CHINESE
CHEMICAL
SOCIETY

INORGANIC CHEMISTRY
FRONTIERS

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Thiacalixarene-based {Co/Fe};¢ coordination clus-
ters: bimetallic synergistic effect for an enhanced
oxygen evolution reactiont
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The integration of heterometallic units into coordination clusters used for the oxygen evolution reaction
(OER) can enhance their electrocatalytic performance. Herein, we report the syntheses of a series of
coordination clusters, namely Coje, {CoFe}ig-a, {CoFe};6-b, {CoFe};g-c and Fess, assembled from
different metal precursors (CoCl,-6H,O and/or FeClz-6H,0), p-tert-butylsulfonylcalix[4]arene
(H4TC4A-SO5,), and 1,3-bis(2H-tetrazol-5-yl)benzene (BTTAB). These clusters feature box-like entities in
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bridged by eight BTTAB ligands. Among these PSBU-based coordination clusters, {CoFe};6-b exhibits a
better OER activity with an overpotential of 285.3 mV at a current density of 10 mA cm™2 and a Tafel slope
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Introduction

The oxygen evolution reaction (OER) is an indispensable half-
reaction for water splitting and has attracted great research
interest."* It is well-known that iridium and ruthenium oxides
are the most active electrocatalysts for the OER.>® However,
these electrocatalysts are extremely scarce and expensive which
restricts their large-scale applications.”® Thus, the search for
cost-effective electrocatalysts with high OER activity is signifi-
cant but exceedingly challenging.

Transition-metal-based  coordination = materials  have
aroused enormous attention for energy-related applications
owing to their diversity in functional species of metal sites and
organic ligands.”™® However, low conductivity and unsatisfac-
tory chemical stability limit their use as electrocatalysts.’**> As
interactions between different metal ions can in principle lead
to well-tuneable electronic properties, fabrication of mixed-
metal coordination complexes, particularly the ones based on
metal clusters, represents an effective strategy to boost the per-
formance of electrocatalysts."®>° For example, Bu et al. syn-
thesized hierarchical bimetal-organic nanostructures with tri-
nuclear units (Co and Ni) showing excellent OER catalytic
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of 72.8 mV dec™* due to the synergistic effect between Co and Fe with an optimized molar ratio.

activity and high stability."> Zhang and co-workers prepared a
bimetallic metal-organic framework (MOF) by modifying an
Fe; cluster with a Co, unit that exhibited exceptional electro-
catalytic performance toward the OER.*°

Calixarene-based coordination clusters have been exten-
sively developed because of their interesting structures'>®
and wide application in many fields, such as gas adsorption
and separation,>*® catalysis,**** and drug delivery.***?
Recently, we have been interested in the synthesis of diverse
thiacalixarene-supported coordination complexes possessing
polynuclear secondary building units (PSBUs) and in the
exploration of the correlation between their structural features
and photocatalytic or electrocatalytic applications.**™° For
instance, the clusters {Coye} and {Niyg} with high-density poss-
ible coordinative unsaturated metal sites were synthesized
from (Co/Ni),-thiacalixarene PSBUs and showed a high OER
performance.*® Very recently, we reported a bimetallic Co,Mog
cluster from a Co,-thiacalixarene PSBU capped with an
oxothiomolybdate Mog unit that can be anchored on nickel
foam, achieving an efficient and ultra-stable OER performance
due to the Co-Mo synergistic effect.*’

With these backgrounds in mind, we have synthesized and
structurally characterized a series of coordination clusters with
the formula {[M;s(TC4A-SO,),(H,0),(BTTAB);] (+solvents)},
including two monometallic clusters Co,¢ and Feyq, and three
bimetallic clusters {CoFe};s-a, {CoFe};s-b and {CoFe};6-c,
which were built from four M,-(TC4A-SO,) PSBUs and eight
BTTAB ligands (M = Co and/or Fe; H,TC4A-SO, = p-tert-butyl-
sulfonylcalix[4]Jarene; H,BTTAB = 1,3-bis(2H-tetrazol-5-yl)
benzene, Scheme S17). Interestingly, the bimetallic cluster
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{CoFe},¢-b exhibited a better electrocatalytic OER performance
compared with other bimetallic clusters ({CoFe};s-a and
{CoFe},¢-c) with different Co : Fe ratios as well as the monome-
tallic clusters (Coss and Feyq), showing obvious Co-Fe ratio-
dependent synergistic effects on the OER.

Experimental section

Materials and measurements

p-tert-Butylsulfonylcalix[4]arene (H,TC4A-SO,) and 1,3-bis(2H-
tetrazol-5-yl)benzene (BTTAB) were synthesized according to
the literature method,>"* and other reagents were from com-
mercial sources and used without further purification. Powder
X-ray diffraction (PXRD) measurements were performed on a
Bruker D8 VENTURE diffractometer with Cu-Ka radiation.
Fourier transform infrared (FT-IR) spectra (KBr pellets) were
obtained using a PerkinElmer Spectrum GX spectrometer.
Thermal gravimetric analysis (TGA) was performed on a TA
Q600 thermogravimetric analyzer. X-ray photoelectron spec-
troscopy (XPS) measurements were performed with an
ESCALAB 250Xi using a monochromatic Al Ka X-ray source
(1486.6 eV). The morphology of the electrode was observed
using a scanning electron microscope (SEM, Hitachi, S-4800).
The composition of the samples was characterized by energy-
dispersive X-ray spectroscopy (EDX) coupled with SEM.
Inductively coupled plasma atomic emission spectroscopy
(ICP-AES, Elan DRC-e Plasma mass spectrometer) was per-
formed to investigate the molar ratio of Co and Fe in the
mixed-metal clusters. The electrochemical measurements were
performed on a CHI660e (Chenhua, Shanghai) electrochemical
workstation.

Preparation of the coordination clusters

Synthesis of {{Co,6(TC4A-SO,),(H,0),(BTTAB);] (+solvents)}
(Coye). Light red block crystals of cluster Co,6 were synthesized
and crystallized from the solvothermal reaction of a mixture of
H,TC4A-SO, (0.072 g, 0.10 mmol), CoCl,-6H,O0 (0.1 g,
0.40 mmol), BTTAB (0.0214 g, 0.20 mmol), ethanol
(CH3CH,OH, 5 mL), and N,N-dimethylformamide (DMF,
5 mL), which was stirred under ambient conditions for 10 min
and transferred to a 20 mL Teflon-lined autoclave. The mixture
was maintained at 140 °C for 3 days and then slowly cooled to
20 °C at about 4 °C h™". The crystals were isolated by filtration,
washed with CH;CH,OH/DMF (v:v = 1:1), and dried in air.
Yield: ca. 70% based on H,TC4A-SO,.

Synthesis of {[Fe,s(TC4A-SO,),(H,0),(BTTAB)g] (+solvents)}
(Fess). Brown block crystals of Fe;s were obtained under the
same reaction conditions as those of Cos¢, except for that
FeCl;-6H,0 (0.08 g, 0.40 mmol) was used in place of
CoCl,-6H,0 (0.1 g, 0.40 mmol). Yield: ca. 65% based on
H,TC4A-SO,.

Synthesis of {[(CoFe),5(TC4A-S0,),(H,0),(BTTAB);] (+solvents)}

Synthesis of {CoFe};s-a. Light red block crystals were syn-
thesized under the same reaction conditions as those of Coys,
except for that CoCl,-6H,O (0.075 g, 0.30 mmol) and
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FeCl;-6H,O (0.02 g, 0.10 mmol) were used in place of
CoCl,-6H,0 (0.1 g, 0.40 mmol). Yield: ca. 55% based on
H,TC4A-SO,. The molar ratio of Co and Fe was 24.10: 1 based
on ICP analysis.

Synthesis of {CoFe};s-b. Dark red block crystals were syn-
thesized under the same reaction conditions as those of Coyg,
except for that CoCl,-6H,0 (0.05 g, 0.20 mmol) and
FeCl;-6H,0 (0.04 g, 0.20 mmol) were used in place of
CoCl,-6H,0 (0.1 g, 0.40 mmol). Yield: ca. 60% based on
H,TC4A-SO,. The molar ratio of Co and Fe was 1.54:1 based
on ICP analysis.

Synthesis of {CoFe};s-c. Dark red block crystals were syn-
thesized under the same reaction conditions as those of Coys,
except for that CoCl,-6H,0O (0.025 g, 0.10 mmol) and
FeCl;-6H,O (0.06 g, 0.30 mmol) were used in place of
CoCl,-6H,O (0.1 g, 0.40 mmol). Yield: ca. 55% based on
H,TC4A-SO,. The molar ratio of Co and Fe was 1:1.42 based
on ICP analysis.

Note: there are a large number of solvent molecules in the
crystal lattice that could be released under ambient conditions
and thus reliable results for the elemental analysis of clusters
could not be obtained.

X-ray crystallography

The intensity data were recorded on a Bruker D8 QUEST with
Mo-Ka (4 = 0.71073 A). The crystal structures were solved using
direct methods and refined by employing full-matrix least
squares on F> (SHELXTL-2014).>* All non-hydrogen atoms were
refined anisotropically except for solvent molecules, and
hydrogen atoms of the organic ligands were generated theor-
etically onto the specific atoms and refined isotropically with
fixed thermal factors. The diffraction data were treated by the
“SQUEEZE” method as implemented in PLATON,>® which sig-
nificantly improved the crystal data. Details of the structure
solution for the three clusters Cos6, Fey6, and {CoFe};6-b (as an
example) are given in Table S1.f CCDC numbers 2153012
(Cose), 2153013 (Feyq), and 2153014 ({CoFe}6-b) contain the
supplementary crystallographic data for this paper, which are
available free from the Cambridge Crystallography Data Centre
(ccpe).

Preparation of the working electrode

10 mg of activated samples (crystals dried in a vacuum at 80 °C
for 10 h) was dissolved in 2 mL of chloroform by ultra-
sonication to form a homogeneous solution, and then various
contents of the above suspension were dropped on both sides
of the carbon paper (CP, 0.5 x 2 cm?, treated with concentrated
nitric acid, ethanol, and water successively before use).
Subsequently, the CP covered with a catalyst was dried in a
vacuum at 80 °C for 10 h and used as the working electrode
(denoted as Co,6/CP, {CoFe},6-a/CP, {CoFe},4-b/CP, {CoFe}6-c/
CP and Fe,/CP, respectively).

Electrochemical measurements

The electrochemical measurements were performed with an
electrochemical workstation in a standard three-electrode
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system setup with Hg/HgO (saturated KCl) as the reference
electrode, a carbon rod (6 mm) as the counter electrode, and
the catalyst-modified CP as the working electrode. Linear
sweep voltammetry (LSV) was recorded in Nj-saturated 1.0 M
KOH at a scan rate of 5 mV s ' to obtain the polarization
curves. The potentials were referenced to a reversible hydrogen
electrode (RHE) according to the Nernst equation: Egpg =
Exgmgo + 0.098 + 0.0592 x 14. The overpotential () was calcu-
lated according to the following formula: # = Egyg — 1.23 V,
and the current density was normalized to the effective geo-
metrical surface area. To estimate the electrochemical active
surface area (ECSA) of the catalyst, CV was used to measure the
double-layer capacitance (Cq;) under the potential window of
1.027-1.127 V vs. RHE at various scan rates of 10-60 mV
s 1.'*°  Electrochemical impedance spectroscopy (EIS)
measurements were carried out at 1.53 V vs. RHE over the fre-
quency range of 0.01 Hz to 100 kHz. A 5 mV amplitude of sinu-
soidal potential perturbation was used in the measurements.
All electrodes were subjected to an activation process until
there was no change between the two LSV tests.
Chronoamperometry was performed at the overpotential

corresponding to the current density of 10 mA cm™>.

Results and discussion
Structures and characterization

Single-crystal X-ray diffraction revealed that the Cose crystals
crystallize in the tetragonal system with the space group I4/m.
In Co,6, there are three crystallographically independent Co
centres (Col, Co2, and Co3) and each is six-coordinated by one
axial sulfonyl oxygen atom, two phenoxo p,-O atoms, one p,-O
atom from a water molecule, and two terminal nitrogen atoms
from two different BTTAB ligands, resulting in an octahedral

x;%%ﬁt
I T A0

H,TC4A-SO,
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coordination environment. Four adjacent Co sites (Col, Co2,
Co3, and Co2A) are shielded by a cone-shaped TC4A-SO,
ligand to form a shuttlecock-like Co,-(TC4A-SO,) PSBU with
weakly coordinated p,-OH, at the bottom (Fig. S1}). As shown
in Fig. 1a, four Co,-(TC4A-SO,) SBUs in a square arrangement
are bridged by eight BTTAB ligands forming a box-like entity.
In Cos6, each PSBU is bonded by four BTTAB ligands
(Fig. S2at) and each BTTAB links two SBUs through four term-
inal nitrogen atoms (Fig. S2bt).

Coye is similar to the window frame-like {Cos¢} square
reported except for the following minor differences.’® The
reported {Co,6} square crystallizes in the monoclinic system
with the space group Cc. The coordination modes of the
PSBUs and BTTAB ligands are affected by the use of different
solvents (Fig. S3t). It is worth noting that the different coordi-
nation geometries of the BTTAB ligand lead to the different
stacking modes of the clusters. Notably, the connection of Co,-
TC4A (H,TC4A = p-tert-butylthiacalix[4]arene) units and the
BTTAB ligands gives rise to different types of architectures. For
example, a tetrahedral prismatic {Cos,} coordination cage was
constructed by the assembly of Co,-TC4A PSBUs and in situ-
generated BTTAB ligands.”” In addition, a 1D coordination
polymer was built from the linkage of Co,-TC4A PSBUs and
BTTAB ligands.”® These observations demonstrate that the
various coordination geometries of BTTAB facilitate the fabri-
cation of different architectures.

Fe,¢ crystallizes in a low symmetry system (monoclinic C2/c)
and features a similar box-like framework to that of Coq¢
(Fig. 1c). There are eight crystallographically independent Fe
centres (Fe1l-Fe8) each of which shows a similar coordinated
atom species to that in Co,¢ (Fig. S4at). However, the different
bridging modes of BTTAB ligands with Fe,-(TC4A-SO,) PSBUs
are responsible for the different crystallization properties. In
Cos6, two crystallographically symmetric BTTAB ligands

Fig. 1 Schematic illustration of the syntheses of Coj¢, {CoFe}16-b and Fejq: (a—c) the crystal structures and the coordination mode of metal ions
(inset) and (d—f) the photograph of the crystals. Hydrogen atoms are omitted for clarity.
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connect with two adjacent tetranuclear PSBUs in an opposite
mode (Fig. S2bt). However, two asymmetric BTTAB ligands are
arranged in the same direction in Fe; (Fig. S4bt). The more
detailed structure description without considering disorders
shows that all the BTTAB ligands bond with the PSBUs by two
pairs of terminal nitrogen atoms in Co, (Fig. 1a and S2b¥). By
comparison, one BTTAB ligand between two Fe, PSBUs dis-
plays the same bridging mode as that in Cos while the other
one coordinates to two PSBUs by one terminal nitrogen atom
and one side nitrogen atom from the two tetrazole units simul-
taneously (Fig. 1c and S3bt). The discrete clusters of Co,¢ are
stacked through molecular interactions into an extended
supramolecular structure with square cells (Fig. S5at) while
the square cells are occupied by the BTTAB ligands in Fe;¢
(Fig. S5bt).

{CoFe}6-b is selected to represent the mixed metal ana-
logues and is structurally characterized by single crystal X-ray
diffraction (Fig. 1b). {CoFe};s-b is almost identical to Cos
except for that parts of Co sites in the Co,-(TC4A-SO,) PSBU
are substituted by Fe sites. The ratio of Co and Fe determined
by X-ray crystallography is 3:2 (molar ratio) for {CoFe}¢-b,
which is close to the value of 1.54:1 confirmed by the ICP
experiment (Fig. 1b). {CoFe},s-a and {CoFe},s-c are identified
by PXRD, FT-IR, and unit-cell comparison with Co,¢ (Fig. S6—
S8t).

The PXRD patterns demonstrate that the as-synthesized
Coy6, {CoFe};6-a, {CoFe}6-b, and {CoFe},-c possess the same
characteristic diffraction peak positions confirming the iso-
structural coordination clusters (Fig. S6t). The phase purity of
Fe, with low symmetry is also confirmed by PXRD (Fig. S77).
The FT-IR spectra show the characteristic vibrations of
TC4A-SO, and BTTAB in these clusters (Fig. S81). TGA experi-
ments were performed to check the thermal stability of the
coordination clusters Cos6, {CoFe};6-b, and Fe,¢ (for details see
Fig. S9-S11}). ICP-AES elemental analysis showed that the
molar ratios of Co and Fe in {CoFe},;s-a, {CoFe}s-b, and
{CoFe},6-c are 24.10:1, 1.54:1, and 1:1.42, respectively
(Table S31). We failed to obtain the bimetallic coordination
clusters with the metal molar ratio corresponding to the initial
feeding materials CoCl,-6H,O and FeCl;-6H,0. These obser-
vations demonstrated that there is coordination competition
between Co and Fe with the TC4A-SO, ligand, and Co ions are
more prone to coordination under the same conditions.
Additionally, the charge balance consideration, BVS calcu-
lations (Table S2}), and XPS measurements indicate that all
metal ions are divalent. We optimized the synthetic conditions
and tried to definitively establish the source of the reductant
for Fe’" during the synthesis to produce the Fe*" sites. When
CH;CH,OH and/or DMF were substituted or omitted, the title
clusters could not be achieved. In addition, when iron(u) chlor-
ide was directly used, only amorphous precipitates were
formed. However, we can obtain pure crystals by simple fil-
tration and washing when iron(ui) chloride is used. We specu-
lated that the reduction of the Fe(ir) ion to the Fe(u) ion in the
synthesis might facilitate the efficient preparation of ion clus-
ters, which is consistent with the fact that thiacalixarenes
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readily form divalent complexes with transition metals as
reported in the literature,?*%39-61

Electrochemical properties

The active Co,¢, {COFe},5-a, {CoFe};6-b, {CoFe},s-¢c and Fe,q
materials are impregnated in chloroform solution and directly
deposited on carbon paper (Co,6/CP, {CoFe},s-a/CP, {CoFe};¢6-
b/CP, {CoFe},6-¢/CP and Fe,;s/CP) for the OER. The OER per-
formance of Co,¢/CP, {CoFe};6-a/CP, {CoFe},4-b/CP, {CoFe},4-c/
CP and Fe,,/CP was evaluated with a standard three-electrode
system in N,-saturated 1 M KOH solution at room temperature.
All the potentials were calibrated against the reversible hydro-
gen electrode (RHE) for comparison. Preliminary investi-
gations demonstrated that {CoFe};c-b/CP exhibited better
electrochemical performance. Thus, the experimental con-
ditions were determined by {CoFe},-b/CP. Based on the linear
sweep voltammetry (LSV) curve, the optimal loading of
{CoFe};6-b/CP is 1.5 mg cm™ (Fig. S127). Fig. 2a shows the
polarization curves of Co,6/CP, {CoFe},6-a/CP, {CoFe};4-b/CP,
{CoFe},6-¢/CP and Fe,,/CP. Compared with pure CP, the Co46/
CP, {CoFe},4-a/CP, {CoFe}6-b/CP, {CoFe};6-¢c/CP, and Fe;s/CP
catalysts show significantly enhanced electrocatalytic activity
for the OER. Impressively, {CoFe};-b/CP exhibits superior OER
performance with an overpotential of 285.3 mV at |j| = 10 mA
em™?, which is distinctly better than those of Co,¢/CP
(369.8 mV), {CoFe};s-a/CP (298.8 mV), {CoFe};s-c/CP
(290.8 mV), and Fe;¢/CP (350.8 mV). The OER performance of
the different catalysts was further determined in terms of their
Tafel slopes (Fig. 2b). The {CoFe}s-b/CP catalyst has a Tafel
slope of 72.8 mV dec™, which is lower than those of C0,¢/CP
(92.6 mV dec ™), {CoFe};¢-a/CP (87.5 mV dec™ "), {CoFe};6-¢/CP
(75.1 mV dec™"), and Fe;/CP (89.1 mV dec™ "), suggesting that
better kinetics is involved which facilitates the OER electro-
catalytic activity. Electrochemical impedance spectroscopy
(EIS) was used to investigate the charge transfer behaviour of
the OER process (Fig. 2c). The Nyquist plots and the corres-
ponding equivalent circuit model reveal that the charge trans-
fer resistance (R.) of {CoFe};s-b/CP (3.7 Q) is smaller than
those of Co,6/CP (10.0 Q), {CoFe};6-a/CP (5.4 Q), {CoFe},¢-¢/CP
(5.2 Q), and Fe;6/CP (9.1 Q), indicating that {CoFe};¢-b/CP exhi-
bits a faster charge transfer rate.

To gain more insights into the catalytic activity of the cata-
lysts, the electrochemical active surface area (ECSA)"' was
determined for the Co,6/CP, {CoFe};6-a/CP, {CoFe},-b/CP,
{CoFe},6-¢/CP and Fe,/CP catalysts (Fig. S13a-et) via calculat-
ing the electrochemical double-layer capacitance (Cq4;). Upon
plotting AJ/2 = (J, — J.)/2 at 1.07 V vs. RHE against the scan
rate (Fig. 2d), {CoFe},-b/CP shows a higher Cg; (6.61 mF cm™?)
compared with those of Co;6/CP (2.18 mF cm™?), {CoFe},¢-a/CP
(3.08 mF cm™?), {CoFe};6-¢/CP (4.98 mF cm™2), and Fe,¢/CP
(2.60 mF cm™?), indicating that {CoFe};s-b/CP possesses a
larger ECSA at the solid-liquid interface. These results confirm
that the synergistic effect between Co and Fe with an opti-
mized molar ratio in the {CoFe};s-b cluster can lead to
improved kinetics, a larger ECSA, and a faster charge transfer
rate, thus boosting the OER activity. The stability of the pre-
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Fig. 2 (a) OER polarization curves and (b) Tafel plots for the different electrocatalysts in 1 M KOH solution. (c) Nyquist plots for different electrocata-
lysts recorded at 1.53 V vs. RHE (inset: the equivalent circuit model for electrochemical impedance tests). (d) Plots of the charging current density

against scan rates of different catalysts for determining the ECSA.

pared catalysts was initially investigated using the current-
time (i-t) method. The i-¢ curve recorded at 1.60 V vs. RHE,
shown in Fig. S13ff, suggests the excellent stability of
{CoFe},6-b/CP as a negligible shift in the current density of
10 mA cm™> was observed after 12 h of continuous OER. It is
worthy to note that the OER performance of {CoFe}6-b/CP is
comparable to those of other CoFe-based materials, such as
FexCoy-P/C nanocomposites,®> CoFeP and CoFe hydroxide,*
and FeCo-DACs/NC.**

To further investigate the effect of Co and Fe on OER cataly-
sis, XPS measurements for {CoFe},6-b before and after the OER
tests were carried out. As shown in Fig. 3a, the Co®" 2ps,
(782.8 eV) peak shifts to a lower binding energy (782.2 eV),
while the Fe®* 2ps, peak shifts to a higher binding energy
(from 710.2 eV to 711.1 eV, Fig. 3b). This indicates that a
partial electron is transferred from Fe** to Co>* through, for
example, the phenoxo p,-O atoms. The transition will change
the partial density of states of the unfilled metal 3d eg-orbital
in bimetal coordination clusters, resulting in an increase in
the density of the unoccupied e, state for Fe and a decrease for
Co. It has been demonstrated that the coupling of different
metal ions could induce a change of e, filling and facilitate the
OER performance.'® The main peaks of high-resolution N 1s,
O 1s, and S 2p XPS spectra for {CoFe},6-b showed no signifi-
cant change after the OER (Fig. S14%), indicating that the
framework structure of {CoFe},s-b is maintained. The emer-
gence of the new peak at 530.5 eV in high-resolution O 1s is
attributed to OH™, which is due to the adsorption between the
metal clusters and/or the electrolyte and the weakly co-
ordinated p4-H,O substituted by OH™ in the base.*® The peaks
at ca. 169.5 eV in the high-resolution S 2p XPS spectrum for
{CoFe},5-b after catalysis slightly shifted to a lower energy
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Fig. 3 High-resolution Co 2p (a) and Fe 2p (b) XPS spectra of the as-
synthesized {CoFe},¢-b and {CoFe};¢-b after catalysis (after LSV).

region, which can be assigned to the changes in the coordi-
nation environment of -SO, groups (e.g. variation of S-O
distances).

The morphologies of the as-prepared electrode and that
after the i-t test for {CoFe},6-b/CP were characterized by SEM
(Fig. S157). The uniform distributions of elements Fe, Co, S, O,
N, and C were confirmed by elemental mapping analysis. K
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was observed after the OER, suggesting the adsorption
between the metal cluster and the electrolyte.*® This obser-
vation is consistent with the high-resolution O 1s XPS spec-
trum (Fig. S14b}) and EDX analysis (Fig. S16t). After the OER,
the Fe leak into the resultant filtrate was determined to be
0.76% by ICP-AES analysis. No Co signal is detected in the
resultant filtrate. This result further confirms the stability of
the {CoFe},6-b catalyst. The synergistic effect between Co and
Fe is established and favourable for improving the OER per-
formance. The catalytic sites might be attributed to the Co/Fe
sites by eliminating weakly coordinated H,O (with average M-
O distances being 2.188 A) at the bottom of the M,-(TC4A-SO,)
PSBUs by electrolyte substitution.*®

Conclusions

In summary, a series of thiacalixarene-based coordination
clusters Co,¢, {COFe};6-a, {CoFe},4-b, {CoFe},6-c, and Fe, were
synthesized using the solvothermal reaction. The OER per-
formances of these clusters were investigated by experimental
means. The catalyst {CoFe},¢-b afforded a lower overpotential
and a smaller Tafel slope as compared with bimetallic
{CoFe},6-a and {CoFe},4-c as well as the pure metal-based Co,¢
and Fess. The excellent electrocatalytic OER performance of
{CoFe},-b was strongly correlated to the synergistic effect
between Co and Fe in PSBUs with an optimized molar ratio,
which led to improved kinetics, a larger ECSA, and a faster
charge transfer rate. The present work demonstrates that the
integration of heterometallic units into cluster-based coordi-
nation complexes is a promising strategy to improve their OER
electrocatalytic performance.
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