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The use of metal-organic compounds as electrocatalysts for water splitting reactions has gained increased
attention; however, a fundamental understanding of the structural requirement for effective catalytic
activity is still limited. Herein, we synthesized water-coordinated mono and bimetallic copper complexes
(CuPz-H,0-H,0, CuPz-H,0, CuBipy-H,O-H,O, and CuMorph-H,0) with varied intermetallic spacing
(pyrazine/4,4'-bipyridine) and explored the structure-dependent oxygen evolution reaction (OER) activity
in alkaline medium. Single crystal structural studies revealed water-coordinated monometallic complexes
(CuMorph-H,0) and bimetallic complexes (CuPz-H,O-H,O, CuPz-H,O, CuBipy-H,O-H,O). Further,
CuPz-H,0-H,O and CuBipy-H,O-H,O contained lattice water along with coordinated water.
Interestingly, the bimetallic copper complex with lattice water and shorter interspacing between the
metal centres (CuPz-H,0O-H,0) showed strong OER activity and required an overpotential of 228 mV to
produce a benchmark current density of 10 mA cm™2. Bimetallic copper complex (CuPz-H,0) without
lattice water but the same intermetallic spacing and bimetallic complex with increased interspacing but
with lattice water (CuBipy-H,O-H,0O) exhibited relatively lower OER activity. CuPz-H,O and CuBipy-
H,0O-H,O required an overpotential of 236 and 256 mA cm™2, respectively. Monometallic CuMorph-H,0O
showed the lowest OER activity (overpotential 271 mV) compared to bimetallic complexes. The low Tafel
slope and charge transfer resistance of CuPz-H,0O-H,O facilitated faster charge transfer kinetics at the
electrode surface and supported the enhanced OER activity. The chronoamperometric studies indicated
good stability of the catalyst. Overall, the present structure-electrocatalytic activity studies of copper
complexes might provide structural insight for designing new efficient electrocatalysts based on metal
coordination compounds.
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The electrochemical water splitting into hydrogen and oxygen
offers a promising method to produce efficient, carbon-free,

Introduction

Electrochemical energy conversion and energy storage tech-
nologies, such as fuel cells, metal-air batteries, and electro-
chemical water splitting, are receiving great attention due to the
increasing concern about environmental pollution and global
climate change caused by the excess burning of fossil fuels."*
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sustainable energy, and storage.*” In particular, the electro-
chemical oxygen evolution reaction (OER) is an important
process in all these energy conversion and storage devices.®®
Nevertheless, the multi-electron transfer process of OER is
a thermodynamically uphill task that requires stable and effi-
cient electrocatalysts for reducing the overpotential (7).>*° The
precious metal-based RuO, and IrO, show excellent activity;
however, their scarcity and high cost restrict their extensive
practical usage.'™ Hence, great efforts are being made in
recent years to develop earth-abundant, efficient, and low-cost
OER electrocatalysts. Transition metals, especially earth-
abundant 3d elements, have received great interest in devel-
oping efficient electrocatalysts due to their ability to exhibit
multiple oxidation states.’*” Transition metal-based nano-
structured materials, including oxides, oxyhydroxides,
sulphides, and phosphates, homogeneous and heterogeneous
metal complexes, and metal-organic frameworks (MOFs) have
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been actively explored for developing cost-effective efficient
electrocatalysts.**>®

Metal-organic frameworks (MOFs), which are generated by
the coordination of metal ions and organic ligands, have
emerged as an important class of porous materials in catalysis/
electrocatalysis because of their tunable porosity, large surface
area, and tailorable structures and functionality.>** However,
the bulky organic linkers reduce the electric conductivity of
MOFs as well as hinder the accessibility to the active metal sites
that often contribute to the low electrocatalytic activity. To
improve the conductivity, composites of MOFs are made by
combining them with conducting graphene oxide or acetylene
black.*® The use of m-conjugated dithiolene ligands showed
improvement in coordination polymer conductivity and elec-
trocatalytic activity.**** The coordination environment and
functionality of ligands can strongly influence the activity of
MOFs. For instance, two Co-MOFs with similar coordination
modes showed drastically different electrocatalytic activity due
to variations in water coordination.*® Water-coordinated Cu-
peptoid complex exhibited enhanced water oxidation in the
borate buffer medium.** Recently, we have observed a strong
enhancement of copper coordination in the electrocatalytic
activity polymers by coordinated water molecules and hydro-
philic functionalities.*”** The interlinking of metal active
centres in coordination polymer and increasing conjugation
strongly enhanced the electrocatalytic activity compared to the
complex with a similar coordination environment.*-** However,
still it is a challenge to design the structure of new coordination
complexes/polymers/MOFs with enhanced electrocatalytic
activity and required more systematic studies with a series of
complexes/polymers.

In continuation of our previous works on copper coordination
complex/polymer designing and fabricating electrocatalysts,*>**
herein, we have prepared a series of water-coordinated copper
complexes (Scheme 1) with different spacers and investigated the
electrocatalytic OER activity in an alkaline medium. Single crystal
structural studies confirmed water-coordinated mono and
bimetallic copper complexes, the inclusion of lattice water with
varied interspacing. Interestingly, water-coordinated copper
complexes along with lattice water (CuPz-H,O-H,0) showed
stronger OER activity (required 228 mV to produce 10 mA cm >
current density) compared to only water-coordinated complex

4
s
> >—< >
Pyrazine &é\,—ﬁ//
>  CuPz-H,0.H,0
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Scheme 1 Synthesis of water-coordinated mono and bimetallic
copper complexes.
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(CuPz-H,0-H,0 required 236 mV to produce 10 mA cm >
current density). Further, the bimetallic complex connected with
a shorter spacer showed higher activity compared to the longer
spacer (228 vs. 256 mV to produce 10 mA cm™ 2 current density).
The bimetallic copper complexes showed stronger activity
compared to the mononuclear complex with water coordination.

Experimental

Copper nitrate trihydrate (Cu(NO;),-3H,0), pyridine dicarbox-
ylic acid, pyrazine, 4,4"-bipyridine, and morpholine were
purchased from Sigma-Aldrich India and used as received.
Nafion (product number: 274704), 5 wt% in lower aliphatic
alcohols and water containing 15-20% water was obtained from
Sigma-Aldrich. Carbon cloth (CC) was purchased from the
electrode store in Tamil Nadu, India.

Synthesis of CuPz-H,0-H,0, CuPz-H,0, CuBipy-H,0-H,O0,
and CuMorph-H,0**

CuPz-H,0-H,0, CuBipy-H,0-H,0 and CuMorph-H,O0.
Cu(NO3),+3H,0 (0.3 mM, 0.074 g), PDC (0.4 mM, 0.068 g) and
pyrazine (0.45 mM, 0.038 g) were dissolved in 15 ml water and
sonicated for 20 min to form a clear solution. The final mixture
was taken in a Teflon-lined stainless-steel autoclave and was
heated in an oven at 120 °C for 36 hours, then cooled to room
temperature. The blue crystals of CuPz-H,0-H,0 (yield = 70%,
0.077 g) were collected (Fig. S11), washed with DMF, and dried
under a vacuum. In the same synthetic methods, 4,4"-bipyridine
(0.067 g) and morpholine (37 pl) were used instead of pyrazine
that produced CuBipy-H,0-H,O (yield = 72%, 0.086 g) and
CuMorph-H,O0 (yield = 76%, 0.091 g), respectively.

CuPz-H,0.% In a similar experiment to CuPz-H,0-H,0, DMF
was used in place of water as a solvent to form CuPz-H,O
crystals (yield = 72%, 0.072 g, Fig. S11).

Characterization

FT-IR was measured on a PerkinElmer Spectrum 3 FT-IR spec-
trometer (L1280127). The phase and the crystallographic
structure were identified using X-ray diffraction (XRD, Brucker,
Cu-Ko: A = 0.1540598 nm) at a scanning rate of 0.07° s~ with 26
ranging from 10° to 80°. Single crystals were coated with
paratone-N oil and the diffraction data were measured using the
synchrotron radiation (A = 0.62998 A) on an ADSC Quantum-
210 detector at 2D SMC with a silicon (111) double crystal
monochromator (DCM) at the Pohang Accelerator Laboratory,
Korea. The crystallographic data from this paper is with the
Cambridge crystallographic data centre (CCDC) no. 2240777.
Thermogravimetric analysis (TGA) was performed using Perki-
nElmer TGA-8000 at N, atmosphere. X-ray photoelectron spec-
troscopic (XPS) analysis was performed using a K-Alpha
instrument (XPS KAlpha surface analysis, Thermo Fisher
Scientific, UK).

Electrochemical measurements

The electrochemical measurements were performed using
a three-electrode configuration (electrochemical work station -

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CHIG660E, Austin, Texas, USA) with modified carbon cloth (CC)
as the working electrode, graphite rod as a counter electrode,
and Hg/HgO as a reference electrode in 1.0 M KOH electrolyte
solution. Carbon cloth was pre-treated with HNO; and ethanol
for 30 minutes to increase the hydrophilic nature. 4 mg of the
catalyst was dispersed in 125 pl water, 125 pul ethanol, and 50 pl
Nafion, and sonicated for 20 minutes to form a homogenous
dispersion. 4 pl dispersed solution was drop cast onto the
carbon cloth. Using the same electrodes, linear sweep voltam-
metry (LSV) was performed at a scan rate of 1 mV s™". For the
stability studies, 1000 cycles of CV cycling were performed at
100 mV s~ *. All the potentials were converted to the reversible
hydrogen electrode (RHE) according to the following equation:
Erug = Esce + EDSCE + (0.059 pH). Electrochemical impedance
spectroscopy (EIS) was performed (270 mV) with frequencies of
0.1 to 1 000 000 Hz and 10 mV amplitude in 1.0 M KOH solution.
The non-faradaic region was investigated using cyclic voltam-
metry at various scan rates (10-100 mV s~ ') to quantify the
electrochemical surface area.

Results and discussion

Cu*" was chosen to synthesise metal coordination compounds
because of its versatile coordination geometry and the possi-
bility of obtaining the water-coordinated complex/polymer.**-¢
Similarly, pyridine dicarboxylic acid (PDA) ligands can exhibit
varied coordination modes depending on the experimental
condition.** The mixing of Cu®**, PDA, and pyrazine (Pz)/
bipyridine (Bipy)/morpholine (Morph) at a 1:1:1 ratio in
water/DMF produced bimetallic copper complexes with
different spacers (Pz/Bipy) and a mononuclear copper complex.
The solid-state structural analysis confirmed the water coordi-
nation with the Cu metal centre in all four complexes (Fig. 1).
Apart from water coordination, an additional water molecule
was also present in the lattice of CuPz-H,0-H,0 and CuBipy-
H,0-H,0. Only coordinated water molecules are present in

< b o P o 4 f—\ CuMorph-H,0
= D o D —t

CuBipy-H,0.H,0

Fig.1 Molecular structure and conformation of copper complexes in
the crystal lattice of CuPz-H,0O-H,0, CuPz-H,O, CuBipy-H,0-H,0,
and CuMorph-H,0. C (grey), H (white), N (blue), O (red), and Cu
(brown).
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CuPz-H,0 and CuMorph-H,O0. It is noted that the single crystal
structure CuPz-H,0-H,0, CuPz-H,0, and CuBipy-H,0-H,0 are
perfectly matched with the reported copper complex.***>% The
copper ions displayed distorted square-pyramidal geometry in
all complexes. In CuPz-H,0-H,O0, pyrazine and PDA aromatic
rings displayed coplanar conformation while pyrazine adopted
slightly twisted conformation in CuPz-H,O (Fig. 1). Similarly,
the bipyridine and PDA rings displayed a coplanar conforma-
tion in CuBipy-H,0-H,O (Fig. 1). Thus, the inclusion of lattice
water forced a coplanar conformation between the aromatic
amine and PDA ligand.

The lattice water solvent involved in intermolecular H-
bonding with coordinated water and the carbonyl oxygen of
another molecule that connected the molecules in the crystal
lattice of CuPz-H,0-H,0 (Fig. 2). The intermolecular H-bonding
was between the coordinated water and coordinated carbonyl
oxygen interconnected the molecules in CuPz-H,O and
CuMorph-H,O (Fig. 2). The molecules in the crystal lattice of
CuBipy-H,0-H,0 are interconnected by H-bonding of lattice
water as well as coordinated water with another molecule
(Fig. 2). The intermolecular H-bonding of interactions of lattice
water and coordinated water in the crystal lattice of CuPz-
H,0-H,0 and CuBipy-H,0-H,0 produced a 3D network struc-
ture (Fig. S2 and S47). However, the coordinated water molecule
H-bonding interaction in the crystal lattice of CuPz-H,O and
CuMorph-H,O0 produced a 2D network structure (Fig. 2, S3, and
S51). PXRD studies were performed to confirm the phase purity
of the samples. The perfect matching between the simulated
and experimental PXRD pattern confirmed the phase purity of
the samples (Fig. 3). The presence of the coordinated and non-
coordinated water molecules in the complexes was further
confirmed by thermogravimetric analysis (TGA, Fig. 4). CuPz-
H,0-H,0 and CuBipy-H,0-H,0 showed weight loss from 50 °C

= =l %ﬁﬁ‘?

CuPz-H,0.H,0

CuBipy-H,0.H,0

oy :
. \.\WuMomh—Hzo
x)&?(eé

Fig. 2 Intramolecular H-bonding interactions in the crystal lattice
CuPz-H,0-H,0, CuPz-H,0, CuBipy-H,0-H,0, and CuMorph-H,O.
C (grey), H (white), N (blue), O (red), and Cu (brown). The dotted lines
indicate the hydrogen bonding interactions. H-bond distances ranged
between 2.733 and 2.980 A
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Fig.3 Comparison of simulated (black line) and experimental (red line)
PXRD pattern of copper complexes.

onwards due to the removal of lattice water molecules. However,
the coordinated water molecule in CuPz-H,0 and CuMorph-
H,O0 was removed only after 120 °C. All four complexes
decomposed around 300 °C. FTIR also further confirmed the
water coordination by exhibiting a broad peak around
3500 cm ™" (Fig. S67).

The electrocatalytic OER studies for copper complex catalysts
coated on carbon cloth (CC) were performed using linear sweep
voltammetry (LSV) in a standard three-electrode cell in 1.0 M
alkaline medium (pH = 14.0) at a scan rate of 1 mV s~ . In the
same condition, electrochemical measurements were also per-
formed for the bare CC electrode and commercial RuO, for
comparison. As expected, the bare CC electrode did not show
any significant OER activity (Fig. 5a). However, the copper
complexes modified CC electrode showed highly enhanced but
varied OER activity depending upon the complex. CuPz-
H,0-H,0 exhibited a comparatively higher electrocatalytic
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Fig. 4 TG analysis of the copper complexes.
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Fig.5 (a) OER polarization curves (scan rate 1 mV s~4), (b) Tafel plots of
copper complexes, (c) electrochemical impedance spectra of copper
complexes, and (d-f) stability studies of CuPz-H,O-H,O. (d) OER
curve of CuPz-H,O-H,O at the 1st cycle (before OER) and after
1000th cycles showed the same activity, (e) current—time ampero-
metric test and (f) multi-potential step studies of CuPz-H,O-H,O0.

activity among the copper complexes (Fig. 5a and S77). CuPz-
H,0-H,0 required an overpotential of 228 mV to produce
a benchmark current density of 10 mA cm > CuPz-H,0,
CuBipy-H,0-H,0, and CuMorph-H,O required the over-
potential of 236, 256, and 271 mV for achieving 10 mA ¢cm >
current density. The commercial RuO, fabricated CC electrode
required 364 mV for producing the current density of 10 mA
cm 2. CuPz-H,0-H,O0 also exhibited the highest current density
(175.2 mA cm™?) compared to other copper complexes at the
applied potential. Tafel slope analysis showed the lowest value
for CuPz-H,0-H,0 (55.8 mV dec ') compared to bimetallic
CuPz-H,0 (57.5 mV dec ') and CuBipy-H,0-H,0 (63.2 mV
dec™) as well as monometallic CuMorph-H,O (71.8 mV dec™,
Fig. 5b). RuO, showed a Tafel slope of 67 mV dec™'. The low
Tafel value of CuPz-H,O-H,O suggested faster kinetics
compared to other copper complexes. The electrochemical
impedance (EIS) measurement also showed relatively low
charge transfer resistance for the CuPz-H,O-H,O complex
compared to other complexes as well as commercial RuO,
(Fig. 5¢). CuPz-H,0-H,0 showed charge transfer resistance of
5.28 Q whereas CuPz-H,0, CuBipy-H,0-H,0, and CuMorph-
H,O0 exhibited charge transfer resistances of 6.03, 17.41, and
19.87 Q, respectively. The low charge transfer resistance of
CuPz-H,0-H,0 further supported the stronger OER catalytic
activity compared to other complexes. The comparison of LSV

© 2023 The Author(s). Published by the Royal Society of Chemistry
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curves of CuPz-H,0-H,O0 electrode between the 1st and 1000th
cycle showed negligible variation and indicated the good
stability of the catalysts (Fig. 5d). The current-time ampero-
metric test was performed for CuPz-H,O-H,O at the over-
potential of 228 mV (1.0 M KOH, a current density of 10 mA
cm 2 and room temperature) showed only slight decrease of
current density in 36 h and suggested good stability of the
catalyst (Fig. 5e). The current-time amperometric studies at
higher potential and current density (380 mV and 30 mA cm ™ ?)
also displayed good stability over 30 h (Fig. S8t). The current-
time amperometric test was also performed by step-wise
increasing the potential and observing the current density
using the CuPz-H,0-H,O0 catalyst (Fig. 5f). At the low applied
potential, the CuPz-H,0-H,0 catalyst showed constant current
density; however, it showed a decrease of current density at
a higher applied potential. Further, XPS analysis of CuPz-
H,0-H,0 suggested that copper is present in a +2 oxidation
state with a similar electronic environment as that in the as-
prepared formed, after pasting onto the carbon cloth and
after electrocatalysis (Fig. S91). High-resolution XPS spectra of
Cu (as-prepared and after pasting onto carbon cloth) showed
peaks at 934.65 and 954.48 eV, corresponding to Cu 2p3/, and
Cu 2p,),, respectively. After electrochemical studies, Cu 2ps,
and Cu 2p,,, peaks were observed at 933.74 and 953.67 eV,
respectively.

The electrochemical double layer capacitance (Cqj) of the
catalyst provided insights into the OER activity of the catalysts.
The electrochemical double layer capacitance for CuPz-
H,0-H,0, CuPz-H,0, CuBipy-H,0-H,0, and CuMorph-H,0
was calculated based on linear proportionality. The non-
faradaic region of CuPz-H,0-H,O, CuPz-H,0, CuBipy-
H,0-H,0, and CuMorph-H,0 are shown in Fig. S10.f The
slopes obtained from the linear relationship of the current
density differences (Janode — Jeathode) VS the scan rate indicated
high active sites in CuPz-H,0-H,0 compared to those in the
other complexes (Fig. 6). CuPz-H,0-H,0 exhibited slightly
higher Cyq; (3.3 mF em™?) compared to CuPz-H,0 (Cq; = 3.1 mF
cm ™ ?), CuBipy-H,0-H,0 (Cq = 2.8 mF cm™?), and CuMorph-
H,O0 (Cq; = 2.4 mF cm™2).

The comparison of the copper complexes structure with OER
activity showed a very interesting trend in the OER activity.
Monometallic complex, CuMorph-H,0-H,O exhibited the
lowest activity compared to bimetallic copper complexes and
indicated that interconnected metal active centres could be
beneficial for enhancing activity.***® Among the bimetallic
copper complexes, CuPz-H,O-H,0 and CuPz-H,O displayed
similar coordination except for the presence of lattice water
molecules in the former. But the higher activity of CuPz-
H,0-H,0 suggested that the presence of lattice water along with
coordinated water might help improve the activity. Both CuPz-
H,0-H,0 and CuBipy-H,0-H,0 showed similar coordination
geometry, water coordination, and lattice water. However, the
metal centres in CuPz-H,O-H,0 are connected using a shorter
linker, pyrazine whereas metal centres are connected by
a longer spacer, 4,4 -bipyridine in CuBipy-H,0-H,O. Interest-
ingly, CuPz-H,0-H,0 showed stronger OER activity compared
to CuBipy-H,0-H,0. Thus, the interconnected active metal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Double layer capacitance and capacitive currents as a function
of the scan rate.

centres separated by shorter distances might have better elec-
tronic coupling and improved electrocatalytic activity.

Conclusion

In summary, water-coordinated mono and bimetallic copper
coordination complexes with similar coordination environ-
ments were synthesized and compared for the structure-
dependent OER activity in an alkaline medium. CuMorph-
H,0 formed as monometallic water coordinated complex
whereas CuPz-H,0-H,0, CuPz-H,0, and CuBipy-H,0-H,0
formed bimetallic water coordinated complex with different
interspacing between the metal centre. OER studies of
CuMorph-H,0 showed the lowest activity that required 271 mV
to produce 10 mA ecm™> current density. Interestingly, the
bimetallic complexes showed enhanced OER activity. The
presence of lattice water with short interspacing between the
metal centre in CuPz-H,0-H,O0 produced strong OER activity. It
required an overpotential of 226 mV to achieve the 10 mA cm >
current density. The complex without the lattice water (CuPz-
H,0) and with lattice water but increased interspacing (CuBipy-
H,0-H,0) exhibited relatively low OER activity. CuPz-H,O and
CuBipy-H,0-H,O0 required an overpotential of 236 and 256 mV
to produce 10 mA cm ™2 current density, respectively. Tafel slope
analysis and impedance studies suggested faster reaction
kinetics with low charge transfer resistance in CuPz-H,O-H,0
and supported the enhanced OER activity. CuPz-H,0-H,0 also
exhibited good stability over 36 h. Thus, the present studies
indicated that interconnected metal active centres with short
intermetallic distances in metal coordination compounds
might facilitate better electronic coupling and promote the
electrocatalytic activity.
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