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ABSTRACT: Metal—organic frameworks (MOFs) are emerging as
promising electro-catalysts for the oxygen evolution reaction (OER).

The bimetallic design strategy was further adopted in MOFs to
elevate the OER performance by a synergistic effect. The proximal ,, |
metal—oxygen—metal bonding configuration with typical 3d,—2p,— {
3d, interaction was apparently essential for an effective electronic
coupling between the metal centers. Here, we report an example of
distal synergy in a bimetal—organic framework exhibiting a better
OER activity than the monometallic counterparts, as well as the
conventional proximal synergy. To achieve a current density of 10
mA-cm™2, our electrodeposited bimetallic MOF, Co-—Ni-
(TCNQ),(H,0), (TCNQ = 7,7,8,8-tetracyanoquinodimethane), on
a glassy-carbon electrode required an overpotential value of 220 mV. X-ray photoelectron spectroscopy (XPS) and density
functional theory (DFT) calculations revealed distinctive electronic coupling between the Co(II)-3d” and Ni(II)-3d® centers,
despite being 9 A apart, leading to an overall charge delocalization in the structure via TCNQ.
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xidation of water is considered to be one of the most
O thermodynamically challenging chemical reactions,’

and an unprecedented design of nature is the
photosystem-IT (PSII),"” which is responsible for the
conversion of water to molecular oxygen (a four-electron
process) with the help of solar energy.” A cubane-like
Mn;CaO, cluster connected to a fourth Mn center by a
mono-y-oxo bridge has been identified as the oxygen evolution
complex (OEC) within PSIL"*® Subsequently, a lot of effort
has been paid to understand the underlying mechanism of
photosynthetic water splitting as well as mimicking the process
viz. artificial photosynthesis.”*~"" Initially, Ca was proposed to
play the role of water coordination in the OEC of PSII;'>"?
however, it was understood later that redox-inactive metals like
Ca crucially modulates the reduction potential of the redox-
active Mn centers via the y-oxo bridges in the Mn;CaO,
cluster.® Electronic interaction and/or cooperative effect
between metal centers was realized to play an important role
in the catalytic cycle,""* and various bimetallic systems started
to emerge as superior catalysts for the oxygen evolution
reaction (OER)—ranging from nanoparticles,g’16 oxides,"”~"*
perovskites,20 carbides,”’ coordination complexes,7’22 and
down to metal—organic frameworks (MOFs).””** The
versatile chemistry involving MOFs has witnessed a tremen-
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dous surge in developing efficient electro-catalysts over the
past decade, especially bimetal—organic frameworks for
improvising the OER activity.”>*® An archetypical example is
the bimetallic Ni—Co-MOF exhibiting superior OER perform-
ance compared to the respective monometallic counterparts
which have been assigned to be due to the efficient electronic
coupling between Ni and Co centers via O; precisely, d,—p,
electron donation in the Co—O—Co configuration and d,—p,
electron repulsion in the Ni—O—Ni configuration are duly
optimized in the Co—O—Ni configuration.”’

The metal centers are usually connected via O in bimetallic
MOFs showing OER activity,”’ ~>" and the average metal-to-
metal nearest distance was found to be ~3 A, a signature of
strong electronic coupling via chemical bonds.”” Therefore, the
so-called “synergistic effect” in bimetallic systems directly
reflects the “proximity””’ influence and “distal synergy”
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Figure 1. Schematics of electrocrystallization and crystal structures. (a) Schematic depicting the three-electrode setup used for
electrocrystallization of M(TCNQ), onto the FTO substrate along with the pictorial representation of the current profile during the
electrocrystallization. Energy optimized crystal structures obtained via DFT calculations for (b) Co(TCNQ),(H,0),, (c) Ni-

(TCNQ),(H,0),, and (d) Co—Ni(TCNQ),(H,0),.

remained elusive in the domain of electro-catalysis, specifically
oxidation of water. Herein, we report a distal synergistic effect
(~9 A) for the OER activity in a bimetallic MOF comprised of
Co(II) (3d7) and Ni(II) (3d®) metal centers and TCNQ
ligand. The electrocrystallized bimetallic Co—Ni(TCNQ),
exhibited superior OER performance compared to mono-
metallic Co(TCNQ), and Ni(TCNQ), counterparts, further
surpassing the overpotential value achieved earlier’” with the
bimetallic Ni—Co—BDC (BDC = benzene dicarboxylic acid)
MOF bearing the proximal Co—O—Ni synergy. Within the
proton-coupled electron transfer (PCET) mechanistic path-
way,” estimation of the Gibbs free energy by density functional
theory (DFT) calculations for the bimetallic Co—Ni(TCNQ),
system was observed to be significantly lower than those of the
monometallic Co(TCNQ), and Ni(TCNQ), systems, thereby
complementing the experimental results. Such a distal synergy
is understood to be due to subtle yet distinctive charge-transfer
between the Co(II) and Ni(Il) centers and/or electron
delocalization involving the TCNQ_ ligand, as was evident
from the overlap of the density of states (DOS) of the
respective 3d orbitals near the Fermi (Ep) level. This work
undoubtedly highlights the fact that in catalysis an eflicient
electronic coupling between the active metal centers (orbitals
energy and occupancy) is more important in bimetallic synergy
than their spatial arrangement and/or the proximity effect.
Using an electrocrystallization technique, monometallic
(Co(TCNQ), and Ni(TCNQ),) and bimetallic (Co—Ni-
(TCNQ),) thin films were deposited on a fluorine-doped tin
oxide (FTO) substrate. A three-electrode system was used,
with the FTO as the working electrode and platinum and Ag/
AgNO; as counter and reference electrodes, respectively
(Figures la and S1). The three-electrode setup was dipped
in an electrochemical cell containing a mixture of metal salt(s)
(Co(NO;),-6(H,0)) and/or Ni(NO,),-6(H,0)), TCNQ,
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and tetrabutylammonium perchlorate (TBAP) electrolyte in
acetonitrile solvent. A constant electrical potential (—0.5 V)
was applied, resulting in an increase of current followed by
saturation due to the deposition of material on the electrode
surface as indicated by the visible color change (Figure la).
The electrodeposited thin films were thoroughly washed with
acetonitrile and dried at room temperature. As-deposited films
were found to be highly crystalline and the out-of-plane X-ray
diffraction (XRD) patterns su%§ested that Co(TCNQ), and
Ni(TCNQ), are isostructural;”* hence, the bimetallic Co—
Ni(TCNQ), also exhibited a similar diffraction pattern (Figure
S2). The specific XRD peaks (less in number compared to the
simulated pattern) present in Co(TCNQ),, Ni(TCNQ),, and
Co—Ni(TCNQ), are possibly due to the oriented growth and
may also affect the relative intensities upon changing the metal
ion. The local chemical bonding scenario in the bimetallic Co—
Ni(TCNQ), thin film was investigated by Raman spectrosco-
py- TCNQ being a redox-active molecule exists in three forms:
neutral, monoanionic, and dianion.”> The neutral TCNQ
ligand showed four intense Raman bands at ~1204 cm™’,
~1451 cm™!, ~1599 cm™!, and ~2224 cm™! corresponding to
C=C—H bending, C—CN stretching, C=C ring stretching,
and CN stretching modes, respectively.”* In both mono-
metallic and bimetallic thin films, the peak corresponding to
C—CN stretching shifted to a lower wavenumber at ~1387
cm™’, indicating the coordination of the TCNQ _ligand to the
Co/Ni center and the existence of TCNQ_in radical-anion
form (Figure S3). A shoulder peak appeared around ~1320
cm™, a signature of dianion ionic TCNQ, along with the
minor shift and broadening of the peak corresponding to ~CN
stretching (~2220 cm™"), indicative of the disproportionation
of a small amount of TCNQ radical-anion into neutral TCNQ_
and dianionic TCNQ_ (Figure S3). Field-emission scanning
electron microscopy (FESEM) images endorsed the formation

https://doi.org/10.1021/acsenergylett.3c01626
ACS Energy Lett. 2023, 8, 4465—4473


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01626/suppl_file/nz3c01626_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01626/suppl_file/nz3c01626_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01626/suppl_file/nz3c01626_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01626/suppl_file/nz3c01626_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01626/suppl_file/nz3c01626_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01626?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c01626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

a
500 b 0.6
| Ni(TENQ),(H,0), |Ni(TcNQ),(H,0),
400 Co(TCNQ),(H,0), s 0.5-Co(TCNQ),(H,0),
- { Co-Ni(TCNQ),(H,0), < {Co-Ni(TCNQ),(H,0),
g 300-{ GC working electrode .% 0.4
< | g .
£ 200+ O 0.3 RS
~ o El
- ] - 120 mV dec
5 -
100 3 0.2
0 0.1-1— , . . . , ;
1.2 1.4 1.6 1. 0.5 1.0 1.5
Potential (V vs. RHE) log [J (mA-cm?)]
c d
8 - | co-Ni(TCNQ),(H,0),
. 40
6 ]
. o
) 4 £ 20
= ) :t’ $0000000009002000000000049
H ) < £ 0-
N 2— b s Rct : i
4 B @ Ni(TCNQ),(H,0),
0- | il | @ Co(TCNQ),(H,0), -20 1
] Cq @ Co-Ni(TCNQ),(H,0), ]
T y J y T g T B Uy e S ey S ey Sy S |
0 5 10 15 0 2 4 6 8 10 12 14 16

Z (kQ)

Time (h)

Figure 2. Electrochemical study. (a) Linear sweep voltammetry (LSV) curves recorded at a scan rate of 10 mV-s™'. (b) Tafel plots with
respective Tafel slope values. (c) Nyquist plots for Co(TCNQ),(H,0),, Ni(TCNQ),(H,0),, and Co—Ni(TCNQ),(H,0), (inset: equivalent
circuit). (d) Electrochemical durability evaluated at a constant applied potential of 220 mV in Co—Ni(TCNQ),(H,0),.

of highly uniform thin films for both monometallic and
bimetallic systems with an average thickness value of ~1.5 ym
(Figure S4—5). The elemental mapping by energy-dispersive
X-ray spectroscopy (EDXS) clearly revealed the uniform
presence of Co and Ni in the bimetallic Co—Ni(TCNQ), thin
film with the Co-to-Ni atomic ratio of ~1:1 (Figures S6 and
S7). The EDXS spectra on the bimetallic thin film also
displayed the characteristic Co L, line and Ni L, line at ~0.75
eV and ~0.85 eV, respectively, which matched well with those
for the monometallic thin films (Figure S7).

In view of studying the OER activity in the alkaline medium,
the electrodeposited thin films on FTO substrate were
immersed in 1 M KOH solution, and interestingly, a distinct
color change was observed in all the samples which could be
due to change in the coordination environment of the metal
ions, viz. structure (Figure la). The XRD pattern was found to
be noticeably different compared to the pristine samples and
matched well with that of the Mn(TCNQ),(H,0), system,
where the major diffraction peaks were observed at 26 values of
~14, ~15.5, ~19, and ~20 corresponding to 200, 121, 202,
and 202 planes (Figure S2).** Therefore, the changes in the
XRD pattern can be ascribed to be due to the structural change
via the coordination of two water molecules in the axial
positions for Ni and Co in both monometallic Co(TCNQ),
and Ni(TCNQ), and bimetallic Co—Ni(TCNQ),, leading to
the formation of Co(TCNQ),(H,0),, Ni(TCNQ),(H,0),,
and Co—Ni(TCNQ),(H,0),, respectively. The Fourier-trans-
formed infrared (FTIR) spectra further confirmed the binding
of H,0 molecules as the broad OH stretching peak appeared
in Co—Ni(TCNQ),(H,0),, which was absent in Co—
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Ni(TCNQ), (Figure S8). Moreover, X-ray photoelectron
spectroscopy (XPS) data clearly showed the presence of strong
satellite signal in the case of Ni 2p photoemission of the Co—
Ni(TCNQ),(H,0), system, indicating the presence of Ni(II)
ions in high-spin octahedral geometry with two H,0O molecules
located at the axial positions, instead of a square-planar/
tetrahedral geometry, with no unpaired electrons and would
not result in such strong satellite signal, as observed in the Ni
2p Eglotoemission of the Co—Ni(TCNQ), system (Figure
S9).°

The initial geometry of the Co(TCNQ),(H,0), and
Ni(TCNQ),(H,0), unit cells were constructed from the
known crystal structure of Mn(TCNQ),(H,0),, in which
Mn(II) ions were replaced with either Co(II) or Ni(II) ion
and then the energy-optimized ground-state geometries were
obtained by performing the density functional theory (DFT)
calculations (Figures 1b-d and §10—S12).>"7*" As for the
bimetallic Co—Ni(TCNQ),(H,0), system, stoichiometric
Co(II) and Ni(II) ions were used in place of Mn(II) ions in
the nearest neighbor configuration (Figures 1d and S12). The
Co—O bond distance was found to be slightly smaller
compared to the Ni—O bond distance in Co(TCNQ),(H,0),
and Ni(TCNQ),(H,0),, as well as in Co—Ni-
(TCNQ),(H,0), (Figures 1b—d and S10-S13). FESEM
images revealed rod-like morphology in hydrated samples,
markedly different from the pristine samples, though the Co:Ni
ratio was unchanged as observed from the EDXS analyses
along with a uniform distribution of Co and Ni across the
sample (Figures S5—S7). Raman spectra for Co-
(TCNQ),(H,0),, Ni(TCNQ),(H,0),, and Co—Ni-
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Figure 3. X-ray photoelectron spectroscopy. (a) Co 2p and (b) Ni 2p XPS spectra depicting the 2p,,, and 2p,,, signals along with the
respective satellite signals; (c) N s XPS spectra with the deconvoluted signals for TCNQ® and TCNQ™'/TCNQ ™

(TCNQ),(H,0), were observed to be similar to those of
respective pristine samples, without any significant change in
the peak position, implying that the bonding scenario of the
TCNQ ligand with metal ions was unaltered (Figure S3).

The monometallic Co(TCNQ),(H,0), and Ni-
(TCNQ),(H,0),) and bimetallic Co—Ni(TCNQ),(H,0),
were electrodeposited onto the glassy-carbon (GC) electrode,
and respective OER performances were evaluated. Our
approach of electrocrystallization for the direct growth of the
catalyst on the electrode surface is certainly advantageous over
the conventional drop casting method, giving rise to better
charge-transfer between the electrode and active material, in
turn influencing the catalytic performance. All electrochemical
measurements were carried out in the conventional three-
electrode configuration in 1 M KOH solution. Linear sweep
voltammetry (LSV) was employed to obtain the polarization
curves (Figure 2a). The evolution of the O, gas was also
visualized on the GC electrode during the measurements. E
and E;_y (overpotential value at 10 mA-cm™2) are usually the
key parameters to assess the OER performance.”” The
bimetallic Co—Ni(TCNQ),(H,0), displayed a lower onset
potential of ~1.45 V, where the thermodynamic OER potential
is E’'H,0/0, = ~1.23 V. At a current density of 10 mA-cm™2,
the overpotential value of 220 mV for the bimetallic Co—
Ni(TCNQ),(H,0), system was significantly lower than the
overpotential values of 280 and 310 mV for the monometallic
Ni(TCNQ),(H,0), and Co(TCNQ),(H,0), systems, re-
spectively (Figures 2a and S14). Notably, the overpotential
value of our bimetallic Co—Ni(TCNQ),(H,0), is superior to
that of the earlier reported bimetallic Co—Ni-MOFs”’ for the
OER activity and also stood out when compared to other
TCNQ-based MOFs™™*" (Table S1) as well as other
bimetallic MOFs in general (Table $2).%77>"*%%
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The kinetic aspect of the OER catalysis was evaluated from
the Tafel plots, and the estimated slope value of 120 mV-dec™"
for the bimetallic Co—Ni(TCNQ),(H,0), was found to be
significantly smaller than those of monometallic Co-
(TCNQ),(H,0), (157 mV-dec™!) and Ni(TCNQ),(H,0),
(170 mV-dec™), indicating faster reaction kinetics in the
former system (Figure 2b).°° The Tafel slope values
complemented the overpotential values obtained from the
LSV curves: bimetallic is better than monometallic. Electro-
chemical impedance spectroscopy (EIS) analyses (Nyquist
plots; fitted with Randles equivalent circuit) suggested a
smaller charge-transfer resistance (R, =~ 8 kQ) for the
bimetallic Co—Ni(TCNQ),(H,0),, as compared to those of
Co(TCNQ),(H,0), (R, ~ 13 kQ) and Ni(TCNQ),(H,0),
(R, = 18 kQ), indicative of a faster electron transfer across the
electrode—electrolyte interface (Figure 2c). The electro-
chemical durability was tested upon applying a constant
applied potential of 220 mV and measuring the current density
value for ~17 h; remarkably, it was found to be almost
unaltered (~10 mA-cm™?), which is desired for large-scale
electrochemical applications® (Figure 2d). Overall, Co—
Ni(TCNQ),(H,0), outperformed Co(TCNQ),(H,0), and
Ni(TCNQ),(H,0), in the OER activity and clearly reflected a
3d’—3d® synergistic effect in the bimetallic system.

XPS was employed to probe the electronic interaction
between Co, Ni, and TCNQ in Co(TCNQ),(H,0),,
Ni(TCNQ),(H,0),, and Co—Ni(TCNQ),(H,0), (Figure
3). The Co 2p XPS spectra unveiled characteristic signals for
the Co 2p;/, and 2p,,, along with the satellite features; while
the spectral signature was mostly retained in the Co-—
Ni(TCNQ),(H,0),, a shift of ~0.4 eV was observed toward
the lower binding energy with a noticeable decrease in the
satellite intensity, which could be due to the presence of mixed
valence states of Co (I/II) (Figure 3a). In the case of Ni 2p
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d

Figure 4. Visualizing the charge distribution. Total charge density plot depicting the electron density across the structure for (a)
Co(TCNQ),(H,0),, (b) Ni(TCNQ),(H,0),, and (c) Co—Ni(TCNQ),(H,0),. Zoomed-in charge density plots depicting the electron
density in the local structure around (d) Co in Co(TCNQ),(H,0),, (e) Ni in Ni(TCNQ),(H,0),, and (f and g) Co and Ni in Co—

Ni(TCNQ),(H,0),.

XPS spectra, a dramatic change (shift and broadening of Ni
2ps/, and 2p,,, signal) was observed in the Co—Ni-
(TCNQ),(H,0), as compared to Ni(TCNQ),(H,0),
(Figure 3b). The deconvoluted signals showed that Ni ions
were mostly present as Ni(II) with a minor amount of Ni(III)
in the case of monometallic Ni(TCNQ),(H,0),, whereas in
bimetallic Co—Ni(TCNQ),(H,0),, the amount of Ni(III)
was significantly increased (Figure 3b). To understand the
charge transfer between the metal centers Co and Ni located
~9 A apart, we recorded the N 1s XPS spectra, which indicated
the presence of TCNQ in mixed-redox forms, as previously
suggested by the Raman spectroscopy. In general, a relatively
high disproportionation (TCNQ™' — TCNQ’ + TCNQ?)
was observed in Ni(TCNQ),(H,0), as compared to Co-
(TCNQ),(H,0),, possibly due to the higher redox activity of
Ni as compared to Co (Figures 3c and S15). Ideally, the N 1s
XPS spectral feature of Co—Ni(TCNQ),(H,0), contains a
1:1 ratio of Co: Ni and should be the average of the two
Co(TCNQ),(H,0), and Ni(TCNQ),(H,0),; however, we
observed that the spectral feature resembles more of the signal
from Co(TCNQ),(H,0),, which indicated charge transfer
and/or electron delocalization between Co and Ni ions via
TCNQ in the bimetallic system (Figure 3c). A similar charge-
transfer and/or electronic coupling was also attributed to the
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bimetallic Co—Ni-MOF where metal centers Co and Ni were
~3 A apart.”’

To gain detailed insight into the charge-transfer and/or
electron delocalization mechanism, the total charge density
plots were extracted from the energy-optimized structures of
Co(TCNQ),(H,0),, Ni(TCNQ),(H,0),, and Co—Ni-
(TCNQ),(H,0), (Figures 4 and S16). The electron charge
density was majorly located on the Co, Ni, N, and O atoms,
with minor density on the C atoms. In Co(TCNQ),(H,0),, a
uniform distribution of electron density in the equatorial
direction (Co—N bonds) and the axial direction (Co—O
bonds) was realized (Figures 4a and S16). However, in
Ni(TCNQ),(H,0),, the electron density was majorly present
along the equatorial direction (Ni—N bonds), with a negligible
amount in the axial direction (Ni—O bonds) complementing
the longer Ni—O bond (2.57 A) compared to the Co—O bond
(1.97 A) (Figures 4a,b and S16). In the Co—Ni-
(TCNQ),(H,0), system, the electron density around Co
was observed to be similar to that of the Co(TCNQ),(H,0),.
Interestingly, however, the electron density around Ni in the
Co—Ni(TCNQ),(H,0), system was markedly different from
that of the Ni(TCNQ),(H,0),, specifically electron density
along the axial (Ni—O bonds) and equatorial direction (Ni—N
bonds) and accumulation of electrons around O. Also, in the
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bimetallic system, Co—O and Ni—O bond lengths were found
to be 1.96 and 2.68 A, respectively—shortened and enlarged
compared to respective monometallic systems (Figures 4c and
S13). The redistributed charge density along Ni—O bonds
could be due to the charge-transfer between Ni and Co ions via
TCNQ, as indicated by the XPS data, ultimately resulting in
superior OER performance by the bimetallic Co—Ni-
(TCNQ),(H,0), system.

Now, the question arises: what are the charge-transfer and/
or electron delocalization paths? To answer this, we have
critically examined the total and partial density of states
(DOS/PDOS) plots for determining the exact electronic
structure, orbital contributions of individual atoms, and overlap
of orbitals, giving rise to the overall charge density plots. The
respective Co and Ni 3d-orbitals majorly contribute to the
valence band maxima in Co(TCNQ),(H,0), and Ni-
(TCNQ),(H,0),, whereas a combination of Ni and Co 3d-
orbitals build up the valence band maxima in Co—Ni-
(TCNQ),(H,0),; the conduction band minima for both
monometallic and bimetallic systems are mainly composed of
contributions from N, C, and O orbitals of TCNQ_(Figure
S17). The salient features of DOS/PDOS can be summarized
as follows: (i) Co 3d-states (d,, d,,, d., dz>_p and d;) at 0.2
and 0.4 eV in monometallic Co(TCNQ),(H,0), are
redistributed to 3d-states at 0.2 eV (dxy, d,, and dxl_yl) and
0.5 eV (d;? and d,,) in bimetallic Co—Ni(TCNQ),(H,0),; (ii)
Ni 3d-state (d,,, d., and d;_2) at 0.2 eV in monometallic
Ni(TCNQ),(H,0), is shifted to a lower-energy 3d-state at
0.35 eV (d,, d, and dz_2) in bimetallic Co—Ni-
(TCNQ),(H,0),; (iii) emergence of a new low-density
overlapped d-state (3d,, of Co and 3d,, of Ni) at 0.7 eV in
bimetallic Co—Ni(TCNQ),(H,0),; and (iv) emergence of a
new high-density Ni 3d-state (d> and d,,) at 115 eV in
bimetallic Co—Ni(TCNQ),(H,0),. Such a noticeable change
in the DOS/PDOS plots suggested an efficient overlap of 3d
orbitals of Co and Ni, possibly via z-orbitals of TCNQ_in
bimetallic Co—Ni(TCNQ),(H,0),, even though Co and Ni
centers are ~9 A apart (Figures $17—S30).

In an alkaline medium, OER is believed to follow the
proton-coupled electron transfer (PCET) pathway which
consists of a five-step cycling process starting from the binding
of H,O to the active site via oxidative addition up to the
release of O, by reductive elimination (Figure 5a).” Notably,
our Co(TCNQ),(H,0),, Ni(TCNQ),(H,0),, and Co-—
Ni(TCNQ),(H,0), could behave as pre-OER redox’ systems
in the OER cycle. We have performed DFT calculations™ to
estimate the Gibbs free energy associated with each OER step
upon considering Co as an active site in Co(TCNQ),(H,0),,
while Ni in Ni(TCNQ),(H,0),, and both Co and Ni in Co-
Ni(TCNQ),(H,0), (Figures Sb and S31). The Gibbs free
energy (AG) for each step ultimately showed the ease of
reactivity and reaction feasibility: in general, for all three
systems, the Gibbs free energy value was found to be positive
for steps i, ii, and iv as they are endothermic reactions, while
for step iii, the Gibbs free energy value was found to be
negative, indicating an exothermic reaction. The total AG
value was found to be positive; hence, the reaction is feasible
only when an external potential is applied (Figures Sb and
S31). Further, the overall AG value for the bimetallic Co—
Ni(TCNQ),(H,0), was estimated to be significantly smaller
than the AG values for the monometallic Co(TCNQ),(H,0),
and Ni(TCNQ),(H,0),. Finally, in the bimetallic Co—
Ni(TCNQ),(H,0),, both Co and Ni sites exhibited better
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Figure S. Mechanistic insights of OER by DFT. (a) Insights into
the energy-optimized crystal structure of the catalytically active
sites for each step in the OER process following the PCET
pathway for Co—Ni(TCNQ),(H,0),. (b) Gibbs free energy plot
depicting the cumulative AG for each step in the reaction path of
the OER considering Co as an active site in Co(TCNQ),(H,0),,
Ni as an active site in Ni(TCNQ),(H,0),, and Co and Ni as active
sites in Co—Ni(TCNQ),(H,0),.

OER performance compared to their respective monometallic
counterparts, with Co slightly outperforming Ni, and therefore
strongly supporting the experimental results as well as
establishing the distal synergy effect (Figures Sb and S32—
$35).

MOFs along with metal chalcogenides, nitrides, and
phosphides are known to be prone to electrochemical
instability under high-voltage and alkaline conditions, specif-
ically during electro-catalysis in the form of OER.>™°°
Therefore, to rule out the possibility of the conversion of
Co—Ni(TCNQ),(H,0), to its respective metal (Co/Ni)-
oxides/hydroxides, thorough PXRD analysis was carried out,
which conclusively dismissed the formation of CoO, NiO,
Co;0,, Co(OH),, and Ni(OH), (Figure S36). Also, the
structural integrity of our bimetallic Co—Ni(TCNQ),(H,0),
system was found to be intact, after being subjected to multiple
OER cycles as evidenced in experimental data presented in
Figures S37 and S38: almost identical PXRD patterns, Raman
spectra, and FTIR spectra were noted (Figure $37). Addition-
ally, we compared the raw XPS spectral data of the Co—
Ni(TCNQ),(H,0), sample before and after the OER cycles,
and similar spectral features were obtained, unlike chemical
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transformation of the catalyst during OER cycles,’® further
complementing the stability of the electronic structure (Figure
S$38). Fmally, upon employing slightly modified reported
protocols,” we have synthesized bulk (powder) Co-
(TCNQ),(H,0),, Ni(TCNQ),(H,0),, and Co—Ni-
(TCNQ),(H,0), samples, and the PXRD patterns matched
very well with the respective thin films (Figure $39). In view of
the retention of structural integrity, similar physical properties
in thin-ilm configurations is anticipated. The porosity of the
powder samples was investigated by studying the N, gas
sorption isotherms (Figure S39). The BET (Brunauer—
Emmett—Teller) surface area values were estimated to be in
a similar range: ~14.5, ~8.9, and ~16 mz'g_1 for Co-
(TCNQ),(H,0),, Ni(TCNQ),(H,0),, and Co—Ni-
(TCNQ),(H,0), samples, respectively. Therefore, the better
OER performance of the bimetallic Co—Ni(TCNQ),(H,0),
system as compared to the monometallic Co(TCNQ),(H,0),,
and Ni(TCNQ),(H,0), systems is primarily of electronic
origin and not directly related to the respective porosity values.

In summary, we have successfully deposited thin films of a
bimetal—organic framework, namely, Co—Ni(TCNQ),, by the
electrocrystallization method and subjected to electro-catalysis
in the form of the OER activity in an alkaline medium. Among
hydrated systems, Co—Ni(TCNQ),(H,0), outperformed
monometallic Co(TCNQ),(H,0), as well as Ni-
(TCNQ),(H,0),. Unlike the conventional bimetallic proximal
synergy effect (3 A), our work demonstrates an example of a
distal synergistic effect in electrocatalytic oxidation of water;
the nearest distance between Co and Ni active centers is
noticeably large (9 A) in the Co—Ni(TCNQ), system.
Electronic density of states, as revealed by DFT calculations,
evidenced an effective 3d’—3d® electronic coupling, as well as
the estimation of Gibbs free energy complementing the
experimental results. Such distal synergy resembles enzymatic
systems, and upon further tuning of the organic ligand, for
example with inductive push—pull effect by suitable sub-
stitutions, active metal centers in MOF-based systems are
certainly envisioned to show even superior performance in
electro-catalysis, including the OER activity.
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