested into the development of inorganic core-shell metal
nanoparticles during the past decade [1-13]. Precise construction
of core-shell species with well-defined molecular structures and
compositions is of significance to atomic-level understanding and
regulation of their properties. However, although some effective
approaches have been explored to precisely control the size, shape,
thickness and composition of core-shell metal nanoparticles, it is
still an enormous challenge to achieve their atomic-level bonding
geometry and structural characterization.

Crystalline inorganic core-shell metal oxide nanoclusters with
atomically and geometrically precise structural information are of
great interest not only due to their fascinating structural fea-
tures with unusual physical and chemical properties [22-29], but
also important roles as the molecular models for the structures
and physicochemical properties of inorganic core-shell metal oxide
nanoparticles. Particularly, precisely tuning material compositions
at the atomic scale remains an attractive target and scientifically
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interesting not only for developing novel composite materials with
controllable composition but also providing atomic-level insights
into the structures and physicochemical properties of amorphous
core-shell heterometal nanoparticles.

Nevertheless, the targeted growth of inorganic core-shell het-
erometal oxide nanoclusters with atomic precision is still be-
yond our capacity owing to the difficulty of atomic-level de-
sign of both core and shell and the complexity of self-assembly
reactions. And thus, the development of such species is still
being sought, lagged far behind that of inorganic core-shell
metal nanoparticles. At present, known such nanoclusters are
limited and some representative examples are Cuyg@Wyg [24],
VG@W48 [25], M-16@W48 (M:Fe [26], Al or Ga [27]), BiG@U24 and
Pbg@U,, [28].

Recently, we reported the synthesis of an all-
inorganic  core-shell-type  cobalt  polyoxoniobate  (PONb)
NagK14H10[Co26@Nbsg]-nH,0 (1, Coz6@Nbsg =[Coy6Nb3g0140]*27),
in which a large 36-nuclearity PONb shell {Nb3gOq24} (Nb3g) en-
closes a 26-nuclearity mixed-valence cobalt oxide core {Co,603;}
(Cops) (Fig. 1) [30]. Interestingly, the core composition of
Coys@Nbsyg is sensitive to the reaction conditions, allowing to
precisely tune its inner Co-core content without affecting its
outer Nb-shell composition and structure, resulting in a series of
isostructures {Coy6.,Nb3g,n0140} (1=0-2). Proton conduction ex-
periments reveal that these materials have good proton conducting
properties.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Z.-W. Guo, Y. Chen, Z.-H. Chen et al.

Fig. 1. The polyhedral representation of 1. CoOg octahedra or CoO4 tetrahedra:
green; NbOg: red.
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Fig. 2. (a) Polyhedral representation of the sphere-like Nbsg nanocage and its two
kinds of building units of {Nb3;O3} triangle and {NbgO,4} hexagonal ring. (b) An
illustration of the structure of the 26-nuclearity Coys core. NbOg: red or purple;
CoOg octahedra: green; CoO, tetrahedra: yellow or blue.

Solid 1 crystallized in a highly symmetric cubic space group
Fm-3m. The 36-nuclearity Nbsg shell structure can be described
as a nanosized Ty-symmetry tetrahedral nanocage comprising four
{Nb3043} triangles positioned at its four vertices and four {NbgO,4}
hexagonal rings laid flat on its four faces (Fig. 2a), which are inter-
linked with each other via corner-sharing. The 26-nuclearity Coyg
core, also with Ty-symmetry, contains a tetrahedral {Co"50,0}
core and ten Co''O, tetrahedra. The {Co'';50,} core can be seen as
consisting of five Co'l,0, cubanes, wherein the innermost Co'',0,4
cubane joins four tetrahedrally arranged Co,0,4 cubanes by shar-
ing four Co'l atoms (Fig. 2b). Further, the ten Co!'O,4 tetrahedra oc-
cupy the six edge positions (in blue) and the four face-centered
positions (in yellow) of the tetrahedral {Co";50,¢} core via corner-
sharing with Co™Og octahedra, giving the overall mixed-valence
Coyg cluster.

Interestingly, the core composition of 1 is markedly affected
by the reactants, allowing us to precisely manipulate its Co-
core composition with atomic-level precision while keeping the
same Nb-shell composition and topology. To begin with, we
found that the starting phosphates of NasPO; and KH,POg4
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NbCo2s

Fig. 3. A comparison of core compositions of Coys, NbCoys and Nb,Coy4 in 1, 2 and
3, respectively. Ordered CoOg octahedra or CoO4 tetrahedra: green; Disordered MOg
octahedra: rose.

in the reaction of 1 play a key role in determining the re-
sulting core-shell nanocluster with an ordered or disordered
core structure though they do not present in the products.
Specifically, the reaction of 1 without the addition of phos-
phates yields an isomorph Na;oK;5H5[NbCoy5@Nbsg]-nH,0 (2)
(NbCOZS@Nb?,G:[C025Nb370140]30_). As shown in Fig. 3, the dif-
ference between Coys@Nbsg and NbCo,5@Nbsg lies in that the
four equivalent Co3+ sites (related by a S, axis) of the innermost
Co'404 cubane in the former are found to be occupied either by
Nb>* or Co3* ions in the latter. The disordered site is refined freely
to give a Co/Nb occupancy factor of 0.758/0.242, followed by fixing
it to 0.75/0.25, and thus the core composition of Co,sNb@Nbsg is
NbC025032.

The observed Nb/Co disorder in Co,5Nb@Nbsg reveals that Nb
and Co ions compete to form the innermost cubane unit in the
solution, and the addition of Na3PO, and KH,PO, favors the
formation of ordered Co,g@Nbsg. Attempts to obtain analogs of
Coy5@Nbsg proved fruitless by the replacment of the phosphates
with nitrate, carbonate, sulfate, acetate or silicate. Considering that
core-shell structures are usually grown from inside out, the dis-
tinct innermost cubanes of Co404 and NbCo30,4 indicate that the
starting phosphates Na3;PO,4 and KH,PO4 should have a unique in-
fluence on the initial nucleation of the core-shell nanocluster. Un-
fortunately, the detailed role of the phosphates still remains un-
clear. Potentially, they can affect the competitive relationship be-
tween Nb>* and Co®* ions for the initial nucleation of core-shell
nanoclusters via hydrogen bond interactions or affect the pH value
of the reaction solution and thus the reaction and crystallization
processes.

Given that Nb and Co ions can compete to form the inner-
most metal cubane, we set out to explore the molecular growth
of the core-shell Co-Nb clusters by adjusting the starting Co/Nb ra-
tio to see if it can affect the core composition of resulting clus-
ter. We studied the Co/Nb ratio influence over the range from 1:9
to 1:1, with the amount of K;HNbgO19-13H,0 fixed at 0.33 mmol.
When the Co/Nb ratios are in the range of 1:9~1:5 (noted that
the Co/Nb ratio in the reaction of 2 is about 1:8), the obtained
core-shell nanoclusters are all the same as NbCo,5@Nbss found
in 2, as confirmed by single-crystal X-ray diffraction analyses of
four single crystals from the four same reactions as 2 but with
different initial Co/Nb ratios of 1:9, 1:7, 1:6 and 1:5, respectively.
Increasing the Co/Nb ratio to 1:4 results in the formation of a
new isostructural compound Na;gK;5H3[Nb;Co,4@Nb35]-nH,0 (3)
(Nb2C024@Nb3G=[C024Nb330140]287), in which all trivalent Co3*
sites, that is, all Co sites of the whole tetrahedral {Co"50,0}
core in Cop@Nbsg, are found as disordered Co/Nb sites in
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Nb,Coy4@Nbsg (Fig. 3). The asymmetric unit of the {Mg050} (M
stands for disordered Co/Nb sites) core in Nb,Co,4@Nbsg contains
two crystallographic independent M sites of M1 and M2, which are
refined freely to give Co/Nb occupancy factors of 0.789/0.211 and
0.892/0.108, respectively, followed by fixing them to 0.8/0.2 and
0.9/0.1. Since the {M;5050} consists of four M1 and twelve M2, its
composition exactly is {Nb,Co44}. Similar to the bivalent Co?* sites
in COZG@Nb3G and Nbcon@Nb36, all Co?+ sites in Nb2C024@Nb36
are found to be full occupancy. And thus, the overall core com-
position is Nb,Co,4. We further increased the Co/Nb ratios from
1:3 to 1:1 with attempt to get new isostructres and to check
if these tetrahedrally coordinated Co?t sites can be disordered
as Co/Nb sites, however, no isostructural species but amorphous
phases were obtained.

The distinct inner core compositions make NbCo,5@Nbsg and
Nb,Co,4@Nbsg nanoclusters have different cluster charges of —30
and —28, respectively. Considering that the only difference in
the syntheses of them is the starting amount of CoCl,, we at-
tribute the formation of the distinct isostructures NbCo,5@Nbsg
and Nb,Co,4@Nbs¢ to the role of the Co?t ions on the mediation
of solution pH via hydrolysis. It is known that, in basic solution,
a higher solution pH will stabilize a higher-charge polyoxoanion.
With different starting Co/Nb ratios from 1:9 to 1:5, the pH val-
ues after reactions are about 12.5+0.1 (Table S1 in Supporting in-
formation), suggesting the Co/Nb ratios in the range from 1:9 to
1:5 have little effect on the pH values of reactions. Accordingly, all
these reactions yield the same nanocluster of NbCo,5@Nbsg with a
net charge of —30. While, when the Co/Nb ratio increases to 1:4,
the pH value after reaction decreases to 11.9, suggesting that this
ratio has an obvious effect on the pH value of reaction. Accord-
ingly, the reaction gives Nb,Co,4@Nbsg with a lower net charge
(—28) compared to NbCo,5@Nbsg. We can therefore speculate that
the hydrolysis of different Co?* concentrations lead to reaction so-
lutions with different pH values, which make in-situ generating in-
termediates adjust their inner core compositions to form isostruc-
tural clusters with different negative charges that could be adapted
to different pH values of reaction solutions.

The above results reveal that the atomic-level modulation of
core-shell Co,g@Nbsg cluster with order/disorder core structure
and programmable core composition can be achieved by control-
ling the starting reagents. The obtainment of the series of core-
shell Co-Nb bimetallic clusters constitutes a family with a gen-
eral formula of {Co6.,Nb3g,,0140} (n=0-2 in this work). These
nanoclusters might provide atomic-level insights into the influ-
ence of the starting chemicals on the structures and composi-
tions of amorphous bimetallic core-shell nanoparticles. Addition-
ally, the observed disordered core structure evolution from {Co404}
to {NbCo304}, and to {Nb,Coq40,0} provides a case to reveal an
inside-out molecular growth of core-shell bimetal nanoclusters at
atomic level.

The metal contents of 2-3 were determined by ICP analyses,
which are in good agreement with the calculated values based on
single-crystal X-ray diffraction analyses (Table S2 in Supporting in-
formation). Further, XPS were performed to confirm their ratios in
2-3 (Fig. S1 in supporting information). Curve-fitting of the high-
resolution Co 2p spectra reveals that the Co3*/Co?* ratios in 2-
3 are 1.48 and 1.38, respectively, perfectly matching their corre-
sponding Co3*/Co%* ratios of 1.50 and 1.40 identified by the BVS
calculations [31].

High chemical stabilities, the presence of counter cations (HT,
Na*, and K*) and oxo-rich surface point to the possible utility of
1 as proton conducting material. The conductivity of 1 was in-
vestigated by ac impedance measurements using a two-electrode
configuration between 107 and 1Hz. The humidity-dependent con-
ductivity was first measured at room temperature (RT) (25°C). As
dipicted in Fig. 4a, the conductivity is 2.68 x 104 S/cm at 55% rel-
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Fig. 4. (a) Nyquist plot for 1 under different relative humidity. (b) Nyquist plot for
1 under different temperatures with 98% RH. (c) Plot of In(o'T) vs. 1000/T for 1. (d)
PXRD patterns of 1 before and after tests.

ative humidity (RH), and it incerases to 1.74 x 103 S/cm when RH
maintianed at 98%. Next, the temperature-dependent proton con-
ductivity was measured over the temperature range of 25-85°C
under 98% RH. The result reveal that the conductivity of 1 reaches
2.64x 1072 S/cm at 85°C (Fig. 4b), which is among the highest
conductivity reported for POMs (Table S3 in Supporting informa-
tion). According to the Arrhenius equation o T= o gexp(-Ea/kgT), the
activation energy, determined by linear regression analysis, is esti-
mated to 0.304eV (Fig. 4c), indicating that conduction is mainly
carried out by the “Grotthus” mechanism (E; < 0.4). We attribute
the excellent proton conductivity to the presence of rich proton
carriers within the structure of 1, including water molecules and
terminal oxygen atoms, which help to form hydrogen-bonded pro-
ton “hopping” networks [32-35]. Additionally, the PXRD patterns
showed that the sample remain consistent before and after con-
duction tests, revealing the integrity of sample 1 (Fig. 4d).

Although extensive research efforts have been devoted to study-
ing the proton-conducting performances of POMs [36-40], most of
them are based on compacted crystalline powder samples. The re-
search on the conductivities of single-crystal POMs remains largely
unexplored. Given that 1-3 contain different amounts of cations
and might exhibit distinct conductivities, the single crystal proton
conductivities of 1-3 were further investigated by ac impedance
measurements using single crystals over the temperature range of
35-75°C under 98% RH. Ag wires were carefully attached to a cu-
bic crystal (0.20 mm x 0.20 mm x 0.20 mm) by using conductive sil-
ver paste along opposite faces. The temperature-dependent con-
ductivity measurements reveal that the singel crystal conductivity
of 1 at 35°C is 2.2 x 10-¢ S/cm, which is comparable to those of
some reported single-crystal POMs [39,40]. As the temperature in-
creases, the conductivity increases gradually and reaches a maxi-
mum of 1.08 x 10— S/cm at 75 °C (Fig. 5a). The conductivities of 2
and 3 at 35°C, 75°C with 98% RH are 1.54 x 106 S/cm, 6.84 x 10~6
S/cm and 1.92 x 10-6 S/cm, 5.89 x 10~6 S/cm, respectively (Figs. 5b
and c). The results show that the conductivities of 1-3 are almost
at the same level. Nevertheless, crystal 1 with the most cations
shows relatively high conductivity compared to crystals 2 and 3.
According to the Arrhenius equation o T=0o gexp(-E,/kgT), the acti-
vation energy of single crystals 1-3, determined by linear regres-
sion analysis, are 0.354, 0.346 and 0.260eV, respectively, indicat-
ing that their conduction processes are mainly dominated by the
“Grotthus” mechanism (Fig. 5d).
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Fig. 5. (a-c) Nyquist plots for single crystals of 1-3 under different temperatures
with 98% RH, respectively (inset: proton conduction device). (d) Plots of In(o'T) vs.
1000/T for single crystals 1-3.

In summary, we demonstrate that the inner core structure (in
order/disorder) and composition (with different Co/Nb distribu-
tions) of a unique all-inorganic core-shell-type Co-Nb heteropoly-
oxoniobate Co,5@Nbsg can be precisely modulated by simple con-
trol of initial reaction reagents, leading to a family of isostructural
core-shell nanoclusters {Coys.,Nb3g,70140} (n=0-2) with precise
atoms and structures. Further, their proton conductivities have
been examined to showcase them as promising candidates for
proton-conducting materials. These bimetallic core-shell structures
with tunable core structures allow studies in rich host-guest chem-
istry to be envisaged. Furthermore, we anticipate that other novel
transition metal clusters can be captured, resulting in new dis-
coveries in metal oxo cluster chemistry. Finally, this series of rare
all-inorganic and atomically precise Co-Nb core-shell nanoclus-
ters might provide a foundation to understand and investigate the
chemical processes of Co-Nb-based non-molecular counterparts in-
cluding inorganic core-shell nanoparticles and bulk materials.
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