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Medium-entropy state quinary keplerate clusters
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The synthesis of discrete polyoxometalate clusters composed of more than 3 metallic elements has
always been attractive but seldom successful. For the first time, we have developed a de novo synthetic
route to quinary Cu—Ni—Co-Mn-Zn Keplerate clusters with a nuclearity of 20. Seven single-crystalline
quinary Keplerates in a medium-entropy state with various compositions have been obtained. A systema-
tic study reveals that the different ions’ ability to be incorporated into the Keplerates is governed by the
Irving—Williams series, and they are stabilized in a medium entropy state. More intriguingly, these quinary
Keplerate clusters represent an analogue of the Ship of Theseus at the molecular level, i.e., the global fea-
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ditions. Our further investigation reveals that the quinary elements {M,o} compared to mono-component
and binary Keplerate clusters exhibit much superior electrochemical performance, therefore shedding
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1. Introduction

Polyoxometalates (POMs), comprising multiple transition
metal centers in different oxidation states, are among the most
attractive inorganic redox active materials for numerous appli-
cations such as energy conversion, catalysis and chemical
sensing.'” Currently, it is of great interest to fabricate discrete
POM clusters composed of more than 3 metal elements, since
the inherent features of POMs such as the substitutability of
the metal centers® or high active site density can be combined
with the improved catalytic performance derived from the con-
figurational tunability and compositional diversities of various
metal elements.” However, it is still hard to confine more than
3 metal elements in the assembly of single-phase POM clus-
ters. This aim is subjected to the incompatibility of various
metal atoms and unpredictable combinations in the solution
environment. Not only the thermodynamic high mixing
enthalpy but also the atomic size difference and complex
atomic arrangement impede the controllable multi-component
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light on the design of multimetallic clusters in high-entropy states as novel electrocatalysts.

system accessibility.® In the synthesis of multimetallic
materials, extreme synthesis conditions are necessary to over-
come the challenges above. For example, it has been reported
that the fabrication of a high entropy alloy, one of the most
promising multimetallic materials, requires an extreme local
environment, such as high temperature shock (~2000 K, ~10°
K per second) or ball milling,”® thus multicomponent cluster
synthesis has rarely been achieved.”'° Besides the harsh con-
ditions, this strategy cannot be applied to the synthesis of mul-
timetallic POMs, mainly because these conditions would lead
to metal oxides rather than discrete POM clusters. Hence, it is
paramount to identify appropriate candidates from the library
of POMs, with the ultimate aim of synthesizing multimetallic
materials in a flexible and controllable fashion.

Polyoxocuprates (POCus) are an emerging class of POM-like
architectures."* It has been clearly demonstrated that at least
two different metal elements can be incorporated into the
{M,,} skeletons of the Keplerates,'* which makes them a prom-
ising candidate as a versatile platform in studying multimetal-
lic clusters.'’ Consequently, we are prompted to investigate
whether four other 3D metal elements (Co, Ni, Zn and Mn)
could be simultaneously incorporated into the {Cuyo}
Keplerate with high symmetry by following the low-cost and
facile synthesis of {Cu,o}.">™

Herein, we report a de novo synthetic route to quinary {M,,}
Keplerate clusters containing Cu, Ni, Co, Mn and Zn. Seven
single-crystalline quinary Keplerates (named M20-20 to M20-
26) in a medium-entropy state with various compositions have
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been obtained and characterized. Through our systematic
studies, we demonstrate that the different ions’ ability to be
incorporated into the {M,o} Keplerates is governed by the
Irving-Williams series. Furthermore, we show that one of the
quinary Keplerates of the {M,,} library M20-20, with the metal
composition Cuy, g;Nijy 93C0, 88ZN1 1,Mny 15, S representative
of the multimetallic clusters, exhibits much superior perform-
ance with a current density of 280.1 mA cm™> at 0.8 V (Ag/
AgCl) for methanol electrooxidation (MOR) and sensitivity of
2.99 mA mM "' em™ for glucose detection. The binary cluster
achieves significant improvement as compared with the mono-
component and binary {M,,}. Additionally, to the best of our
knowledge, this is the best MOR performance in non-noble
POMs. The morphological and componential evolution of
M20-20 after electrochemical reaction was revealed to exhibit
potential for multicomponent material synthesis.

2. Experimental
2.1 General synthesis procedures of {M,,} library clusters

Detailed descriptions for the synthesis of each cluster (M20-7,
M20-9, M20-10, M20-17, M20-19, M20-20 to M20-26) in the
{Myo} library are provided in the ESIf: {M,o} Library Synthesis
Details. Here is a general protocol. (a) Before the synthesis,
metal acetates were mixed in 20 mL of CH;CN with 2 mL of
iso-propylamine and 400 pL of H,0. (b) The mixture was
stirred for 24 h in an ambient environment to dissolve the
metal acetates; another 10 mL of methanol was added to dis-
solve if a gel emerged. (c) The clear solution was then filtered
and evaporated for a few days to obtain the single crystal for
later characterization. Notably, when inferior single crystals
are produced, recrystallization by methanol is of necessity
(repeated multiple times if needed).

2.2 Synthesis of NCNT, NCNT-M20-20 1 : 1, NCNT-M20-20
2:1, NCNT-M20-20 3 : 1, CNT-Cu,y, M20-CuNi and M20-CuCo

Acidized multiwalled carbon nanotubes (MWCNT) were syn-
thesized through the solvothermal method: 0.12 g of MWCNT
was added to 50 mL of mixed solvent with a volume ratio of
HNO; (concentrated) : H,O of 1: 3 for 14 h at 160 °C. The acid-
ized MWCNT was rinsed with distilled water three times to
remove the residual acid and then freeze-dried to obtain the
porous products. The nitrogen doped multiwalled carbon
nanotubes (NCNT) were prepared by mixing melamine and
acidized MWCNT with a mass ratio of melamine: MWCNT
(acidized) of 3 :1 through mechanical mixing followed by calci-
nation under an Ar atmosphere at 700 °C for 1 h.

Mixing NCNT with M20-20 at different mass ratios of 1:1,
2:1 and 3:1 (the ratio is 1:1 for NCNT-Cu,,) in ethanol and
stirring for 36 h, then evaporating at room temperature in a
vacuum oven provided the final products NCNT-M20-20 1:1,
NCNT-M20-20 2 : 1, NCNT-M20-20 3 : 1 and NCNT-Cu,,.

M20-CuCo/M20-CuNi was prepared with M20-10/M20-7 and
NCNT in the mass ratio of NCNT : M20-10/M20-7 of 2:1, and
the other conditions were the same as for NCNT-M20-20 2: 1.
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2.3 Chemicals and characterization procedures

All of the reactants were purchased from Shanghai Aladdin Co.
Ltd at reagent grade and used without pre-treatment. The
multi-walled carbon nanotubes were purchased from SuZhou
TANFENG graphene Tech Co., Ltd.

IR spectra were measured on a WQF-410 FT-IR spectro-
meter. UV-Vis absorption spectra were obtained using a 752
PC UV-Vis spectrophotometer. Thermogravimetric analysis
(TGA) measurements were carried out using a DSC/TG pan
A1203 system with an N, flow with a heating rate of 5 °C
min~". Elemental analyses (C, H, N) were performed using a
Thermo Scientific FLASH 2000 elemental analyzer; Cu, Co, Ni,
Zn and Mn were analyzed on a Varian (720) ICP atomic emis-
sion spectrometer. The morphology and EDS of all the
materials were investigated using a scanning electron micro-
scope (SEM, Hitachi, S-4800). Powder X-ray diffraction results
were from a Bruker D§ ADVANCE, Cu Kol (4 =0.15418 nm, 26
range from 10 to 90°). X-ray photoelectron spectroscopy tests
used a Thermo SCIENTIFIC ESCALAB 250 photoelectron
spectrometer with Al Ko as the excitation source. Single-crystal
X-ray analyses were performed at room temperature on a
Siemens SMART platform diffractometer outfitted with an
Apex II area detector and monochromatized MoKa radiation (A
= 0.71073 A). Structures were solved by direct methods and
refined using the SHELXTL software package.'® All electro-
chemical measurements were made using a CHI 760E (Chen
Hua Instruments Co. Ltd, Shanghai).

The electrochemical characterization of the NCNT-M20-20
1:1, NCNT-M20-20 2:1, NCNT-M20-20 3 :1, M20-CuNi, M20-
CuCo and NCNT-Cu,, composites was conducted in a conven-
tional three electrode cell on a CHI760E electrochemical work-
station (Shanghai Chenhua Instrument Co., China). The cata-
lyst slurry was made by mixing 3 mg of the composite with
30 pL of Nafion solution, 170 pL of ultrapure water and 800 pL
of ethanol, and sonicating for 5 min. The working electrode
was prepared by dropping 15 pL of the catalyst slurry on a
glassy carbon electrode (GCE) and drying naturally. The cata-
lyst loaded GCE acted as the working electrode, Ag/AgCl (3.5M
KCl) as the reference electrode, and a Pt plate as the counter
electrode. The tests were performed in 1M KOH, and methanol
was added to the electrolyte to examine the MOR ability.
Before the CV test, several CV cycles were conducted on the
electrode for stabilization. All cures were tested without IR
compensation. 0.4 V was chosen as the working potential
when conducting the electrochemical impedance spectroscopy
(EIS) at frequencies ranging from 10 kHz to 0.1 Hz with an AC
perturbation of 10 mV in 1 M KOH. Chronoamperometry was
conducted at 0.7 V for 6 h to test the stability.

3. Results and discussion
3.1. {M,} library discovery

Inspired by our previous work in which 20 metal center poly-
nuclear {Cu,,} species and the Cu-Zn bimetallic analogue
({Cuy,Zng}) were discovered,'” we first started the multicompo-
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nent cluster synthesis with Cu-Ni and Cu-Co bimetallic icosa-
nuclear clusters (i.e. M20-7 and M20-9, see Table S1}). A
general procedure to obtain {M,,} counterparts is shown in
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Fig. 1a as an intuitive demonstration. According to the XRD
results (Fig. 1b and c), bimetallic clusters M20-7 (Cu-Ni) and
M20-9 (Cu-Co) share nearly the same pattern as the reported
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Fig. 1 Synthesis and structural characterizations of clusters. (a) Illustration of the de novo synthetic route of {M,o} Keplerate clusters. (b) Simulated
powder XRD patterns of M20-24, M20-7, M20-17, {Cuj»Zng}, {Nizo}, {Co0} and {Cu,c} based on single crystal data. (c) Powder XRD of M20-7, M20-
9, M20-17, M20-20, M20-24 and {Cuj,Zng}. (d) A surface plot of the relationship between metal compositions and elements in the quinary systems
(M20-20 to M20-26), indicating that the number of metal elements in the {Myo} series is governed by the Irving—Williams series. (e) Bar chart to illus-
trate the influence of the starting salt molar ratio and amine on the number of Cu?* in {Mpo}. The ratio inside each bar is the salt molar ratio
Cu?*:Ni?*: Co?*: Zn?* : Mn?*.
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{Cu;,Zng}. Considering the possible extension to more compli-
cated multimetallic Keplerates, the result led to further
attempts. Five divalent metal ions (Cu®', Co**, Ni**, Zn*",
Mn**) were mixed, and the solution products were sub-
sequently obtained as shown in Fig. S1.} After the crystalliza-
tion, the quinary element product M20-20 (Cu-Ni-Co-Zn-Mn)
was synthesized. The presence of all five metal elements in the
M20-20 was confirmed by EDS and ICP results, as displayed in
Fig. 2b and Table S1.f The amine and transition metal salts
were diversified to produce other counterparts M20-21 to M20-
26. Subtle alteration of the synthetic parameters was necessary
to achieve the successful synthesis of different counterparts.
All the attempts to expand {M,,} are exhibited in Table S2.}
The obtained binary M20-7 (Cu-Ni), M20-9 (Cu-Co) and M20-
10 (Cu-Co), ternary M20-17 (Cu-Ni-Co), and quaternary M20-
19 (Cu-Ni-Co-Zn), together with quinary M20-20 to M20-26
(Cu-Ni-Co-Zn-Mn) constitute the {M,,} library. During the
extension from binary clusters to the {M,,} library we found
the clusters maintained Keplerate structure even with increas-
ing complexity and species diversity in solution. Detailed
descriptions are given in part 3.2: Purity and structure analysis.
A general ball-and-stick model of {M,,} is presented in
Fig. S2b;f crystallographic data and structure refinement of

CKal,2
[Map Data 3
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the synthesized M20-7, M20-17 and M20-24 are present in
Table S5.F

3.2. Purity and structure analysis

The powder and single crystal XRD results were examined to
ensure the as-obtained multimetallic samples were not mix-
tures of their monometallic clusters like {Cu,o}, {Co,o} and
{Ni,o}. Fig. 1b displays the simulated powder XRD patterns
based on the single-crystal structure data of {Cu,o}, {C0s},
{Niyo}, {CuiZng}, M20-7, M20-17 and M20-24."”'® Evidently,
the patterns of M20-7 (Cu-Ni), M20-17 (Cu-Ni-Co) and M20-24
(Cu-Ni-Co-Zn-Mn) show great resemblance with the
{Cu;,Zng} Keplerate structure, while sharing little in common
with {Cuye}, {Co,0} and {Niyo}. The similar patterns indicate
M20-7, M20-17 and M20-24 have the same Keplerate structure
as {Cu;,Zng}. In addition, the powder XRD results of M20-7,
M20-17 and M20-24 (Fig. 1c) match closely the simulated pat-
terns, suggesting the synthesized products are of high purity.
The XRD pattern similarity of binary (M20-7, M20-9) and
quinary (M20-24) Keplerates indicates that the crystal skeleton
remains the same, despite the number of TM elements
increasing from two to five. Furthermore, when the molar ratio
of the salt precursor and amine was changed in the synthesis

d

NCNT-M20-20 2:1

NCNT-M20-20 3:1
NCNT-M20-20 1:1

NCNT-Cu,,

NCNT

5

[ T M20-20

10 20 30 40 5 60 70 80
20 (°)

Fig. 2 Structural characterizations of the NCNT-M20-20 composite. (a) Graphic illustration of NCNT-M20-20 2:1 in the MOR process, with the
structure of M20-20 shown as a ball-stick model. (b) Morphology of M20-20 and mapping information of the selected area. (c) Morphology of
NCNT-M20-20 2:1 and EDS results. (d) Powder XRD of a series of materials.
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conditions, the crystal skeleton of the obtained product also
remained constant. Specifically, M20-20 and M20-24, which
were synthesized with various amines and precursor ratios,
have similar XRD patterns. The constant crystal skeleton and
substitutable cations of the POM-based {M,,} library suggests
an analogue of the ship of Theseus at the molecule level. A
similar situation is found for metal-organic frameworks
(MOF) in which Zn is replaced by Ni.'® Control experiments to
obtain monometallic {Co,o}, {Niso}, {Zn,o} and {Mn,,} have
failed, thus further excluding the likelihood of their mixtures
featuring in the {M,,} library. Unexpectedly in control experi-
ments, two homometallic compounds {Nio} and {Mn,s} were
obtained, exhibiting similar structures to the compounds in
previous literature.*® Fig. S31 shows the structure of the {Nio}
cluster. The fact that {Nio} was obtained rather than {Ni,}
indicates that the method to synthesize the {M,,} library here
cannot lead to the formation of {Ni,o} and therefore the possi-
bility of mixed monocomponent clusters in the {M,,} library is
further excluded. The IR spectroscopy and TGA results of M20-
7, M20-17 and M20-20 are collected in Fig. S4 and S5 with
Note S17t as the supplementary evidence of high similarity.

3.3. Structure features of the {M,,} library: medium entropy
state and following the Irving-Williams series

To better describe and understand the {M,,} library, another
concern followed: whether all metal sites in the samples can
be defined precisely like the reported {Cu;,Mg} (M = Cu, Zn,
La, Mg) with a certain atom ratio? Speculating as a result of
the high similarity XRD patterns, we first assumed that {M,,}
counterparts, similar to {Cu;,Mg}, exhibit a specific element
ratio derived from the highly symmetric character of
Keplerates. X-ray diffraction has its limitations in accurately
defining the metal site because of the similarity of the atomic
masses of close elements, together with the intrinsic high sym-
metry of {My}. ICP characterization was coupled to eliminate
this concern, and {M,,} counterparts featuring non-integer
uncovered as summarized in Table S1.f
Unexpectedly, none of M20-20 to M20-26 have a certain inte-
gral mole fraction. The ICP results show that the structure of
{M,o} features neither typical well-crystallized Keplerates nor
ordered intermetallics. The disorderliness of the elements
suggests the character of a single-phase state with random dis-
tributions is similar to HEA. According to the previous litera-
ture,>’ the formation of single-phase HEA requires higher
mixing entropic change than mixing enthalpic ones to realize
a negative Gibbs free energy change. For the quinary system,
elements that fail to be miscible with each other will cause a
positive Gibbs free energy change and thus phase separation.
M20-20 to M20-26 were verified to be single-phase by single-
crystal structure data of M20-24. Additionally, the EDS showed
that the elements are also evenly distributed (Fig. 2b), thereby
the quinary {M,,} are entropy-stabilized to a stable single-
phase. The mixing entropy is calculated for M20-20 according
to the equation below:>>

ASmix = —RZX,‘ In x;

ratios were

This journal is © the Partner Organisations 2023
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R is the gas constant and x; is the mole ratio of the i com-
ponent. The contribution of the anion sites is not considered
because of the minor effect on the entropic contribution. The
ASmix of M20-20 is calculated to be 1.04R, which falls into the
category of medium entropy range.>* From the results so far, it
is clear that metal elements in the quinary {M,,} are entropy
driven stabilized and randomly distributed. The lattice distor-
tion caused by the random distribution of atoms in the high
entropy state also leads to a weak XRD intensity*® for M20-17,
M20-20 and M20-24 compared with the binary clusters M20-7
and M20-9 in Fig. 1c. Besides the quantity of the elements,
XPS was used to illustrate the valence states of the clusters.
Fig. S6-S97 demonstrate the XPS results of M20-20, M20-17,
M20-7 and M20-9. According to the results, all elements of the
single crystals are at +2 valence. This is similar to the for-
mation of some types of high entropy oxides that share the
same oxidation state such as cubic rock-salt multi-cation
oxide.”* The effort to expand the Keplerate {My,} to Fe*" has
failed. We assumed the valence state could affect {M,} for-
mation, and Fe*" is inclined to be oxidized to +3 in an oxygen-
containing ambient environment, thus the additional charge
will break the electroneutrality, finally resulting in structural
collapse of the Keplerate structure.

Investigations into the compositions by ICP lead to further
insights regarding the complex molecular assembly of the
{M,,} Keplerates. Initially, the ICP analysis of M20-24 obtained
in different batches was performed three times to verify the
ICP data and method repeatability (Table S3t). When all
counterparts were summarized in tables (Table S17), we noticed
that the abilities of the bivalent cations to be incorporated into
the Keplerates were different. This exactly follows the Irving-
Williams trend where the relative stabilities of complexes
formed by transition metals are in the order Mn** < Co*" < Ni**
< Cu*" > Zn”* ** Specifically, with equivalent amounts of starting
metal salts, the mole ratio of the product (M20-23) is consistent
with this trend as Cu:Ni:Co:Zn:Mn =
9.37:6.01:4.10:0.39:0.13. The results of products with equi-
valent or element-equivalent amounts of starting metal salts are
compared in Table S4.1 The tendency from the ICP results con-
firms that the proportion of each element agrees with the
Irving-Williams Series. In other words, inside the {M,}
Keplerates, the divalent cation proportion increases with the
intrinsic stability. For a better illustration of elements and metal
compositions, the underlying trend among M20-20 to M20-26 is
plotted in Fig. 1d. It can be seen that there is a clear downtrend
from Cu to Zn. So far, we know the cations in {M,,} are stabil-
ized in a medium entropy state and according to the intrinsic
stabilities of the Irving-Williams series to form the clusters in
different proportions.

3.4. Influence of precursor ratio and solvent on the products

We attempted to investigate the influence of the precursor salt
ratio and solvent on the products. As shown in Fig. 1e, the pro-
ducts synthesized with different amines and precursor salt
ratios are divided into two groups. It can be seen that Cu
species are more easily assembled with a high Cu®>* proportion

Inorg. Chem. Front., 2023, 10, 3047-3057 | 3051
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(>10) in iso-propylamine than in trimethylamine when com-
paring M20-20 with M20-24 at equal precursor ratios. In con-
trast, for low amounts of Cu>* (<10), the Cu®>" amount is higher
in trimethylamine than in iso-propylamine, as shown with
M20-21/M20-25 and M20-22/M20-26. Trimethylamine from a
thermodynamics viewpoint may not be as favorable as iso-pro-
pylamine for Cu species to assemble clusters in an environ-
ment with high proportions of copper, but it is more favorable
in environments with low copper proportions. Elements
exhibit different equilibria in different solutions and result in
the same structures, and diverse proportions prove the thermo-
dynamic stability of the Keplerate structure. However, in con-
trast to the quinary system, the high copper proportion will
lead to the failure of the formation of binary to quaternary
Keplerates as exhibited in Table S2.f In the trials to produce
Cu-Co, Cu-Ni-Zn, Cu-Co-Zn, Cu-Ni-Co and Cu-Ni-Co-Zn
counterparts, high copper precursor ratios of 5:2:2 and
4:2:2 were applied, but only two counterparts were success-
fully synthesized. This illustrates that the copper precursor
ratio is critical for the design and fabrication of different
systems. The adjustable constituents show the potential pro-
gramable regulation of the target Keplerate by using different
synthesis conditions.

3.5. Electrochemical methanol oxidation

As a good electron reservoir in multiple electron transfer pro-
cesses, POMs serve well in electrochemistry.>>>” The multi-
component system combines every virtue of the components,
offering appealing properties as a result of tailored electronic
properties and compositional diversities.*®*° Here, M20-20 as
a typical quinary element compound was chosen as the test
species for methanol and glucose electrooxidation catalysis to
demonstrate the potential of the {M,,} series and multicompo-
nent system. To maximize the performance, nitrogen-doped
multiwalled carbon nanotubes (NCNT) were used to anchor
the M20-20 by electrostatic force to avoid the intrinsic poor
electroconductivity of the single crystal (Fig. S10a and bt). The
final product was named NCNT-M20-20. The mass ratio of
M20-20 and NCNT was optimized from 1:1, 1:2 and 1:3.
Fig. 2a shows a scheme of the composite MOR process. The
uniform dispersion of five elements before and after the com-
bination with NCNT was confirmed by the EDS test as shown
in Fig. 2b and c. After the blending of the materials, the XRD
shows characteristic peaks of both CNT and M20-20
(Fig. 2d).>* The M20-20 peaks were weakened after mixing
mainly due to the good dispersion and electrostatic force.
Cyclic voltammetry (CV) was applied to probe the methanol
electro-oxidation ability of NCNT-M20-20. Fig. 3a shows the CV
of NCNT-M20-20 2:1 in 1 M KOH with and without 0.5 M
methanol. After the addition of methanol, the current density
showed an apparent increase, indicating the high catalytic per-
formance towards methanol; the double-step chronoampero-
metry also confirms that the current originated from methanol
oxidation as discussed in the ESI Note S2.} There is a 235 mV
advance because of the more preferential dynamics of MOR
than OER as shown in the inset graph. At 0.8 V, the current
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density reaches 280.1 mA cm™>, which suggests superior oxi-
dation performance. When transferred to mass activity it also
reaches as high as 281.5 mA mg™'. A CV comparison is shown in
Fig. S11a,7 and among the four catalysts, NCNT-M20-20 2:1
shows the best activity. {Cu,}, as a single metal cluster, exhibits a
poor activity for methanol oxidation. Fig. 3b shows a great activity
gap between NCNT-Cu,, and NCNT-M20-20 2:1, although their
electric double layer capacitance (Cq;) (inset graph) is at the same
level. The results above demonstrate that the multicomponent
system gives the material a significant property enhancement
because of the so-called “cocktail effect”.*> When subtracting the
baseline current originating from the CV of the OER process, the
current density at 0.8 V shows a high specific activity of 179.3 mA
ecm™2. The performances of non-noble materials in previous lit-
erature are compared in Table S6.1 Considering that non-noble
POM materials are rarely reported for MOR, the performance of
our work can be regarded as a reference for non-noble POMs in
the methanol electrooxidation field.

To investigate the intrinsic electrochemistry properties, CV
without methanol was used to evaluate the electrochemical be-
havior of NCNT-M20-20 2: 1. As demonstrated in Fig. S12b,} the
oxidation and reduction peak current of NCNT-M20-20 2: 1 is the
highest among the catalysts, suggesting the most active sites.
This conclusion is also supported by the Ni** surface coverage
active sites calculation in Note S3.f According to the previous
studies, a higher oxidation peak current for NCNT-M20-20 2: 1
can be partly ascribed to the larger surface coverage of redox
species.® The CV technique was further used to study the electro-
chemical species behavior and it verified that the transformation
of Ni**-Ni** redox process is a surface-controlled process.**
Further discussions are listed in Note S4. Chronoamperometry
was conducted at 0.7 V to test the stability during the MOR
process. As demonstrated in Fig. 3d, NCNT-Cu,, (black line)
rarely has MOR activity. For NCNT-M20-20 2 : 1 there is an appar-
ent oxidation current at 0.7 V. After 6 h, the current density
remains 24 mA cm™>. Electrochemical impedance spectroscopy
(EIS) measurements were carried out to get insights into the
charge transfer process. In Nyquist plots of all the samples,
NCNT-M20-20 2 : 1 shows the smallest diameter of the semicircle,
claiming the lowest charge transfer resistance as displayed in
Fig. 3c.*®> NCNT-Cu,, shows the largest diameter with an R, of
427.1 ohms, which is much larger than NCNT:M20-20 2:1
(29.69 ohms), NCNT : M20-20 1:1 (192.5 ohms) and NCNT : M20-
20 3:1 (144.5 ohms). EIS results support the idea that a multiele-
ment composition reduces the charge transfer resistance, along
with the NCNT together boosting the electron transfer between
the catalyst and the methanol. The electrochemically active
surface area (ECSA) of NCNT-M20-20 2: 1 is 427.00 cm?, which is
the highest among the catalysts. NCNT-Cu,, has the same level of
ECSA (264.00 cm®) as NCNT-M20-20 2: 1, but exhibits poor per-
formance (Note S5t), which hints at the importance of the multi-
metallic synergistic effect for the electrochemical process. When
considering the high methanol concentration tolerance, it turns
out that the NCNT-M20-20 2 :1 is more stable than NCNT-Cus,,
as shown in Fig. S13,T because of the fast conversion of the inter-
mediate to the final products. It has also been proved theoreti-
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Fig. 3 Electrochemical characterization of NCNT-M20-20 for the MOR process. (a) CV comparison of NCNT-M20-20 2:1in 1 M KOH and 1 M KOH
with 0.5 M methanol; the upper-left inset is an enlarged view. (b) CV curves of NCNT-M20-20 2:1 and NCNT-Cuyg electrode in 1.0 M KOH + 0.5 M
MeOH. The inset image shows the electric double-layer capacitance comparison of the two materials. (c) EIS test result of different samples. (d)
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cally and experimentally that Cu** exhibits a superior ability to
adsorb methanol molecules on account of the hybridized elec-
tronic structure.*®>” More details are discussed in Note S5.}

3.6. The influence of component number on the
electrochemical performance

More investigations were conducted to provide a clearer under-
standing of the structure-activity relationship. First, the
Keplerate structure of {M,o} counterparts was confirmed by

This journal is © the Partner Organisations 2023

Fig. S151 and Fig. 1c. So, the following study focuses on the
influence of the elemental composition on the MOR perform-
ance by using clusters with different numbers of elements. Ni
and Co have been widely applied and investigated as efficient
non-noble metal catalysts for MOR.*® Therefore, we intended
to investigate binary clusters of these two elements as a start-
ing point. The 20 nuclei cluster {M,o} counterparts M20-CuNi
(M20-7) and M20-CuCo (M20-10) (Table S2}) were selected and
applied to discuss the structure-activity relationship. The M20-
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CuNi and M20-CuCo were prepared using the same method as
NCNT-M20-20 2 : 1. The test conditions were the same as those
for NCNT-M20-20 2:1. The ICP results indicated that the
element ratio of the clusters are: M20-CuNi (Cuyg 33Nio 6), and
M20-CuCo (Cug_goC010.20)- XRD results showed that M20-CuCo
and M20-CuNi share the same structure as M20-20 in
Fig. S15.7 The electrochemistry analysis is discussed below.

1. Through the CV test, the clusters M20-CuNi and M20-
CuCo were both confirmed to exhibit activity towards metha-
nol oxidation as shown in Fig. S16a and b.T The CV demon-
strates a similar activity of M20-CuNi and M20-CuCo to MOR
(Fig. 3f). However, the double layer capacitance (Cq) in
Fig. S17F shows that M20-CuCo has the highest C4q; and M20-
CuNi has the lowest Cq;. Considering the similar proportion in
the clusters of Ni/Co (M20-CuNi, Ni:48.1%; M20-CuCo,
C0:51.0%), it is reasonable to conclude that the nickel com-
ponent is more efficient than cobalt and other elements in the
{M,o} Keplerate clusters. Besides, according to the EIS results
in Fig. 3e, the charge transfer resistance of M20-CuNi is larger
than that of M20-CuCo, again proving that the activity of the
Ni component is better than that of Co. As a consequence, the
activity can be evaluated by the amount of Ni.

2. Nevertheless, the performance of M20-20 is much
higher than that of M20-CuNi, while the proportion of Ni in
M20-20 (14.6%) is much lower than that of M20-CuNi (48.1%)
(Fig. 3f). Based on the discussion above, we can conclude that
the advantages of the multicomponent species exceed the con-
tribution of the nickel component alone.

3. Furthermore, considering the electron transfer resis-
tance, monocomponent {Cu,,} possesses the largest resis-
tance, quinary M20-20 has the lowest and the binary M20-
CuNi and M20-CuCo are in the middle (Fig. 3e). The trend is
therefore R(monocomponent) > R(binary) > R(quinary).
Therefore, the charge transfer resistance decreases with the
increase of the component number of clusters. Because of the
reasons above, we believe that the increase in cluster com-
ponents is beneficial for the charge transfer and catalytic
activity. Additionally, the component number has a positive
influence on the activity.

In general, binary clusters M20-CuCo and M20-CuNi were
harnessed to prove that: @ the nickel component is the most
efficient element in the {M,,} Keplerate clusters; @ the multi-
component character has more advantages for MOR perform-
ance than the single component character; ® an increase in
the number of components is beneficial to the charge transfer
in the reaction.

3.7. Structure evolution of M20-20 under anodic potential

To test the post-reaction structural integrity, chronoamperome-
try was conducted at 0.7 V for long term testing on pristine
M20-20 in 1M KOH + 0.5 M MeOH. XRD and EDS tests were
performed after the chronoamperometry.

As shown in Fig. S18,f Cu was transferred to Cu(OH),,
while the other elements were in amorphous states. In SEM
and EDS tests (Fig. S191), the M20-20 was morphologically
transferred from the bulk initial crystal to nano-bundles and
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elements are still evenly distributed on the Cu(OH),. The struc-
ture eventually become four metal element doped Cu(OH),
nano-bundles. The transformation means that the structure of
the M20-20 underwent an evolution under the harsh oxidation
environment in strong alkaline solution, and when exposed to
alkaline oxidic conditions Cu®" will become a hydroxide,
which is reported in previous cases of Cu-based materials.”***
The structure evolution accompanied with the disappearance
of Keplerate, as a result the surface ligand like acetic acid
ligand will peel off from the cluster.

Theoretically, after the collapse of the Keplerate structure,
the metal atoms inside would undergo atom rearrangement
and thus phase separation, followed by the formation of metal
oxides/hydroxides in a strong alkaline solution. However, after
the reaction, we did not observe the phase separation in the
EDS results or the formation of metal oxides/hydroxides except
Cu(OH),. The elemental composition also remained almost
unchanged upon comparing the EDS results of Fig. S19 with
Fig. S20.1 Therefore, the M20-20 Keplerate framework actually
protects the homogeneity of other transition elements during
the evolution process.

In summary, the pristine M20-20 underwent a structural
evolution under the high anodic potential, resulting in a mor-
phological self-construction from giant bulk crystal to nano-
bundles. The elements are reserved without leaching and the
medium entropy state maintained. The elements retain the
homogeneity after evolution under the protection of the
Keplerate framework. The characteristics of morphological
self-construction and framework-supported element homogen-
eity are promising for the development of multicomponent
and high entropy materials.

3.8. Glucose electrochemical detection

For a further illustration of the {M,,} library as promising can-
didates for diverse applications, NCNT-M20-20 2:1 was then
tested as a probe for non-enzymatic glucose detection.
Different potentials were applied to screen out the modest
potential to investigate the sensitivity and amperometric
responses. As shown in Fig. S21a,f 0.4-0.7 V was chosen to
conduct the amperometric response i-t test. The results show
that the corresponding slope increases with the potential
increase. The slope for 0.6 V is the highest among the four
potentials. When the potential reached 0.7 V, the linearity of
the response current nearly vanished because the OER process
took over the glucose oxidation. Based on these results, 0.6 V
was set as the testing potential for the following characteriz-
ation. The real-time amperometric response tests were then
carried out by successive injection of gradient glucose to the
solution from 2 pM to 0.75 mM (Fig. 4a). The oxidation
current increases with injection of glucose at concentrations
as low as 2 pM, which demonstrates the high detection activity
towards glucose. Furthermore, the catalyst showed a fast
response time of about 3.5 s (Fig. S21b¥). The corresponding
calibration curve calculated from i-t parallel tests is displayed
in Fig. 4b. The amperometric current showed a linear depen-
dence on the total glucose concentration over the range from
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Fig. 4 Electrochemical characterization of NCNT-M20-20 for the glucose detection process. (a) Amperometric response of NCNT-M20-20 2:1
with successive injections of increasing concentrations of glucose at 0.6 V. (b) The corresponding calibration curve of the current responses against
the concentration of glucose. (c) The corresponding current-concentration calibration curves of all the samples. (d) Amperometric response of
NCNT-M20-20 2: 1 with continuous addition of glucose (0.1 mM), Glu (0.01 mM), NaCl (0.01 mM), DA (0.01 mM), AA (0.01 mM), Gly (0.01 mM), Try

(0.01 mM), UA (0.01 mM) and again glucose (0.1 mM) at 0.6 V.

2 uM to 1.74 mM and the linear regression equation is calcu-
lated as:

I=0.211C + 0.042 (R* = 0.9997)

where I represents the response current and C is the concen-
tration of glucose. According to the equation, the sensitivity of
the modified electrode is calculated to be 2.99 mA mM "
em ™2, and the limit of detection (LOD) is 5.73 pM (S/N = 3). It
is concluded that NCNT-M20-20 2 : 1 has the best performance
among the counterparts as shown in Fig. 4c. The slope of the
NCNT-M20-20 2:1 exhibits the best performance whereas
NCNT-Cu,, exhibits the lowest. This trend is consistent with
the conclusion in the MOR performance test. The same result
drawn from two applications implies that the multielemental
interactions endow the catalysts with superior performance.
Moreover, to explore the selectivity and anti-interference
ability, possible interferences like NaCl, dopamine (DA),

This journal is © the Partner Organisations 2023

ascorbic acid (AA), glycine (Gly), tryptophan (Try) and uric acid
(UA) were added successively in the presence of 0.1 mM of
glucose to confirm the anti-interference ability. Fig. 4d dis-
plays the resulting i-¢ curve, and it can be seen that after the
addition of these oxidizable substances, only a slight current
increase was observed, indicating high selectivity towards
glucose.

4. Conclusions

In summary, we demonstrated a general and mild method to
synthesize Keplerate clusters containing up to five metallic
elements and providing economic access to medium entropy
materials. The studies on the synthesized single-crystalline
Keplerates of various compositions were carried out systemati-
cally. Meanwhile, the underlying rules of the complex assem-
bly of the Irving-Williams series and medium entropy state
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were revealed by examining the composition of these new com-
pounds. To show the possibility of application, one typical
quinary compound, M20-20, was chosen as the catalyst and
applied for methanol electrooxidation and glucose detection.
The results showed promising performance as non-noble
metal POMs. The comparison of binary and quinary {M,o}
shows the advantages of the multicomponent species, and the
structure evolution of M20-20 under anodic potential was
revealed. Our work opens up future possibilities for the mild
directed synthesis of multimetallic (>5) polynuclear clusters
with desired compositions and properties for electrochemistry
applications.
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