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ctron and proton conduction in
a stable metal organic material with highly selective
electrocatalytic oxygen reduction reaction to
water†

Rajat Saha,*a Amitosh Sharma,b Anjila I. Siddiqui,c Samia Benmansour, a

Joaqúın Ortega-Castro, d Antonio Frontera, d Biswajit Mondal, *c

Myoung Soo Lah *b and Carlos J. Gómez Garćıa *a

Proton coupled electron transfer (PCET) is considered as the elementary step of several chemical,

electrochemical and biological processes and thus the development of dual conducting materials has

recently become a major focus in Chemical Science. Herein, we report the highly selective

electrocatalytic oxygen reduction to water by the stable dual conducting metal–organic material (MOM)

[Cu(INA)2(H2O)4] (INA = isonicotinate). Structural analysis reveals the important role of both, hydrogen

bonding and p-interactions, in the formation of a supramolecular 3D network. Theoretical calculations

show that hydrogen bonding interactions among the coordinated water molecules and deprotonated

carboxylate oxygen atoms induce proton transport (2.26 ± 0.10 × 10−5 S cm−1 at 98% RH) while weak

intermolecular p-interactions (p–p and anion–p) provide the pathway for electron transport (1.4 ± 0.1 ×

10−7 S cm−1 at 400 K). Such dual proton and electron conductivity leads to a selective oxygen reduction

reaction (ORR) to water in an alkaline medium. To the best of our knowledge, this is the first report on

electrocatalytic ORR by a dual-conducting metal–organic material.
Introduction

The prediction of the implications of multiple proton/electron
transfer reactions for electrocatalysis1 and the recent achieve-
ment of PCET has recently rushed the development of dual-
conducting “ionoelectronic” materials.2 Several biological
processes (photosynthesis, respiration, enzymatic reactions,
etc.) chemical energy devices (fuel cells, solar cells, etc.) and
electrochemical reactions (electrocatalytic CO2 reduction,
nitrogen reduction, oxygen reduction reaction (ORR) and water
splitting) rely on the transfer of both, protons and electrons.
Both charge carriers, protons and electrons, may originate from
one or from different materials, may transfer in one or different
directions and may take place either sequentially or concert-
edly.3,4 Some processes even involve multiple electron and
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proton transfer. Therefore, the design of dual-conducting
materials able to conduct both, electrons and ions (protons),
simultaneously has become a prime focus of research for their
energy and environment related applications.5–7 Traditional
dual conducting materials are prepared by physical blending of
individual electron and proton conductors.8 Such physical
mixing leads to the formation of uncontrollable and inefficient
conducting pathways which ultimately results in poor perfor-
mance.9 Some graphene oxides and perovskites have shown
better conducting properties but the lack of detailed structural
information hinders further systematic development.10,11

Therefore, the synthesis and fully characterization of dual
conducting materials for its implementation in practical
applications and further development, remains a challenge.

Crystalline metal–organic materials12 (MOMs) are well-
known for their regular periodic and tuneable structures and
useful functionalities like adsorption, storage, catalysis, etc. In
the last decade, there has been an increasing interest in the
design of electron13 and proton conducting14 MOMs. Different
strategies like the use of so donor-based ligands, redox active
metal ions and ligands, encapsulation of electroactive cations,
molecules or conducting polymers, etc. have been used to
design electrically conducting MOMs for their possible appli-
cations in electrocatalysis, chemresistive sensing, etc.15 Proton
donor and acceptors as H2O, –COOH, –SO3H, etc., can be
Chem. Sci., 2025, 16, 9501–9508 | 9501
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introduced within the MOMs (either connected to the metal
ions, as functional groups in the ligands or as guests in the void
space) to develop proton-conducting materials for their use in
proton exchange membrane fuel cells (PEMFCs).16 The devel-
opment of a MOM with dual electron and proton conductivity
is, therefore, an interesting challenge that has only been ach-
ieved recently is a few cases. One of these examples was
prepared by Su et al. who have shown the pseudo-capacitive
behaviour of a dual-conducting 2D metalorganic framework
(MOF), where proton transport occurs through guest dimethy-
lammonium cations and electron transport relies on the redox-
active tetrathiafulvalene moiety.17 Another interesting example
was reported by Zou et al. for a Ag-based coordination polymer
with a triazole based ligand that shows electrocatalytic CO2

reduction.18

Donashita et al. have very recently developed a dual con-
ducting molecular material by encapsulating a redox-active
tetrathiafulvalene moiety within the supramolecular channels
of [Pt2(pmdt)4] (where pmdt = phosphonomethane dithio-
late).19 The hydrogen bonding motifs of the paddle wheel
moieties generate proton conducting pathways while electron
conduction takes place through multiple charge transfer inter-
actions. Very recently, He et al. have showed a nice example of
modulation of the dual conducting behaviour of a 2D MOF
through intercalation of 2D inorganic layers.20 A similar
modulation has also been very recently reported by Choi et al. in
a 2D MOF by replacing coordinated water with urea.21

Despite their many possibilities, based on their unique
properties, there are very few reported examples of dual
conductors and all of them have been reported in the last ve
years (Table S1†).17–26 It is, therefore, very important to develop
and characterize new dual conducting well-structured materials
to understand their conducting mechanisms and pathways for
their possible applications.

Oxygen reduction reaction (ORR) is one of the key processes
in fuel cell technology and is of signicant interest in electro-
catalysis.27 In ORR, molecular O2 is electrochemically reduced
by four electrons and four protons into water or by two electrons
and two protons into hydrogen peroxide.28 The efficiency of
PEMFC is also dependent on the catalytic conversion of oxygen
to water at the cathode surface while protons are transported
from the anode through the proton exchange membrane.29

Thus, the design of suitable ORR electrocatalysts has become
a major challenge in both academic and industrial research.
The design of a catalyst that can supply both, protons and
electrons, is considered as a paramount challenge to develop
this technology.30,31 Thus, Xu et al. have recently theoretically
predicted the enhancement of the electrocatalytic ORR activity
with proton conducting 1D coordination polymers.32 Barile et al.
have shown that it is possible to tune the electrocatalytic ORR
activity of a molecular catalyst by controlling the proton transfer
(with a lipid membrane modied with proton carriers) and the
electron transport (with thiol-based self-assembled monolayers
on gold electrodes).30 Furthermore, there are some reports
showing an enhancement of the catalytic activity with the help
of proton conducting MOFs, as those of Zhang et al. showing an
increase of the electrocatalytic oxygen evolution reaction (OER)
9502 | Chem. Sci., 2025, 16, 9501–9508
activity with increasing the proton conductivity33 and Schroder
et al., who have reported photocatalytic hydrogen evolution
reaction (HER) with a proton-conducting MOF.34 Nevertheless,
in none of these examples, the catalyst is the electron and
proton conductor and, as far as we know, there is no evidence of
electrocatalytic ORR activity using a material that shows
simultaneous proton and electron transport.

In this context, we have attempted to explore the dual con-
ducting behaviour of a metal–organic material for the possible
applications in ORR activity. For this, we have chosen the
supramolecular complex [Cu(INA)2(H2O)4]n (where INA = iso-
nicotinate), that self-assembles via both supramolecular
hydrogen bonding and p-interactions in the solid state. Note
that, although the structure of this compound has already been
published several times, along with its capacity to absorb some
dyes,35–42 there are no studies on its electrical and proton
conductivity nor its ORR to water. Here we show the dual proton
and electron conductivities and a high activity and selectivity for
the electrocatalytic oxygen reduction to water displayed by this
compound. We also present its magnetic characterization and
the theoretical calculations to show the electron and proton
mechanisms.

Results and discussion
Structure of [Cu(INA)2(H2O)4] (1)

Since the structure of compound 1 has already been described
(Table S2†),35–42 here we will focus on the key intermolecular
interactions (H-bonds and p-interactions) responsible for the
electronic and proton conductivity observed in this compound.

Compound [Cu(INA)2(H2O)4] (1) consists of a centrosym-
metric monomer with an octahedral CuII atom connected to two
trans water molecules and two trans isonicotinate anions in the
equatorial plane and two water molecules in the axial positions.
As expected, the axial Cu–O bond distance (2.417(2) Å) is much
longer than the equatorial Cu–O and Cu–N ones (1.9922(19) and
2.007(2) Å, respectively, Table S3†), due to the expected Jahn–
Teller distortion (Fig. S1†). The monomers pack in the solid
state to form 3D supramolecular assemblies by a combination
of hydrogen bonds (Fig. S2–S5 and Table S4†) and p–p and p–

anion stacking interactions (Fig. S6 and Table S5†). These
interactions play a crucial role in stabilizing the solid state
structure of the supramolecular complex 1, as depicted in
Fig. 1a. These H bonds are formed between the coordinated
water molecules, that act as strong H-bond donors, and the
carboxylate anions, that serve as excellent H-bond acceptors.

Additionally, antiparallel p-stacking is favoured due to the
antiparallel orientation of local dipoles, which are notably
strong owing to the zwitterionic nature of the complex and its
charge separation. A detailed view of the H-bonds contributing
to the 2D assembly is provided in Fig. 1b. Notably, four water
molecules and two carboxylate groups from four distinct
complexes interact, forming six charge-assisted H-bonds
(Fig. S2†). Two water molecules act as bridges linking two
carboxylates each, while each of the other two water molecules
form a single H-bond (Fig. 1b). Hydrogen atoms not involved in
the H-bonding network of the 2D assembly are highlighted in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Partial view of the crystal structure of 1, showing H-bonds
and p–p stacking. (b) Detail of the tetrameric unit of compound 1with
indication of the H-bonds, differentiating the two different types of
water. (c) Dimeric assembly to represent how the planes are
interconnected.
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blue in Fig. 1b and c. These atoms help to link the 2D assem-
blies to generate the nal 3D architecture (Fig. S3–S5†). Details
of the H-bonds that connect the 2D assemblies are shown in
Fig. 1c and the structural parameters of these bonds are listed in
Table S4.† The pyridyl rings of the INA ligands are engaged in
face-to-face p/p interactions (purples lines in Fig. S6†)
(centroid–centroid distance = 3.9659(15) Å) (Table S5†) and in
anion–p interactions established with the carboxylate oxygen
atoms (green lines in Fig. S6,† O-centroid distance = 3.430(2) Å,
Table S5†). These p/p and anion–p interactions generate 2D
supramolecular lattices parallel to the crystallographic bc plane
(Fig. S6†). Hirshfeld surface analysis and the corresponding 2D
ngerprint plots clearly indicate that the hydrogen bonding
interactions, p/p and anion–p interactions contribute 21.1,
10.0 and 2.7%, respectively, to the overall Hirshfeld surface of
the structure (Fig. S7 and S8†).

The calculated formation energy of the tetrameric assembly
depicted in Fig. 1b is remarkably large (−275.1 kcal mol−1). A
detailed description of the reasons explaining this high energy
can be found in the ESI and in Fig. S9.†
Physicochemical characterization of [Cu(INA)2(H2O)4] (1)

Compound 1 shows a high stability in water over the pH range
3–14 for more than 24 h but it is unstable below pH = 3. The
powder X-ray diffraction (PXRD) pattern of 1 (Fig. S10†) shows
the appearance of new peaks for the sample soaked in an
aqueous HCl solution at pH = 1 but the PXRD patterns are
identical in the pH range 3–14. This observation is also
conrmed by the UV-vis (Fig. S11†) and IR spectra (Fig. S12 and
S13†). An aqueous suspension of 1 shows one intense band at
268 nm that remains unaltered in the pH range 3–14 whereas
two new bands appear at 262 and 212 nm for pH# 2. Similarly,
IR spectra show that at pH = 1 the bands at 1506 cm−1 and
1522 cm−1, corresponding to the free carboxylate groups,
disappear and a new band appears at 1587 cm−1. PXRD also
shows high stability in different solvents as N,N0-dime-
thylformamide, methanol, acetonitrile, etc. as well as in boiling
water (Fig. S10 and S14†).

Energy dispersive X-ray spectroscopy studies and elemental
mapping (Fig. S15–S17†) also conrm the composition of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
material. Thermogravimetric analysis reveals that the material
loses its coordinated water molecules within the temperature
range 120–160 °C (theoretical = 18.95%; experimental =

19.00%, Fig. S18†). Variable temperature PXRD indicates that
the material is stable up to 110 °C (Fig. S19†).

Solvent adsorption studies have been done for compound 1
aer activation by heating at 80 °C for 4 h under vacuum. The
activated material shows irreversible water adsorption behav-
iour with a high hysteresis (Fig. S20†). The sorption prole
indicates that the activated material starts to adsorb water at
very low pressure and there is a sudden increase in adsorption
at 65% relative humidity (RH) and almost completed at 90% RH
while the desorption curve shows almost 100% retention even at
0% RH with a large hysteresis (Fig. S20†). The PXRD pattern
aer adsorption shows that there is no change in the structure
of the material aer the water sorption study (Fig. S21†). This
result indicates that the material losses all its four coordinated
water molecules at 80 °C under vacuum during activation and
adsorbs them within a RH range of 65–90%.

Given the presence of intermolecular interactions, we have
studied the inuence of these weak interactions on the
magnetic properties of compound 1. The variable temperature
magnetic study shows that this material presents a weak anti-
ferromagnetic interaction. The room temperature cmT value is
0.4 cm3 K mol−1 (cm is the molar magnetic susceptibility per
CuII ion) and it remains almost constant down to 30 K. Below
this temperature cmT decreases and reaches a value of 0.25 cm3

Kmol−1 at 2 K (Fig. S22†). The magnetic data have been tted to
the regular S = 1

2 chain model proposed by Hateld et al.43 with
a Hamiltonian of the type H=−J[SiSi+1]. This model reproduces
very satisfactorily the magnetic data of compound 1 in the
whole temperature range with g = 2.0814(4) and J =

−1.62(1) cm−1 (solid line in Fig. S22†). This behaviour conrms
the presence of a weak antiferromagnetic Cu/Cu coupling that
can be attributed to the presence of both the p–p stacking and
the H-bonds along the crystallographic b-axis (Fig. S23†). The
weak antiferromagnetic coupling is similar to those observed
for other CuII compounds with similar intermolecular interac-
tions through H-bonds and p–p stacking.44,45
Theoretical prediction on dual conductivity in the
supramolecular complex [Cu(INA)2(H2O)4] (1)

The molecular electrostatic potential (MEP) surface of 1 has
been calculated and is depicted in Fig. 2a. TheMEP values at the
water protons are notably high, ranging from 97.3 kcal mol−1

for the water molecule acting as a bridge to 89.1 kcal mol−1 for
the water molecule that connects the supramolecular planes. As
expected, the MEP minimum is found at the oxygen atoms of
the carboxylate groups, registering at −74.0 kcal mol−1. These
extreme MEP values at both minimum and maximum are
indicative of the formation of very strong hydrogen bonds and
support the observed proton mobility within this compound.

Additionally, the MEP on the aromatic rings is signicantly
large and positive, which facilitates the antiparallel orientation
and substantial displacement observed in the p-stacking
interactions. Here, the negatively charged carboxylate group is
Chem. Sci., 2025, 16, 9501–9508 | 9503
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Fig. 2 (a) MEP surface of MOM 1 with the MEP values at selected
points of the surface. (b) Electronic band structure and partial alpha
(left) and beta (right) density of states of MOM 1. Points of high
symmetry in the first Brillouin zone are labelled as follows:G= (0, 0, 0),
F = (0, 0.5, 0),Q = (0, 0.5, 0.5) Z = (0, 0, 0.5). The s, p and d-states are
shown as blue, red and green lines, respectively.

Fig. 3 (a) Nyquist plots of a pellet of MOM 1 at 98% RH and different
temperatures in the range 25–75 °C. (b) Arrhenius plot of the proton
conductivity of 1 at 98% RH in the temperature range 25–75 °C.
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positioned over the positively charged pyridine ring, contrib-
uting to the stability of the structure through electrostatic
complementarity. Following such electrostatic interaction, we
have calculated the band structure of MOM 1 to predict its
electrical response (Fig. 2b). According to the band diagram and
the partial density of states diagram (PDOS), the crystal exhibits
semiconductor properties. In the conduction region (0 to 5.0
eV), three areas with well-dened energy levels are identied.
The level closest to the valence zone is located at 1.32 eV and is
primarily inuenced by the copper's d orbitals. This level shows
only a population of alpha electrons, as observed in the PDOS,
suggesting low occupancy. The next band set, with a separation
between 2.41 and 2.56 eV from the valence band, corresponds to
p-type orbitals of the pyridine molecule in the crystal. Finally,
another group of bands dispersed between 3.28 and 4.00 eV also
shows a predominance of p-orbital character. In the valence
zone, the levels closest to 0 eV, taken as a reference for the Fermi
level, are associated with the d-type orbitals of copper atoms,
exhibiting slightly different densities of alpha and beta elec-
trons. This behaviour highlights the crucial role of copper in the
electronic properties of the material.

We have also calculated the material ability to polarize in
response to an electric eld and the loss of energy (oen as heat)
under an applied electric eld. The analysis was performed in
the crystal's three directions (xx, yy, zz), revealing markedly
different behaviours (Fig. S24†). We observe how the dielectric
function begins to increase, reaching a small maximum around
2.5 eV, with a signicant increase when photons with energies
above approximately 3 eV are irradiated and this behaviour is
consistent in all crystal directions though there is a signicant
decrease in the yy direction that houses the pyridine rings
arranged almost perpendicular to the propagation direction.

Additionally, we have also examined the electron distribution
within the unit cell through the electron localization function
(ELF) (Fig. S25†). The analysis of the ELF iso-surfaces shows the
presence of zones with elevated ELF values that align with regions
of intermolecular interactions, such as anion–p interactions. This
fact likely contributes to the moderate electrical conductivity
9504 | Chem. Sci., 2025, 16, 9501–9508
observed in MOM 1, providing insights into the electron
dynamics that inuence its electrical properties.

Proton conductivity in MOM [Cu(INA)2(H2O)4] (1)

The free carboxylate moieties and coordinated water molecules
within the framework form a 3D hydrogen-bonded network
(Fig. S2–S5†) which facilitates the proton transport. Hence, we
have studied the proton transport efficiency of the supramo-
lecular complex 1 with alternating current (AC) electrochemical
impedance spectroscopy (EIS) on pelletized samples. As already
indicated, the four coordinated water molecules play a crucial
role in the formation of the hydrogen-bonded network. Addi-
tionally, the water sorption behaviour of the fully activated
MOM 1 shows that the water molecules coordinate to the metal
ion when the relative humidity increases, reaching saturation
for four coordinated water molecules as shown by the weight
gain (experimental= 24.50%, calculated= 23.41% for RH above
90%, Fig. S18†). Consequently, the activated MOM 1 is expected
to show humidity-dependent proton conductivity due to the
different hydrogen bonded pathways based on the amount of
coordinated water. The experimental results conrm this
assumption. Thus MOM 1 shows an increase in the proton
conductivity value with increasing the RH at 25 °C with values at
60, 70, 80, 90 and 98% RH of 2.06 ± 0.09 × 10−10, 6.10 ± 0.26 ×

10−9, 1.20 ± 0.05 × 10−7, 1.23 ± 0.05 × 10−6 and 2.26 ± 0.10 ×

10−5 S cm−1, respectively (Fig. S26 and Table S6†). The stability
of the supramolecular complex 1 has also been conrmed aer
the proton conductivity measurements (Fig. S27†).

The dependence of the proton conductivity with temperature
was also monitored by keeping RH constant at 98% and
increasing the temperature from 25 to 75 °C. MOM 1 shows
a continuous increment of the proton conductivity with
increasing temperature in the range 25–75 °C (Fig. 3a).

The highest proton conductivity at 75 °C is 4.14 ± 0.18 ×

10−5 S cm−1. Such high proton conductivity without any acidic
moiety has to be attributed to the 3D hydrogen-bonded array
formed by the free carboxylate groups and the coordinated
water molecules. One of the key features for optimum fuel cell is
a low activation energy so that power density of the fuel cell can
be maintained in a wide range of temperatures. The activation
energy for the proton transport over the temperature range 25–
75 °C with 98% RH has been calculated with the Arrhenius plot
for MOM 1 (Fig. 3b). This plot shows a low activation energy of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Rotating ring disk electrochemistry (RRDE) plots for the ORR
of MOM 1 at pH = 13 and 300 rpm. Solid and dashed lines are the disk
and ring currents, respectively. (b) Electrocatalytic ORR activity of
MOM, Pt, and Fe PANI/C in air-saturated 0.1 M KOH. Experimental
conditions: Pt wire and Ag/AgCl were used as the counter and refer-
ence electrodes, respectively.
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0.136 eV, demonstrating that the proton transport follows the
Grotthuss mechanism with proton hopping.46,47

Electrical conductivity in MOM [Cu(INA)2(H2O)4] (1)

The solid state electronic absorption spectrum of MOM 1,
shows an optical bandgap of ∼2.62 eV at room temperature
(Fig. S28a†) due to intermolecular p-interactions close to the
value gap obtained with the Tauc plot (2.87 eV, Fig. S28b†), in
agreement with the theoretical calculations (2.41–2.56 eV).
MOM 1 also shows emission maxima at ca. 432 nm and ca.
368 nm due to p–p interactions (Fig. S29†).

The electrical conductivity of MOM 1 has been measured for
up to four different single crystals using the two-probe method
(Fig. S30†) along the crystallographic b-axis. The electrical
conductivity values for the four different crystals at 400 K are
1.7(1) × 10−8, 4.0(1) × 10−8, 1.8(1) × 10−8 and 1.4(1) ×

10−7 S cm−1 (Fig. S31 and Table S7†). These measurements
show a semiconducting behaviour in all cases with electrical
conductivity values at 400 K in the range 10−7 to 10−8 S cm−1,
with an average value of 5(3) × 10−8 S cm−1 (Fig. 4 and Table
S7†). The thermal variation of the electrical conductivity shows
a semiconducting behaviour in the range 360–400 K with an
activation energy of 1.1–1.2 eV (Fig. 4b, S31b and Table S7†).
The electrical conductivity can be attributed to the electron
delocalization promoted by the p–p interactions of the supra-
molecular network.

Electrocatalytic oxygen reduction reaction (ORR) activity of
MOM [Cu(INA)2(H2O)4] (1)

Controlling product selectivity in ORR is an outstanding chal-
lenge. While O2 reduction to H2O is thermodynamically
favourable, O2 reduction to H2O2 is kinetically favoured. Thus,
O2 reduction mostly affords H2O2. For fuel cell applications, O2

reduction to H2O is desirable and thus there is an ongoing effort
to nd efficient electrocatalysts for selective ORR to water. The
ORR activity of MOM 1 was checked in alkaline solution (pH =

13). The number of electrons and the amount of H2O2 produced
during the reaction were analysed using rotating ring disk
electrode (RRDE). The ring potential was held at 0.1 V to oxidize
the generated H2O2 while maintaining the rotation speed at 300
and 600 rpm. The onset potential for ORR was observed around
0.6 V for both, catalyst and blank electrodes (Fig. 5 and S32†).
The current generated at the glassy carbon disk electrode for the
Fig. 4 (a) Thermal variation of the electrical conductivity of MOM 1.
Inset shows a picture of one of the single crystals used for the
measurements. (b) Arrhenius plot of MOM 1 in the temperature range
400–375 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
catalyst was higher than that of the blank electrode while the
generated ring current was higher for the blank electrode (Fig. 5
and S32†). These results indicate that the amount of H2O2

formed for the catalyst is lower than that of the blank electrode.
Thus, the amount of H2O2 calculated for the catalyst was 18%
and 30%, whereas for the blank electrodes, it was 61% and 55%
at 300 and 600 rpm, respectively. The number of electrons
transferred to the substrate for the catalyst and blank electrodes
are 3.6 and 2.7, respectively. Therefore, the presence of the
catalyst increases the H2O/H2O2 ratio from 0.64 to 4.56 at
300 rpm. This results clearly demonstrate that the catalyst is
more than seven times more selective towards water formation
by catalysing the 4e−/4H+ reduction of oxygen.

For ORR in PEMFC, Pt/C is the commercial benchmark
catalyst used in acidic medium.48 Here the catalyst MOM 1 was
compared with a 2 mm diameter Pt working electrode and with
Fe PANI/C, one of the well-known non-noble metal catalysts
reported for ORR.49 The ORR was performed under air-saturated
conditions in 0.1 M KOH solution (pH 13). The peak current
observed for Pt, Fe PANI/C and MOM were 137, 134, and 45 mA,
respectively. The onset potentials of ORR for Pt, Fe PANI/C and
MOM are 0.96, 0.85 and 0.70 V vs. RHE, respectively (Table S8†).

We have recorded chronoamperometry data to check the
stability of the material with carbon cloth (0.5 × 0.5 cm2)
(Fig. S33†). The electrolysis, performed at 0.56 V vs. RHE under
O2 saturated condition, shows a current density of −1.3 mA
cm−2, much higher than that of the blank carbon cloth current
density obtained at the same potential. The material was
Fig. 6 XPS data of MOM 1: before (left) and after (right) the electrolysis
experiments.
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characterized using X-ray photoelectron spectroscopy (XPS)
before and aer electrolysis (Fig. 6). As can be seen in Fig. 6, the
spectra are very similar and show the presence of Cu 2p peaks
before and aer electrolysis. In the XPS spectra before the
electrolysis, the peaks centred at 935.1 eV and 954.9 eV corre-
spond to 2p3/2 and 2p1/2, respectively. The satellite peaks were
observed at 944.2 and 963.2 eV. These peaks indicate the pres-
ence of Cu2+ in agreement with the literature.50–52 Aer the
electrolysis, the 2p3/2 and 2p1/2 peaks appear at 934.6 and
954.5 eV, respectively. The satellite peaks appear at binding
energies of 943.4 and 962.5 eV. Therefore, we can conclude that
the material remains stable and did not decompose during the
electrochemical reaction.

Conclusions

In conclusion, we have demonstrated the electrocatalytic ORR
activity of a chemically stable dual conducting material for the
rst time. This compound, formulated as [Cu(INA)2(H2O)4] (1),
shows a moderate proton conductivity of 2.26 × 10−5 S cm−1 at
298 K and 98% RH and an electrical conductivity of up to
10−7 S cm−1 at 400 K with a semiconducting behaviour and an
activation energy of 1.1(1) eV. Compound 1 also shows a weak
antiferromagnetic coupling mediated by strong p–p and H-
bond interactions. Both, electron and proton transport, are
supported by theoretical calculations. The electrocatalytic ORR
study reveals that this dual-conducting material reduces oxygen
selectively to water in alkaline conditions. We hope that this
work will boost the systematic development of new dual con-
ducting electrocatalysts.

Experimental
Physicochemical characterization of [Cu(INA)2(H2O)4] (1)

All the chemicals were of analytical grade and used as received
without further purication. Elemental analyses (C, H and N)
were performed using a PerkinElmer 240C elemental analyzer.
The FTIR spectrum was measured on a Nicolet Impact 410
spectrometer between 400 and 4000 cm−1, using KBr pellets.
Absorption spectra were recorded on a UV/vis/NIR PerkinElmer
Lambda 1050 spectrophotometer. Photoluminescence (PL)
spectrum was recorded on a FLS1000 photoluminescence
spectrometer (Edinburgh Instruments) equipped with a 450 W
ozone free continuous xenon arc lamp and a photomultiplier
(PMT-980) detector. Elemental mapping was carried out with
AzTec INCA soware. The thermal analysis was carried out
using aMettler Toledo TG-DTA 85 thermal analyser under a ow
of N2 (30 mL min−1). The sample was heated at a rate of 10 °
C min−1 with inert alumina as a reference. The powder X-ray
diffraction (PXRD) data were collected using Empyrean PAN-
alytical powder diffractometer with CuKa radiation (l= 1.54056
Å). FESEM images were collected by using the eld emission
scanning electron microscope (FESEM) SCIOS 2 FIB-SEM and
the corresponding EDX microanalysis was done by Oxford
Ultim Max 170 Detector. Magnetic measurements were per-
formed with a Quantum Design MPMS-XL-5 SQUID magne-
tometer in the 2–300 K temperature range with an applied
9506 | Chem. Sci., 2025, 16, 9501–9508
magnetic eld of 0.1 T on a polycrystalline sample of MOM 1
(with a mass of 25.126 mg). Susceptibility data were corrected
for the sample holder and for the diamagnetic contribution of
the salts using Pascal's constants.53
Synthesis of [Cu(INA)2(H2O)4] (1)

Single crystals of [Cu(INA)2(H2O)4] (1) were synthesized by
carefully layering a 2 : 3 H2O :MeOH (v/v) solution (3 mL) con-
taining sodium isonicotinate (NaINA, 292.2 mg, 2 mmol) over
an aqueous solution (3 mL) of copper(II) nitrate trihydrate
(240.6 mg, 1 mmol). Sky blue elongated prismatic single crys-
tals, suitable for X-ray diffraction (Fig. S34†) were grown at the
interface of the two layers aer three days. Yield: 60%. MOM 1
was also prepared as a bulk polycrystalline sample (Fig. S35†) by
simply mixing aqueous solutions (3 mL) of sodium iso-
nicotinate (292.2 mg, 2 mmol) with copper(II) nitrate trihydrate
(240.6 mg, 1 mmol) in a 2 : 1 ratio. Yield: 90%. Elemental
analysis: Anal. cald: C12H16CuN2O8: C, 37.95; H, 4.25; N, 7.38%.
Found: C, 37.79; H, 4.11; N, 7.28%. Details of the crystallo-
graphic data collection and crystal structure resolution can be
found in the ESI.†
Data availability

The data supporting this article have been included as part of
the ESI.† These data include: details of the experimental
measurements, PXRD, single-crystal structure analysis
(including tables with the crystal data, Table S2,† bond
distances and angles, Table S3,† structural parameters of the H-
bonds, Table S4,† and p–p and anion–p interactions, Table
S5†), Hirshfeld surface analysis, theoretical calculation details,
stability tests details, water adsorption study, band structure
calculation, electrical and proton conductivity measurements,
rotating ring disk electrode (RRDE) analysis and details of the
preparation of the electrodes. Table S1† includes electrical and
proton conductivity values and applications of the all the re-
ported dual conductors. The CIF for the structure reported in
this article has been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC) under deposition number CCDC
2369691.† These data can be obtained free of charge from the
CCDC via https://www.ccdc.cam.ac.uk/structures. All relevant
data supporting the ndings of this study are available from
the corresponding authors on request.
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and M. Souto, J. Am. Chem. Soc., 2025, 147, 63–68.

24 P.-H. Wang, Y. Yoshida, S. Yasaka, M. Maesato, Y. Nakano
and H. Kitagawa, J. Am. Chem. Soc., 2025, 147, 3804–3812.

25 R. Bashiri, P. S. Lawson, S. He, S. Nanayakkara, K. Kim,
N. S. Barnett, V. Stavila, F. E. Gabaly, J. Lee, E. Ayars and
M. C. So, Chem. Mater., 2025, 37, 1143–1153.

26 Y.-M. Jo, D.-H. Kim, J. Wang, J. J. Oppenheim and M. Dinca,
J. Am. Chem. Soc., 2024, 146, 20213–20220.

27 N. Zion, A. Friedman, N. Levy and L. Elbaz, Adv. Mater., 2018,
30, 1800406.

28 S. Chatterjee, K. Sengupta, B. Mondal, S. Dey and A. Dey, Acc.
Chem. Res., 2017, 50, 1744–1753.

29 M. Shao, Q. Chang, J. Dodelet and R. Chenitz, Chem. Rev.,
2016, 116, 3594–3657.

30 R. P. Gautam, Y. T. Lee, G. L. Herman, C. M. Moreno,
E. C. Tse and C. J. Barile, Angew. Chem., Int. Ed., 2018, 130,
13668–13671.

31 X. F. Lu, B. Y. Xia, S. Zang and X. W. Lou, Angew. Chem., Int.
Ed., 2020, 132, 4662–4678.

32 X. Huang, L. Gan, J. Wang, S. Ali, C. He and H. Xu, J. Phys.
Chem. Lett., 2021, 12, 9197–9204.

33 M. Zhang, Q. Lin, W. Wu, Y. Ye, Z. Yao, X. Ma, S. Xiang and
Z. Zhang, ACS Appl. Mater. Interfaces, 2020, 12, 16367–16375.

34 J. Chen, B. An, Y. Chen, X. Han, Q. Mei, M. He, Y. Cheng,
I. J. Vitorica-Yrezabal, L. S. Natrajan and D. Lee, J. Am.
Chem. Soc., 2023, 145, 19225–19231.

35 K. Waizump, M. Takuno, N. Fukushima and H. Masuda, J.
Coord. Chem., 1998, 44, 269–279.

36 C. Z. Lin, S. S. Chui, S. M. Lo, F. L. Shek, M. Wu, K. Suwinska,
J. Lipkowski and I. D.Williams, Chem. Commun., 2002, 1642–
1643.

37 N. Okabe, T. Nakamura and H. Fukuda, Acta Crystallogr.,
Sect. C:Struct. Chem., 1993, 49, 1761–1762.

38 M. Cao, J. Wu, J. Liang and B. Ye, Cryst. Growth Des., 2010,
10, 4934–4942.
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