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Zeolitic imidazolate frameworks (ZIFs), a subclass of porous MOFs, have attracted significant attention due
to their high crystallinity and exceptional thermal and chemical stability. The synthetic protocols of Zn-ZIF-8
and Co-ZIF-8 strongly influence their thermodynamic and kinetic properties. Room-temperature (RT)
aqueous synthesis yields less crystalline phases (pZn-ZIF-8-RT and pCo-ZIF-8-RT) compared to high-
temperature (HT) solvothermal synthesis in DMF/DEF (pZn-ZIF-8-HT and pCo-ZIF-8-HT). Mechanical
milling of equimolar RT-synthesized phases produces a highly disordered amorphous solid solution, a-
Zns0Cos50ZIF8-RT, which upon water/methanol vapor exposure at 25 °C transforms into a crystalline
counterpart (c-ZnsgCos0ZIF8-RT). Following the same protocol, milling of HT-synthesized precursors
yields a more ordered amorphous phase, a-ZnsqCos0ZIF8-HT. Comprehensive characterization using

DFT, Raman spectroscopy, FE-SEM, and HR-TEM reveals that a-ZnsoCos0ZIF8-RT possesses abundant
Received 3rd January 2026

Accepted 9th April 2026 it an efficient

active sites, enhanced electron density, and a less ordered structure, making

electrocatalyst. Consequently, it exhibits superior performance towards electrocatalytic water splitting

DOI-10.1039/d6ta00038) with low overpotentials of 301 mV (OER) and 437 mV (HER) at 10 mA cm™2, outperforming that of a-
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Introduction

Electrochemical water splitting is widely recognized as
a sustainable pathway for hydrogen production, offering a clean
alternative to fossil fuel based methods.! This involves
hydrogen generation at the cathode via the hydrogen evolution
reaction (HER) and oxygen production at the anode through the
oxygen evolution reaction (OER). These reactions present
a promising strategy to enhance energy security, overcome
storage challenges, and mitigate carbon emissions.”? Noble
metal catalysts such as Pt, Pd, IrO,, and RuO, remain as
benchmarks for the HER and OER due to their low over-
potentials and high activity. However, their scarcity and high
cost restrict the scalability, which emphasize the urgent need
for earth-abundant and cost-effective alternatives.’>™ Transition-
metal-based catalysts, including oxides, hydroxides, phos-
phides, sulfides, and more recently metal organic frameworks
(MOFs), have emerged as promising substitutes. MOFs, in
particular, are attractive because of their structural tunability,
high surface area, and versatile composition.”** Despite these
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advantages, many pristine MOFs lack stability in alkaline
media, which limits their catalytic application in electro-
chemical water splitting. Mitigating this limitation necessitates
the development of innovative design approaches that effec-
tively balance the crystallinity, disorder, and electronic
structure.

Within the MOF family, zeolitic imidazolate frameworks
(Z1Fs) stand out due to their robust topology, high porosity, and
superior chemical and thermal stability.”*"” Yaghi and co-
workers first reported ZIF-8 synthesis under solvothermal
conditions in N,N-dimethylformamide (DMF), achieving highly
crystalline materials with large surface area and micropore
volume.™ However, the reliance on high-boiling, toxic organic
solvents such as DMF and diethylformamide (DEF) poses
challenges for large-scale synthesis and environmental
sustainability. Consequently, water-based, room-temperature
(RT) methods have been developed as greener alternatives.*
These approaches not only eliminate hazardous solvents but
also enable faster nucleation and higher yields. Interestingly,
the choice of solvent greatly influences the crystal growth: while
RT synthesis using water can produce ZIF-8 at specific metal/
ligand ratios, the same synthesis fails under similar condi-
tions in DMF. Conversely, high-temperature solvothermal
synthesis in DMF produced good ZIF-8 crystals, but the same
synthesis does not succeed in water.”*** These observations
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signify the critical role of synthetic protocols in governing both
the crystallinity and catalytic activity of MOFs/ZIFs.*>¢

As an alternative to the conventional solution-based
synthesis,**®* mechanochemical approaches have recently
gained attraction as an efficient, solvent-free strategy for
producing ZIF and MOF solid solutions. This eco-friendly
technique offers precise control over crystallinity, porosity and
the local electronic environment of active sites, often yielding
enhanced catalytic activity and stability. Our earlier work
demonstrated that mechanically milled solid solutions of Zn-
ZIF-8 and Co-ZIF-8 outperform their pristine precursors in
photocatalytic dye degradation. Furthermore, we revealed that
the amorphous solid solution phase (a-Zn;,Cos¢ZIF8) exhibits
superior performance compared to its crystalline counterpart,
highlighting the beneficial role of structural disorder.*

Based on these observations, we envisage that tuning the
degree of disorder in ZIF-based solid solutions could enhance
the electrocatalytic performance. In this work, we establish
a strategy to regulate the disorder by suitably varying the
synthetic route of precursors prior to mechanochemical pro-
cessing. Specifically, RT aqueous synthesis of Zn-ZIF-8 and Co-
ZIF-8, followed by mechanical milling, yields a highly disor-
dered amorphous solid solution, a-Zns,Cos5,ZIF8-RT. In
contrast, HT solvothermal synthesis in DMF, combined with
mechanical milling, produces a comparatively ordered amor-
phous solid solution phase, a-Zns,Cos¢ZIF8-HT. Strikingly, the
more defective and disordered a-Zns,Co50ZIF8-RT exhibits
enhanced HER and OER activities, significantly outperforming
its less disordered HT-derived analogue.

To the best of our knowledge, this is the first investigation to
demonstrate how variations in synthetic protocols of ZIF
precursors can be exploited to modulate the structural disorder
in amorphous solid solutions, thereby maximizing their
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catalytic activity. These findings not only provide fundamental
insights into structure-property relationships in ZIFs but also
establish a new direction for designing low-cost, efficient and
durable electrocatalysts for overall water splitting.

Results and discussion

The method used for the synthesis of ZIF precursors can be
exploited to modulate the structural disorder in amorphous
solid solutions, thereby maximizing their reaction kinetics,
excellent charge distribution, improved thermodynamic
stability and overall water splitting.**-** First, Zn-ZIF-8 and Co-
ZIF-8 were synthesized using two distinct approaches: a high-
temperature (HT, 140 °C) solvothermal route followed by
degassing at 120 °C for 12 h, yielding pZn-ZIF-8-HT and pCo-
ZIF-8-HT, and a room-temperature (RT, 25 °C) aqueous method,
producing pZn-ZIF-8-RT and pCo-ZIF-8-RT (details in Section 2
(SI)). Powder X-ray diffraction (PXRD) confirmed that the HT
products are highly crystalline, attributable to improved ther-
modynamic stability, increased solubility of reactants, and
faster reaction kinetics (Fig. S1b and c). In contrast, RT-
synthesized samples exhibit broader and weaker PXRD peaks,
reflecting lower crystallinity due to reduced solubility and
slower kinetics (Fig. 1b, ¢ and S1). Importantly, the aqueous-
mediated RT synthesis represents a simple, sustainable, and
environmentally friendly approach.

To generate solid solutions, mechanochemical synthesis of
PZn-ZIF-8-RT and pCo-ZIF-8-RT in a 1:1 molar ratio was per-
formed at 400 rpm for 2 h under an Ar atmosphere. PXRD
analysis of the product revealed a broad, diffuse diffraction
pattern (Fig. 1a and S1), indicative of the absence of long-range
order. This structure collapse under mechanical stress resulted
in the formation of an amorphous solid solution, a-

Water
vapour
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25 °C, 3 days

a-Zn Co, ZIF8-RT ¢-Zn,Co, ZIF8-RT

(a) Schematic illustration of the synthesis of pZn-ZIF-8-RT and pCo-ZIF-8-RT via mechanical ball-milling followed by water-vapour

exposure. (b) PXRD patterns of pZn-ZIF-8-RT, pCo-ZIF-8-RT, a-ZnsoCos50ZIF8-RT, and c-Zn50Co50ZIF8-RT. (c) Zoomed version of the PXRD
plot in (b) within the 26 range from 6 to 8. (d and e) SEM images of a-ZnsoCos0ZIF8-RT and c-ZnsoCos0ZIF8-RT.
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Zn;5,Co5¢ZIF8-RT. Upon subsequent exposure to 95% relative
humidity (RH) at 25 °C for 3 days, followed by degassing at 90 °C
for 12 h, the amorphous phase transformed into a crystalline
solid solution, c-Zns,Co5,ZIF8-RT, as evidenced by its distinct
diffraction pattern compared to the pristine precursors (Fig. 1a
and S1).

To further evaluate the influence of precursor crystallinity,
an identical mechanochemical solid solution synthesis protocol
was applied to HT-synthesized pZn-ZIF-8-HT and pCo-ZIF-8-HT.
This yielded the corresponding amorphous and crystalline
phases, a-Zns,Co5,ZIF8-HT and c-Zn;,Co5,ZIF8-HT, respectively
(Fig. S1b and c). PXRD confirmed that c-Zns;,Cos,ZIF8-HT
exhibited sharp diffraction peaks distinct from its pristine
frameworks (Fig. 1b and S1).>** Nitrogen adsorption-desorp-
tion isotherms revealed that a-Zns,Co5¢ZIF8-RT possesses a very
low BET surface area (21 m” g~ '), whereas its crystalline
analogue, c-Zns,Co5,ZIF8-RT shows a significantly higher value
(402 m”> g7, Fig. S2). Both these values are distinctly lesser
when compared to pristine pZn-ZIF-8-RT (1190 m> g™ ') and
pCo-ZIF-8-RT (1215 m” g~ ),** reflecting the collapse of long-
range order upon prolonged milling. In contrast, the HT-
derived samples exhibit higher surface areas (a-Zns,Co5,ZIFS8-
HT: 52 m® g} c-ZnsoCos0ZIF8-HT:527 m* g '), consistent
with their higher crystallinity. Pore-size distribution further
revealed the coexistence of micropores (<2 nm) and mesopores
(>2 nm) in all samples. However, the broader, weaker signals
and higher irregularity observed in a-Zn;,Co5,ZIF8-RT, and to
a lesser extent in c-Zns,Cos5,ZIF8-RT, indicate greater distortion
of the pore channels compared with their HT counterparts
(Fig. S3). These findings corroborate earlier reports on the
reduced order of ZIF-8 structures.*”** Micropore analysis using
the t-plot confirmed the reduced pore volume of a-Zn;,Cosg-
ZIF8-RT (0.0035 cm® g ') compared to a-ZnsoCosoZIF8-HT
(0.0053 cm® g ', Fig. S4). Likewise, c-Zns,CosoZIF8-RT di-
splayed a smaller micropore volume (0.6788 cm® g™ ') than c-
Zn5,Co50ZIF8-HT, confirming the enhanced structural disorder
in the RT-derived materials.*

Thermogravimetric analysis provided further insights into
thermal stability: a-ZnsoCos,ZIF8-HT decomposed at 498 °C,
whereas a-Zns,Cos,ZIF8-RT degraded at 475 °C (Fig. S5). This
reduced stability of the RT sample is attributed to its highly
defective, amorphous framework, in accordance with the
previous observations.’* Importantly, Fourier Transform
Infrared (FT-IR) spectra confirmed the persistence of the M-N
(M = zn**, Co®") coordination bond at 425 cm ' in both
amorphous and crystalline phases after milling (Fig. S6), indi-
cating that local coordination is well-preserved despite the
global disorder.

The morphological differences between the RT- and HT-
derived materials were clearly visualized by Field Emission
Scanning Electron Microscope (FE-SEM) and High-Resolution
Transmission Electron Microscopy (HR-TEM). FE-SEM images
of a-Zn;,Co5¢ZIF8-RT exhibited highly aggregated and irregular
particles, while a-Zn;,Cos,ZIF8-HT displayed relatively more
defined morphology. Similarly, c¢-Zns,Cos,ZIF8-RT showed
partially crystalline, fused particles, whereas ¢-Zn;,Co5,ZIF8-HT
retained the characteristic rhombic dodecahedral shape

This journal is © The Royal Society of Chemistry 2026
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observed in pristine HT-synthesized ZIFs (Fig. 1d and e).*
Elemental mapping further confirmed the homogeneous
distribution of Zn**/Co®" in all samples (Fig. S7-510).

HR-TEM provided additional evidence of disorder: a-Zns,-
Co50ZIF8-RT showed diffuse contrast patterns, whereas a-Zns,-
Co50ZIF8-HT exhibited more distinct particle boundaries
(Fig. 2). For the crystalline phases, c-Zn5,Co05(ZIF8-RT retained
the rhombic dodecahedral motif but with fused particle
domains, in contrast to the well-defined crystalline morphology
of ¢-Zn;,Cos,ZIF8-HT. Selected area electron diffraction (SAED)
patterns further reinforced these trends: a-Zns,CosoZIF8-RT
exhibited diffuse diffraction rings with only faint spots, con-
firming its highly disordered atomic arrangement, while c-
Zns0Cos0ZIF8-HT displayed sharp diffraction spots, character-
istic of an ordered crystalline lattice (Fig. S11).

Atomic absorption spectroscopy (AAS) confirmed that all
solid-solution samples contained nearly equimolar Zn*>* and
Co*" ions: a-Zn5oC050ZIF8-RT (Zn: 44 mg L™, Co: 45 mg L™ ), c-
Zn5,Co50ZIF8-RT (Zn: 46 mg L™, Co: 47 mg L"), a-Zns,Cos¢-
ZIF8-HT (Zn: 48 mg L', Co: 49 mg L"), and ¢-Zn;,Co5,ZIF8-HT
(zn: 47 mg L', Co: 48 mg L™'; Table S1, Fig. S12 and S13).
These results confirm that the obtained compositions are closer
to the intended 1: 1 stoichiometry.

X-ray photoelectron spectroscopy (XPS) provided a compre-
hensive understanding on the oxidation states and electronic
environments. The survey spectra of a-Zns,Cos,ZIF8-RT and c-
Zn;5,Co5,ZIF8-RT revealed Zn, Co, C, N, and O as the major
elements (Fig. S14). The Zn 2p core levels for a-Zns,Co5,ZIF8-RT
appeared at 1024.4 eV (Zn 2ps;) and 1047.5 eV (Zn 2pqj),
whereas in c-ZnsoCosoZIF8-RT, both peaks shifted to slightly
higher binding energies (1025.9 and 1048.8 €V), reflecting
a slight shift in the local coordination environment upon crys-
tallization.*” The ~23 eV splitting between Zn 2p doublets
indicates the persistence of Zn>" in both phases (Fig. S14c). The
deconvolution of the N 1s spectra shows three major peaks. The
most intense peak contributes to metal-coordinated N at

a-ZngCoxZIFS-HT

c-ZngCogyZIFS-RT o0 e

c-ZngCoxZTES-HT

Fig. 2 HR-TEM images of (a) a-ZnsgCos0ZIF8-RT, (b) a-ZnsoCoso-
ZIF8-HT, (c) c-Zns50Co50ZIF8-RT and (d) c-ZnsoCos0ZIF8-HT.
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398.4 eV.*® The peaks at 399.8 and 400.9 eV correspond to C=N
and C-N, respectively (Fig. S15).>® The Co 2p spectra displayed
characteristic peaks at 783.5 and 798.7 eV (Co®", 2p5/, and 2p,,)
along with additional peaks at 784.9 and 800.0 eV (Co**, 2ps),
and 2py),), consistent with mixed Co?**/Co*" oxidation states.
Satellite peaks were also observed at ~784.8 and 801.1 eV with
a minor positive shift in ¢-Zns,Co5,ZIF8-RT compared to its
amorphous analogue (Fig. S14d). The survey spectra of a-Zns,-
Cos(ZIF8-HT revealed Zn, Co, C, N, and O as the major elements
(Fig. S16a). The Zn 2p core levels for a-Zn;,Cos,ZIF8-HT
appeared at 1024.8 eV (Zn 2ps;,) and 1047.7 eV (Zn 2p,,),
both peaks shifting to slightly higher binding energies (1025.9
and 1048.8 eV) compared to a-Zns,Cos,ZIF8-RT, reflecting
a slight shift in the local coordination environment (Fig. S16b).
The Co 2p spectra displayed characteristic peaks at 783.7 and
799.6 €V (Co™, 2ps), and 2p,),) along with additional peaks at
785.3 and 800.9 eV (Co>", 2ps/, and 2p,,), consistent with mixed
Co0>*/Co" oxidation states. Satellite peaks were also observed at
~789.2 and 805.5 eV, reflecting a slight shift in the local coor-
dination environment compared to a-ZnsoCosyZIF8-RT
(Fig. S16c). The presence of both Zn*" and Co®"/Co®" in these
frameworks increases metal-site heterogeneity, which can
facilitate electron transfer and redox activity, the key prerequi-
sites for efficient electrocatalysis.*

The chemical stability of a-Zns,Co5¢ZIF8-RT, c-Zns,C050ZIF8-
RT, pZn-ZIF-8-RT and pCo-ZIF-8-RT was assessed in water and
various organic solvents across 25-70 °C. PXRD and FT-IR
analyses (Fig. S17 and S18) confirmed that both amorphous
and crystalline solid solutions retained their structural integrity
under these conditions, indicating that the frameworks are
chemically stable in aqueous and solvent-rich environments
relevant to electrocatalytic applications (details in Section 3.2

(SD).

Theoretical calculation

To gain deeper insights into the charge distribution, electronic
configuration and structural disorder, we performed molecular
cluster density functional theory (DFT) calculations on pZn-ZIF-
8-RT, pCo-ZIF-8-RT, a-Zn5,Co50ZIF8-RT and c-Zn5,Co50ZIF8-RT.
This unique theoretical approach provides a framework to
rationalize how RT-synthesized precursors evolve into highly
efficient amorphous and crystalline hetero-metal electro-
catalysts, in contrast to those obtained from HT protocols.
Notably, the computational characterization of a-Zns,Cos,ZIF8-
RT proved inherently more challenging owing to its lack of
periodicity and symmetry. Geometry optimization of the pris-
tine phases (pZn-ZIF-8-RT and pCo-ZIF-8-RT) and solid solu-
tions (a-ZnoCos0ZIF8-RT and c-Zns,Co5,ZIF8-RT) (Fig. S19 and
S20) revealed significant differences in their electronic proper-
ties. The calculated band gaps were 5.28, 3.45, 1.11, and 1.31 eV,
respectively, which are in excellent agreement with results of
UV-vis DRS experiments (Fig. S20 and $21).>° The lowest band
gap of a-Zns,Co5,ZIF8-RT suggests facile charge transfer and
superior redox activity. Molecular electrostatic potential (MESP)
plots further corroborate this, showing enhanced electron
density and greater polarization in a-Zns,Cos,ZIF8-RT relative
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to its counterparts (Fig. 3, S19c and d). Analysis of the density of
states (DOS) demonstrated broad peaks around the Fermi level
in a-ZnsoCo5¢ZIF8-RT, indicating a high density of accessible
energy states and thus a stronger driving force for the catalytic
redox process (Fig. 3 and S21). In contrast, DOS features in a-
Zn5,C050ZIF8-HT were narrower, consistent with reduced elec-
tronic activity (Fig. S21d). Theoretical thermodynamic studies
further reveal that the framework in a-Zns,Co05,ZIF8-RT is more
densely packed and has significantly more negative AG (free
energy) and more positive AS (entropy) values compared to a-
Zn50C050ZIF8-HT, which indicates that a-Zn;,Cos50ZIF8-RT
structure is more disordered compared to a-Zns,Cos¢ZIF8-HT
(Fig. S22a).

Raman spectra of a-ZnsoCos¢ZIF8-RT, a-Zn;,Cos,ZIF8-HT and
¢-Zns5,Co50ZIF8-RT were analyzed theoretically as well as experi-
mentally. Fig. S22b shows experimental bands at 190, 462, 685-
720, 1145-1181 and 1145 cm ' corresponding to Zn-N, Co-N,
ring puckering, C-N and C-H stretching, respectively.*®** It is
clear from the experimental plot of Raman spectra that a-Znso-
Cos(ZIF8-RT exhibits a very broad frequency band due to a more
defective/disordered structure compared to a-ZnsoCos¢ZIF8-HT,
and this result is close to the theoretical plot of Raman spectra, as
shown in Fig. S22c. Similarly, c-Zns,Cos,ZIF8-RT exhibits a more
crystalline frequency band compared to a-Zns,Cos,ZIF8-RT due
to improved crystallinity and also aligns with the theoretical plot
of Raman spectroscopy (Fig. S22b and c).

Electrochemical measurement

The distinct combination of excellent charge distribution, high
electron density, thermodynamic and kinetic variations, and
defect-rich frameworks prompted us to evaluate the electro-
catalytic properties of ZIF-based materials toward both oxygen
evolution (OER) and hydrogen evolution (HER) in alkaline
medium.**™** Linear sweep voltammetry (LSV) reveals that a-
Zn5,Co50ZIF8-RT consistently outperforms all other synthesized
catalysts in both the half-cell reactions (Fig. 4a and c). For the
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Fig. 3 Molecular electrostatic potential (MESP) mapping of (a) a-
Zn50Co50ZIF8-RT and (b) c-ZnsoCos0ZIF8-RT. Density of states of (c)
a-ZnsoCos0ZIF8-RT and (d) c-ZnspCosoZIF8-RT.
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OER, a-Zns,Co50ZIF8-RT displayed an overpotential of only
301 mV at 10 mA cm™2, lower than those of ¢-Zns,Cos5,ZIF8-RT
(330 mV) and pCo-ZIF-8-RT (384 mV), whereas pZn-ZIF-8-RT is
essentially inactive due to its non-redox nature (Fig. 4a). Simi-
larly, for the HER, a-Zn;,Co050,ZIF8-RT exhibits an overpotential
of 437 mV at 10 mA cm™ 2, outperforming that of c-Zns,Coso-
ZIFS-RT (491 mV) and pCo-ZIF-8-RT (582 mV) (Table S2).
Although benchmark catalysts RuO, (236 mV, OER) and Pt/C
(70 mV, HER) showed better performance, the results ob-
tained with a-Zns,Co5(,ZIF8-RT surpass those of all the other
investigated ZIF-derived systems (Fig. 4b). Furthermore, the RT-
derived amorphous bimetallic framework significantly outper-
forms most crystalline MOF/ZIF analogues reported in the
literature (Tables S3 and S4). Meanwhile, the Tafel slope for the
OER 0n a-Zn;,Co50ZIF8-RT (59 mV dec™ ') is lower than that of
RuO, (66.5 mV dec ™ '). Notably, the Tafel slopes of c-Zns,Coso-
ZIF8-RT (80 mV dec ') and pCo-ZIF-8-RT (94.1 mV dec ') are
higher than that of a-Zn;,Co5,ZIF8-RT (Fig. 4c). For the HER,
the Tafel slope of a-Zn;,Co5,ZIF8-RT (57.8 mV dec™ ') is not only
much lower than those of ¢-Zns,Cos5,ZIF8-RT (102 mV dec™ )
and pCo-ZIF-8-RT (96.7 mV dec™ ") but also slightly lower than
that of Pt/C (69.7 mV dec '), suggesting exceptionally fast
reaction kinetics and a defect-rich amorphous framework of the
catalyst (Fig. 4d) despite its non-noble character (Table S2).

A direct comparison of RT- and HT-derived materials clearly
establishes the decisive role of the synthetic route. a-Zn;,Cos,-
ZIF8-RT exhibits much lower overpotentials (301 mV for the
OER and 437 mV for the HER) and smaller Tafel slopes (59 and
57.8 mV dec ', respectively) compared to a-Zns,CosoZIF8-HT
(400 mV and 82.4 mV dec™' for the OER; 490 mV and 95 mV
dec™" for the HER), as shown in Fig. S23. The enhanced
bifunctional performance of the RT-derived sample originates
from the greater disorder and defect density imparted during
mechanochemical milling, which generates abundant active
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Fig. 4 Electrochemical performance of the catalysts: (a) linear sweep
voltammetry (LSV) curves and (b) Tafel slopes for oxygen evolution
reaction (OER). (c) LSV curves and (d) Tafel slopes for hydrogen
evolution reaction (HER) of all catalysts at a current density of 10 mA
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sites and facilitates electron transfer. The inherent activity of
the catalysts was further probed by evaluating the turnover
frequency (TOF), double-layer capacitance (Cq) and electro-
chemical active surface area (ECSA). Among all tested systems,
a-Zn5,Cos0ZIF8-RT exhibits the highest TOF value of 3.6 x 10>
s~! for the HER and 35.2 x 10> s~ for the OER. The Cq values
were calculated by performing CV at different scan rates and by
plotting the anodic and cathodic current slopes at the middle
potential (Fig. S25 and $26). a-Zns,Co5(ZIF8-RT exhibited a Cq
value of 0.618 mF and the largest ECSA (15.45 ¢cm?), corrobo-
rating its superior intrinsic activity (Fig. S24a, b and Table S2,
Section 5.1). Together, these results establish a-Zn;,Cos,ZIF8-
RT as an efficient bifunctional electrocatalyst for water split-
ting, in which the synergistic interplay of Zn/Co heterometallic
states, defect-rich amorphous architecture, and optimized
electronic structure drives both the OER and HER with
remarkable efficiency. In addition, to examine the charge
transport characteristics, EIS measurements were performed in
the frequency range from 100 Hz to 1000 kHz. Fig. S27 shows
the Nyquist plot of all the synthesized materials, which was
fitted using the circuit given as an inset in Fig. S27. The Nyquist
plots reveal that a-Zns,Cos0ZIF8-RT exhibits a significantly
lower transfer resistance (R.) of 0.77 Q compared to c-Zns,-
Co050ZIF8-RT (1.16 Q), a-Zns,Co50ZIF8-HT (3.32 Q), ¢-Zn5,Cos¢-
ZIF8-HT (4.81 Q), pCo-ZIF8-RT (2.13 Q) and pZn-ZIF8-RT (10.64
Q), confirming faster interfacial electron transfer and support-
ing the observed enhanced kinetics.

The electrocatalytic water splitting and the stability of the
electrocatalyst were demonstrated using a two-electrode system,
as shown in Fig. S28, Section 5.2. The chronoamperometry
measurement was performed at an applied cell potential of
1.97 V for a-Zn;,C050ZIF8-RT and 2.05 V for ¢-Zns,Cos5(ZIF8-RT,
as shown in Fig. $29. This was compared with various previously
reported MOF-based electrocatalysts for overall water splitting,
as shown in Table S5. Both the electrode materials show a stable
current response at 10 mA cm™> with a negligible change in
current at the corresponding applied potential, as shown in
Fig. S29. These results confirm that a-Zn;,Co5¢ZIF8-RT requires
a cell potential of less than 2 V; thus, this material can be
implemented in the real-time application for overall water
splitting. Furthermore, chronoamperometry was also per-
formed at a fixed potential at 50 mA cm™ > current density, as
shown in Fig. S30, Section 5.3. The chronoamperometric curve
shows a stable current response at a fixed potential for 48 h.
Thus, the results obtained suggest the excellent long-term
stability of a-Zns,Co5¢ZIF8-RT even at a higher current density.

To probe the structural integrity after prolonged electrolysis,
the a-Zns,Cos50ZIF8-RT catalyst was examined by PXRD, FT-IR,
STEM, Raman and ICP-MS. As discussed earlier, instability
assessment was done by PXRD, and a-Zns,Cos¢ZIF8-RT di-
splayed a broad and diffuse diffraction pattern (Fig. 1b). In
contrast, the crystalline c-Zns,Cos0ZIF8-RT retained its well-
defined reflections even after chronoamperometric operation
in 1 M KOH at 25 °C for up to 10 h (Fig. S31), indicating its
excellent structural robustness under OER and HER conditions.
Complementarily, FT-IR analysis of a-Zns,Co5,ZIF8-RT revealed
that all characteristic vibrational bands persisted after identical
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testing periods (1, 2, and 10 h; Fig. S32), further confirming that
both amorphous and crystalline Zn/Co-ZIFs retained their
structural motifs during catalysis. STEM provided additional
evidence of pre- and post-catalytic study of a-Zn;,CosoZIF8-RT.
Elemental mapping of a-Zn;,CosoZIF8-RT pre- and post-
catalytic study further confirmed the homogeneous distribu-
tion of Zn**/Co®" in it, as shown in Fig. $33 and S34. Raman
spectra of a-Zns,CosoZIF8-RT were also obtained before and
after the catalytic study. Fig. S35 shows experimental bands at
191 and 466 cm ™" corresponding to Zn-N and Co-N stretching.
This confirmed that its structure is still intact post-catalytic
study. We also performed ICP-MS of a-Zns,Cos,ZIF8-RT before
and after a prolonged electrochemical stability study. Fig. S36
clearly indicates that Zn** and Co®" are in equal ratio before and
after the catalytic study. These results indicate that the a-Zns,-
Co50ZIF8-RT catalyst maintain its compositional integrity after
the stability test.

Conclusions

This study demonstrates the decisive role of the synthetic
protocol in dictating the structure-property relationship of
mechanochemical synthesis of Zn/Co-ZIF-8 solid solutions.
Water-mediated RT synthesis followed by mechanochemical
milling yields a highly disordered amorphous phase (a-Zns,-
Co50ZIF8-RT), which upon vapor treatment transforms into
a crystalline analogue (c-Zns;oCo5¢ZIF8-RT). In contrast, HT-
derived precursors produce more ordered frameworks
compared to RT derived compounds. Comprehensive experi-
mental and theoretical analyses reveal that the defect-rich
amorphous a-Zns,Co5,ZIF8-RT exhibits enhanced electron
density, abundant active sites, and superior charge-transfer
characteristics, resulting in excellent electrocatalytic activity
with overpotentials of 301 mV (OER) and 437 mV (HER) at 10
mA cm 2, outperforming both crystalline and HT-derived
counterparts. These findings establish structural disorder,
induced by water-mediated mechanochemistry, as a powerful
design principle for advancing heterometallic MOF/ZIF
electrocatalysts in energy conversion. Looking ahead, this
strategy offers a broadly applicable platform towards engi-
neering defect-rich, heterometallic frameworks for next-
generation electrolyzers and sustainable hydrogen generation
technologies.
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