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The incorporation of iron into the cobalt-based metal-organic framework (Co-MOF) modifies the
electronic environment and the resulting bimetallic MOF exhibits enhanced oxygen evolution reaction
(OER) performance. The Co-MOF, Fe-MOF, and different ratios of bimetallic Co—Fe-MOFs are prepared
using 2,2’-bipyridine 4,4’-dicarboxylic acid (H,bpdc) by a single-step hydrothermal process. The MOFs
are evaluated by necessary spectroscopy and microscopy techniques like Fourier transform infrared
spectroscopy, inductively coupled plasma emission spectroscopy, powder X-ray diffraction, transmission
electron microscopy, energy-dispersive X-ray analysis, and X-ray photoelectron spectroscopy. The
incorporation of Fe®* into the Co-MOF significantly increases the electrocatalytic activity of the resulting
bimetallic Co-Fe-MOF towards the OER. An optimized bimetallic MOF having a Co:Fe ratio of 2:1
shows the lowest overpotential (310 mV) to realize the 10 mA cm™~2 current density and the lowest Tafel
slope of 53 mV dec™ with excellent durability in comparison to the Co-MOF, the Fe-MOF, and the
state-of-the-art catalyst, RuO,. Furthermore, this manuscript addresses the inherent electrocatalytic
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properties of MOF-based electrocatalysts and demonstrates their possible exploitation in water
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1. Introduction

The increasing energy crisis and rapid depletion of conven-
tional energy sources around the globe urge human beings to
switch to non-conventional energy sources like wind, solar, etc.
However, these non-conventional energy sources have their
own limitations due to their geographical confinement and
uneven distribution/accessibility all year round.” Among
energy carriers, hydrogen is the most preferred one due to its
clean and non-toxic nature, high calorific value, and relatively
easy storage.® Electro/photocatalytic water splitting produces
H, in a clean way. The oxygen evolution reaction (OER) plays a
critical part in the production of hydrogen through water
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splitting.* However, the slow kinetics of oxygen restricts the
extensive utility of the process. Benchmark catalysts (RuO, and
IrO,) have shown superior catalytic properties for the OER;
however, their use in large-scale devices is impeded because
of their limited availability, high cost, and certain durability
issues.>® Therefore, researchers focus on developing less
expensive catalysts with high activity and enhanced durability.
Transition metal (mainly Co, Ni, and Fe)-based catalysts (in
the form of nitrides,” oxides,® carbides,’ phosphides,'® and
sulphides'') and transition metals integrated on carbon-based
materials (like carbon nanotubes,'> mesoporous carbon
nitride,' graphene oxides'* and materials derived from metal-
organic frameworks'*) have been investigated over the past few
decades to achieve efficient and economic water splitting.
Metal-organic frameworks (MOFs) are being explored in
several fields because of their porous nature and unique
electrical, optical, and electronic properties.’**® In the begin-
ning, MOFs were mainly studied for gas adsorption and storage
applications; however, recently owing to their unique structural
framework and porosity, they have also been used in the areas
of gas sensing,'”'® drug delivery,'® carbon dioxide reduction,*®
dye adsorption,> supercapacitor applications®* and electroche-
mical water splitting.>*?* The major drawbacks of MOFs are
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low mass permeability and weak conductivity-induced obstruc-
tion of the active sites.>® Post-synthetic modifications are
employed to overcome the problems associated with the MOFs.
The post-synthetic modification includes annealing of MOFs at
elevated temperatures. For example, Li et al. synthesized defect-
rich cobalt oxide scales on Ni foam by heating the Co(OH),
arrays derived from annealing the Co-MOF at 300 °C. The as-
synthesized cobalt oxide arrays on nickel foam needed an
overpotential of only 205 mV to achieve 10 mA cm > current
density.”® Zhou et al.”” synthesized a cobalt diphosphate nano-
carbon hybrid by a solvothermal method and pyrolyzed it at
800 °C to produce an electroactive catalyst. Integration of the
pyrolyzed sample on a nickel foam substrate established an
overpotential of 215 mV to achieve 10 mA cm 2 current
density.>” Gao’s group developed an OER catalyst by annealing
the nanoflower-shaped bimetallic NiFe-MOF at 800 °C. The
obtained electrocatalyst showed an overpotential of 356 mV to
achieve 10 mA cm 2.?® Although annealing treatments (post-
synthetic modifications) of MOFs produce efficient electroca-
talysts, they are obtained by the introduction of additional
steps and loss of materials occurs, which raise the cost of
electrode fabrication. These treatments can collapse the
ordered pores and channels of the MOFs leading to a decrease
in the electrocatalytically active centers.”> Therefore, to
enhance the electrocatalytic activity of MOFs, mild strategies
are to be developed. In this respect, nanostructured materials
derived from MOFs without heat treatment could be effective.>®
Furthermore, bimetallic MOFs show improved activity and
durability in comparison to monometallic counterparts mainly
due to the synergistic effect of the metal active centers and the
change in the environment around the active centers.'*?° It is
well-recognized that the chief active catalysts for the OER are
transition metal oxyhydroxides and upon the application of a
positive bias, the MOFs completely transform into metal oxy-
hydroxide sheets and exhibit better OER performance.”
According to the reports of Subbaram et al, the OER perfor-
mance of first-row transition metals in the divalent oxidation
state follows the order Ni > Co > Fe > Mn.*’ It is also stated
that the integration of Fe into nickel oxyhydroxides dramati-
cally amplifies the OER performance. However, with cobalt
oxyhydroxides, the results vary; for instance, Kishi et al
reported that Fe incorporation in Fe,Coz ,O4 (0 < x < 2)
diminishes the OER activity,>' while Boettcher and co-workers
reported an increase in the OER activity of cobalt oxyhydroxide
after Fe incorporation.®? Despite the diverse reports on the OER
performances of MOFs, Fe- and Co-based bimetallic MOFs have
been comparatively less reported than the Ni-Fe-MOFs or
Ni-Co-MOFs. Therefore, the impact of Fe on the OER perfor-
mance of the Co-MOF is explored in this work. For this
purpose, the Co-MOF, Fe-MOF, and varying Co:Fe ratios of
bimetallic Co-Fe-MOFs are prepared. The role of Fe** is ana-
lyzed based on the studies conducted by the Stahl group, who
evaluated the OER performance of the Ni-Fe-layered double
hydroxide (LDH) and found that the Fe** generated during the
OER is accountable for the boosted OER performance of the
Ni-Fe-LDH.** Additionally, it is reported that the high oxidation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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state of metal enhances the OER activity of the material.*
Although Fe** incorporation into different materials has been
reported earlier, the role of Fe* in the water oxidation process
and its impact on the original active centers have not been
explored adequately.**” This study specifically explores the
role of Fe’" in enhancing the OER activity of the Co-MOF,
highlighting the generation of Co®". The ratio of Co:Fe is
varied as 2:1, 1:1, and 1:2 in view of the work reported by
Ge et al., who synthesized Co-Fe-1,4-benzene dicarboxylic acid-
based two-dimensional MOFs and found that the Co:Fe ratio
of 2:1 shows the best OER performance.*® In this work, the Co-
MOF, Fe-MOF, and Co-Fe-MOFs (bimetallic MOFs containing
an equal and higher composition of Fe) were synthesized to
explore how the Fe*" content alters the electrocatalytic OER
activity of the Co-Fe-MOF. The addition of Fe’" during Co-MOF
synthesis can generate Co®>* along with Co>* species due to the
possible charge transfer between the metal centers. This charge
transfer/interaction between Fe’" and Co**/Co®" may result in
better OER activity and stability.*® The synthesized 2:1 Co-Fe-
MOF exhibits the lowest overpotential and Tafel slope in
comparison to the Co-MOF, the Fe-MOF, and the state-of-the-
art catalyst, RuO,.

2. Experimental section
2.1 Reagents and chemicals

Co(NO3),-6H,0 (97%), Fe(NO;);9H,O (98%), Ky[Fe(CN)g]
(99%), K3[Fe(CN)s] (99%), KCl, (99.5%) and KOH (85%) were
acquired from Qualigens, India. 2,2-Bipyridine 4,4’-di-
carboxylic acid (H,bpdc) (>96%) was obtained from TCI, India.
Polyvinylpyrrolidone (PVP) (K-30) (99%) was obtained from
SRL, India. Dimethyl formamide (DMF) (99%) was procured
from Merck, and ruthenium oxide (RuO,) (99.9%) was acquired
from Sigma-Aldrich. Freshly distilled ethanol and triply dis-
tilled water were utilized in this study.

2.2 Instrumentation

Powder X-ray diffraction (XRD) patterns were obtained using a
Bruker D8 Advance X-ray diffractometer (1 = 0.15406 nm). For
the post-catalysis XRD analysis, the material is cast on an
indium tin oxide (ITO) coated glass plate and subjected to
catalysis. After catalysis, the sample-coated ITO plate was sub-
jected to XRD analysis. To compare the XRD data, an ITO plate
with no sample loading (bare ITO plate) was also subjected to
the XRD analysis. Fourier-transform infrared (FT-IR) spectra of
MOFs were collected in the region of 400-4000 cm ™ using a
PerkinElmer spectrophotometer. The nitrogen adsorption—
desorption data were recorded using a Quantachrome Autosorb
iQ, setup. Scanning electron microscopy (SEM) images were
recorded using a QUANTA-200 Thermo Fisher instrument with
an Ametech energy-dispersive X-ray analysis (EDX) system for
elemental analysis. Transmission electron microscopy (TEM),
high resolution-TEM (HR-TEM), and EDX images were recorded
with a TECNAI G* 20 TWIN microscope working at a voltage
of 200 kV. X-ray photoelectron spectroscopy (XPS) data were
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measured using a PHI 5000 Versa Probe III. Inductively coupled
plasma emission spectroscopy (ICPES) analyses were done with
a PerkinElmer ICP spectrometer. The electrochemical experi-
ments were carried out with a CHI660C (CH Instruments,
electrochemical workstation, USA) using a three-electrode setup
in a one-compartment electrochemical cell. A glassy carbon
(GC) electrode of area 0.071 cm” or a GC rotating disc (GCgpg)
electrode of area 0.196 cm? is used as the working electrode
(bare or modified with the MOF). The Pt wire was employed as
the counter electrode and Hg/HgO was employed as the refer-
ence electrode. The rotation speed of the GCrpg was regulated
using a modulated speed rotator manufactured by Pine, USA.
The observed potentials were changed to the reversible hydro-
gen electrode (RHE) potential employing eqn (1).

EruE = Eobserved + E;ig/HgO +0.059 x pH (1)

o

E

He/Hgo = 0-098 V and pH = 13.6.

2.3 Synthesis of MOFs

A facile hydrothermal method was used for the synthesis of
MOFs. Co(NOj3),-6H,0 and Fe(NO;);-9H,0 were mixed in the
molar ratio of 2:1 and dissolved in 20 mL of DMF by stirring.
Subsequently, 110 mg of the H,bpdc ligand and 5 mg of PVP
were added. The obtained solution was then transferred into a
50 mL Teflon-lined stainless-steel autoclave and kept at 150 °C
for a period of 24 h. After cooling the autoclave, the obtained
orange-brown precipitate was filtered, cleaned with DMF and
ethanol three times, and dried at 80 °C for 12 h. A similar
procedure was used for the synthesis of the 1:1 Co-Fe-MOF,
1:2 Co-Fe-MOF, Co-MOF, and Fe-MOF with an appropriate
amount of Co/Fe precursors. The Co-MOF shows a light pink
color, while the color gradually changes to brown for the
bimetallic MOFs with increasing Fe content and the Fe-MOF
is black-brown (ESLT Fig. S1).

2.4 Preparation of electrodes

The GC and GCgpg electrodes were polished on a Buehler-felt
pad with 0.05 pm alumina powder and water. The electrodes
were then sonicated, washed with distilled water, and air-dried.
The dispersions of 0.5% (weight/volume percentage) respective
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MOFs were prepared in DMF and ultrasonicated for 30 min.
The 0.5% dispersion was drop cast on the GC electrode (10 pL)
or GCrpg (14 pL). After drying, the electrodes were employed
in the electrochemical studies. Such modified electrodes are
represented as GC/respective MOF or GCgpg/respective MOF.
The mass loadings were calculated as 704 and 357 ug cm” for
the GC electrode and GCgpg, respectively.

3. Results and discussion

The FT-IR spectra (Fig. 1(A)) show prominent peaks at 3370,
1600, 1380, 1233, 1026, 771, and 702 cm™". The broad peak at
3370 cm ™" can be attributed to the carboxylic -OH stretching.*
The peaks at 1600 and 1380 cm™ ' are ascribed to -COO
asymmetric and symmetric stretchings.'® The peaks at 1233
and 1026 cm™ ' are attributed to the vibrations of the H,bpdc
ligand*' and the peaks at 771 and 702 cm ™' are attributed to
the out of plane ~CH bending vibrations of the ring.** Further-
more, the peaks in the region 400 to 585 cm™" (shown in the
ESL Fig. S2) can be ascribed to M-O or M-N bonds (where
M = Co/Fe).>>**™** The ICPES results show that the metal ratio
(Co:Fe) is in accordance with the feed ratios of the metal ions
(ESI,7 Table S1).

The powder XRD patterns of the MOFs are presented in
Fig. 1(B) along with the simulated XRD pattern of the reported
single crystal (CCDC 225925).*® Furthermore, the powder XRD
patterns of the Co-MOF and Fe-MOF are shown in the ESI,¥
Fig. S3. The XRD patterns of the Co-MOF and Fe-MOF show the
poor crystalline nature of these materials.*””*® It is obvious from
Fig. 1(B) that the change in the metal ratio does not change the
XRD peak positions, suggesting an intact structure irrespective
of the metal ratio. The obtained powder XRD patterns of the
bimetallic MOFs do not exactly match the simulated pattern
(CCDC 225925);*® however, most of the peaks overlap with the
simulated XRD pattern. The partial mismatch of peaks could
be due to the different metal centers and different anion
counterparts. However, the coordination of the metal center
to the ligand (H,bpdc) remains unchanged.”® Based on the
simulated XRD pattern and FT-IR analysis, the MOFs may have
a distorted octahedral structure at the metal center establishing
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——Post-OER XRD
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——2:1 Co-Fe-MOF] 12 Plane ITO XRD
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Fig. 1 FT-IR spectra (A) of the 2:1 Co—Fe-MOF (a), 1: 1 Co—Fe-MOF (b), 1: 1 Co-Fe-MOF (c), Co-MOF (d), and Fe-MOF (e) and the powder XRD pattern

(B) and post-catalysis XRD pattern of the 2:1 Co—Fe-MOF (C).
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coordination with two nitrogens of one H,bpdc and four
oxygens of the carboxylate groups from different H,bpdc
ligands (the possible structure is given in the ESI,f Fig. S4).*°
In order to analyze the changes that occurred during the OER, a
post-catalysis XRD pattern was recorded after 1 h of ampero-
metry at 1.60 V vs. RHE. The post-catalysis XRD pattern shows
peaks at the 20 values of 23.3, 26.6, 33.2, and 42.9°, which can
be ascribed to the (006) lattice plane of the Co-Fe-LDH,** (220)
lattice plane of Co-OH,** (130) lattice plane of a-FeOOH,>
and (015) plane of the Co/Fe LDH>' (Fig. 1(C)), respectively.
The changes in the XRD peaks between the pre- and post-OER
catalyses suggest that the synthesized MOFs act as pre-catalysts
and transform into active catalysts, that is, Co-Fe oxyhydrox-
ides. The MOFs acting as the pre-catalysts and their trans-
formation into metal oxyhydroxides have been stated in the
literature. For example, Sahoo et al. reported a Co-based MOF
as a pre-catalyst for the OER with an overpotential of
276 (+3) mV vs. RHE.>* A similar observation is also reported
for FeCoNi coordinated with benzene-1,3,5-tricarboxylic acid
(FeCoNi-BTC), in which FeCoNi-BTC is transformed electro-
chemically into FeCoNiO,(OH), to show enhanced OER in basic
medium with an overpotential of 230 mV vs. RHE.>® In the
present work, the post-catalysis XRD pattern confirms the
generation of Fe-(O)OH during catalysis along with the gen-
eration of Co—-(O)OH, which enhance the OER performance of
Co-Fe-MOFs in comparison to that of the Co-MOF (vide infra).
The surface area and pore width of MOFs were analyzed using
BET. The MOFs showed type IV isotherms (Fig. S5, ESIT) with
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surface areas of 54.6, 40.5, 36.2, 20.9, and 60.2 m> g~ " for 2:1
Co-Fe-MOF, 1:1 Co-Fe-MOF, 1:2 Co-Fe-MOF, Co-MOF, and
Fe-MOF respectively.”*>* The pore diameters between 3 and
10 nm reveal the mesoporous nature of MOFs.>*>>

To further decipher the composition, oxidation states of
metals, and type of bonding present in the MOFs, XPS studies
were performed for the Co-MOF, Fe-MOF, and 2 :1 Co-Fe-MOF.
The survey spectrum of the Co-MOF, Fe-MOF, and 2:1 Co-Fe-
MOF depicts the existence of Co, Fe, C, O, and N (ESL¥
Fig. S6(A)-(C)). The XPS data were standardized based on the
adventitious carbon value of 284.6 eV. The deconvoluted peaks
of carbon spectra show six peaks (Fig. 2(A)) for adventitious
carbon, C-C, C-N, C—=N-C, C-0O, and O-C—0 for the Co-MOF,
Fe-MOF, and 2 :1 Co-Fe-MOF (peak positions are mentioned in
ESL,} Table $2).>*°® The O 1s XPS data show the presence of
metal-oxygen (M-0), O-C—O0O, and adsorbed H,O and N 1s
spectra show the peaks corresponding to M-N (metal-nitro-
gen), pyridinic-N, nitrate-N (refer to ESI, Table S2 for the peak
positions and Fig. S8(A) and (B)) for monometallic MOFs and
the 2:1 Co-Fe-MOF.>**”% The Co 2p spectra show Co 2ps,
and Co 2p,, peaks for the Co-MOF and 2:1 Co-Fe-MOF
(Fig. 2(B)). The peaks are further deconvoluted into four peaks
for the Co-MOF (assigned to Co>" (783.1 and 798.7 eV) and
satellite peaks (786.6 and 804.8 eV)) and six peaks for the 2:1
Co-Fe-MOF (ascribed to Co** (782.4 and 797.7 eV), Co’*
(780.7 and 796.3 €V), and satellite peaks (786.6 and 803.3 eV)).>>*°
The high-resolution Fe spectrum (Fig. 2(C)) shows two
regions, Fe 2pz, and Fe 2p;j,, for both the Fe-MOF and the
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Fig. 2 High-resolution deconvoluted XPS spectra of C 1s, Co 2p, and Fe 2p of the Co-MOF, Fe-MOF, and 2:1 Co-Fe-MOF (A)-(C) and after the OER

catalysis of the 2:1 Co-Fe-MOF (D)-(F).
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2:1 Co-Fe-MOF and is deconvoluted into three peaks for the
Fe-MOF (corresponding to Fe*" (713.7 and 727.1 eV) and the
satellite peak (719.2 eV)) and five peaks for the 2:1 Co-Fe-MOF
(ascribed to Fe** (713.4 and 726.1 eV), Fe** (711.0 and 724.1 eV),
and the satellite peak of Fe 2p (718.4 eV)).*”*® It can be observed
that the incorporation of iron into the Co-MOF results in a 0.7 eV
negative shift of Co®" species for the 2:1 Co-Fe-MOF along with
the formation of Co®" species. Similarly, a 0.3 eV negative shift of
Fe*" peaks along with the formation of Fe*" is observed for the
2:1 Co-Fe-MOF. The formation of Co®>" and Fe*" occurs owing to
the charge transfer between Fe and Co metal centers in the 2:1
Co-Fe-MOF.*® 1t is well known that the metal centers in a high
oxidation state favor the OER***" and accordingly, the incorpora-
tion of Fe** promotes the generation of OER-active Co®" accel-
erating the OER activity of bimetallic MOFs (vide infra).
To analyze the changes during OER catalysis, the XPS spectrum
of the 2:1 Co-Fe-MOF after the OER catalysis was recorded. The
survey spectrum (ESL,} Fig. S6D) shows the existence of Co, Fe, C,
N, and O. The presence of carbon, oxygen, and nitrogen suggests
that a small amount of the ligand (H,bpdc) is present after the
OER catalysis also. The C 1s spectrum shows the existence of
adventitious, C-C, C-N—C, and O-C—0 carbons at 284.6, 285.2,
285.9, and 289.1 eV, respectively (Fig. 2(D)). An increase in the
intensity at 289.1 eV suggests a slight oxidation of carbon.®® The
Co 2p spectrum shows Co 2psz, and Co 2p,, peaks, which
exhibit negative shifts in the XPS peak positions, with the peak
separation value decreasing to 15.2 eV (post-catalysis) from
15.6 eV (pre-catalysis). These results suggest the formation of
Co—(0)OH during the OER.” Following the OER catalysis,
the high-resolution deconvoluted peaks of Co 2p are observed
at 779.9 and 795.0 eV for Co*" and at 781.9 and 796.5 €V
for Co®". It can be seen that the intensity of Co®* increases
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noticeably for the post-OER 2:1 Co-Fe-MOF (Fig. 2(E)). The
satellite peaks are situated at 786.6 and 802.8 eV. The decrease
in the peak separation value (0.4 eV) along with the substantial
decrease in the intensities of the satellite peaks of the post-OER
2:1 Co-Fe-MOF suggests the conversion of Co®" to Co*" during
the OER, which is also justified by the intense peaks of Co®" in
the post-OER Co 2p XPS spectrum. The Fe 2p spectrum (Fig. 2(F))
also shows a negative shift for the post-OER sample. The
deconvoluted Fe 2p spectrum (Fig. 2(F)) shows peaks at 710.2
and 723.7 eV for Fe**, at 712.3 and 725.7 eV for Fe’", and a
satellite peak at 717.6 eV. The negative shifts in the post-OER
XPS of Co and Fe can be ascribed to the changes in the electronic
environment owing to the degradation of the ligand (vide
infra).*® The O 1s deconvoluted peaks (ESL Fig. S7C) appear
at 529.0, 529.8, 530.7, and 531.6 eV, which correspond to metal-
oxygen (Co-O or Fe-0O), O-C=0, -O0H,*® and adsorbed H,0,
respectively. Following the OER catalysis, the emergence of an
OOH peak attests to the conversion of metals into their respec-
tive oxyhydroxides, which is also confirmed by powder XRD (vide
supra). The post-OER N 1s XPS spectrum (ESI,T Fig. S7D) shows
only one peak at 399.8 eV, which resembles the pyridinic
nitrogen. Although the oxygen and nitrogen spectra show the
presence of the H,bpdc ligand after catalysis, the decreased
intensity indicates the structural changes of the MOF during
the OER process.

SEM images were captured to investigate the morphology of
the synthesized monometallic and bimetallic MOFs. In Fig. 3(A)
and (B), the SEM images of the Co-MOF are shown, which
display spherical bead-like structures. Fig. 3(C) and (D) shows
SEM images of the Fe-MOF, which exhibits no distinct shape
and morphology. The bimetallic 2:1 Co-Fe-MOF exhibits
spindle-shaped and cuboidal-shaped morphologies (Fig. 3(E)

Fig. 3 SEM images of the Co-MOF showing the spherical bead type morphology (A) and (B), the Fe-MOF with no distinct morphology (C) and (D),
the 2:1 Co—-Fe-MOF with spindle and cuboidal shaped morphologies (E) and (F), and the post catalysis 2 : 1 Co—Fe MOF (G) and (H). The dotted area in (G)
shows the transformed image of a cuboidal-shaped 2:1 Co-Fe MOF into its corresponding LDH.

640 | Energy Adv., 2024, 3, 636-647

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00572k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 2024. Downloaded on 30.07.2025 19:49:42.

(cc)

Paper

and (F)). This suggests that incorporation of Fe not only alters
the electronic state of the Co-MOF but also imparts a unique
morphology. To further explore changes in the 2:1 Co-Fe-MOF
after catalysis, after catalysis SEM images were recorded.
Fig. 3(G) and (H) reveals that the MOFs undergo transformation
into LDHs after catalysis (vide supra). The inset figure demon-
strates the conversion of the cuboidal-shaped 2:1 Co-Fe-MOF
into the corresponding Co-Fe-LDH. The EDX spectra provide
insights into the elemental composition of Co, Fe, C, O, and N
in the Co-MOF, Fe-MOF, 2:1 Co-Fe-MOF, and post-catalysis
2:1 Co-Fe MOF. Notably, the elemental composition of Co and
Fe in the 2:1 Co-Fe-MOF and post-catalysis 2:1 Co-Fe-MOF
demonstrates an approximate ratio of 2 : 1 (ESI, T Fig. S8(A)-(D)).

TEM was further employed to unveil the surface morphology
of the 2:1 Co-Fe-MOF. It shows cuboidal-type morphology
(Fig. 4(A)), which is rapidly disintegrated upon interacting with
the electron beams during the TEM analysis (Fig. 4(B) and (C)).
(A video of the disintegration of the MOF is given in the ESL.t)
The destruction of MOF morphology upon interaction with
electron beams has been reported by Ghosh et al, in which
they studied ZIF-8 (zinc with the 2-methylimidazole framework)
destruction by electron beams. They attributed such disintegra-
tion of MOFs mainly to the knock-on damage at most beam
voltages, while radiolysis damage at 300 kv.** Such destruction
of MOFs by electron beams is also described by Liu et al.®® and
Chen et al.®® EDX shows the existence of Co, Fe, C, O, and N,
with the elemental composition of the metals (Co and Fe) being
2:1 (ESLt Fig. S9(A)). To study the changes in morphology after
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the catalysis, post-OER TEM images were recorded. They indi-
cate the transformation of MOF cuboids into nanosheets
(Fig. 4(D) and (E)). Fig. 4(F) shows the HR-TEM image of the
2:1 Co-Fe-MOF after catalysis. Two different fringe widths,
0.66 and 0.46 nm, are observed, which can be attributed to the
(220) plane of the Co-Fe LDH and B-CoOOH, respectively.®”
Therefore, the change in morphology after the OER catalysis
chiefly owes to the formation of stable metal oxyhydroxide
sheets. The generation of metal oxyhydroxide sheets has been
reported by several groups; for instance, Singh et al. reported
the electrochemical conversion of cubic Co-Fe-Prussian blue
analogous particles (Co-Fe-PBA) into iron-doped cobalt oxy-
hydroxide nanosheets.®® Similarly Zhou et al. derived extremely
thin Co~(O)OH nanosheets from Co-Fe-PBA.®® The post-OER
EDX shows the existence of Co, Fe, O, C, and N and the
observed elemental composition indicates that the 2:1 ratio
of Co: Fe is maintained after the OER catalysis (ESL,T Fig. S9B).

Cyclic voltammetry (CV) responses of MOFs are recorded in
the non-OER potential region (0.9 to 1.4 V vs. RHE) to assess the
redox nature of the MOFs. The anodic peak potentials of the
2:1 Co-Fe-MOF, 1:1 Co-Fe-MOF, 1:2 Co-Fe-MOF, and Co-
MOF are observed at 1.17, 1.18, 1.16, and 1.22 V (vs. RHE)
respectively, and the Fe-MOF shows no distinct redox peaks
in this region. The redox peaks observed for the MOFs are
attributed to the Co**/Co®" redox couple.”® The shift of the
oxidation peaks to the slightly lower potentials in comparison
to the Co-MOF is due to the interaction of Fe with Co in the
MOF structure. When the MOFs are subjected to 30 continuous

Fig. 4 TEM images of the 2:1 Co—Fe-MOF showing the cuboidal type morphology (A) and subsequent disintegrations (B) and (C). TEM (D) and (E) and

HR-TEM (F) images after the OER catalysis of the 2:1 Co-Fe-MOF.
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CV cycles, the oxidation peaks are negatively shifted to 1.14,
1.17,1.15,and 1.14 V (vs. RHE) for the 2: 1 Co-Fe-MOF, 1: 1 Co-
Fe-MOF, 1:2 Co-Fe-MOF, and Co-MOF, respectively. The CV
response recorded after 30 CV cycles shows peaks for all the
MOFs with the highest shift for the Co-MOF (80 mV) followed
by the 2:1 Co-Fe-MOF (30 mV), 1:1 Co-Fe-MOF (10 mV), and
1:2 Co/Fe-MOF (10 mV) (ESI,} Fig. S10). The negative shifts in
the peak potentials of MOFs after 30 CV cycles indicate the
formation of metal oxyhydroxides, which change the electronic
structure of nearby metal centers (probably due to the loss of
the ligands).*®>° Furthermore, a decreased shift in the peak
potentials (after 30 CV cycles) with increasing Fe content is
observed, which may be attributed to the strong interaction
between Co and Fe, making the oxidation of Co*" difficult.3*°°
In addition, the current decreases substantially after 30 CV
cycles for all the compositions (2:1 Co-Fe-MOF, 1:1 Co-Fe-
MOF, 1:2 Co-Fe-MOF) compared to the Co-MOF; however, the
OER performance remains unaffected owing to the formation
of non-conducting Fe-(O)OH.”® This type of observation was
mentioned by the Boettcher group, where the incorporation of
Fe in Ni-(O)OH showed a decreased conductivity and increased
OER activity with increasing CV cycles irrespective of the Fe
content.”" The OER activity of the MOFs is assessed employing
the hydrodynamic linear sweep voltammetry (LSV) technique
(at 1600 rpm) at a scan rate of 5 mV s~ . Before recording the
LSV, the electrode is stabilized/stimulated in the region of
0.9 to 1.4 V (vs. RHE) potential by running 20 continuous CV
cycles (Fig. 5(A)). The OER overpotentials exhibited by the
MOFs at 10 mA cm 2 are 310, 350, 370, and 450 mV for the
2:1 Co-Fe-MOF, 1:1 Co-Fe-MOF, 1:2 Co-Fe-MOF, and Co-
MOF respectively (Fig. 5(B)). The Fe-MOF did not achieve the
required 10 mA cm ? in the employed potential window,
probably due to the insulating nature of Fe-(O)OH,”® and
therefore, in the further plots the Fe-MOF is omitted.
The benchmark catalyst, RuO,, showed an overpotential of
390 mV, which is higher than the best material, the 2:1 Co-
Fe-MOF, in this study. The Tafel slope values are calculated
(eqn (2))”? from the respective Tafel plot to understand the
relative rate of the OER occurring on the electrodes.

n=a+ blogl|j| (2)
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where 7 is the potential (vs. RHE), b is the Tafel slope and j is
the current density (mA cm™2).

The Tafel plots of the 2:1 Co-Fe-MOF, the 1:1 Co-Fe-MOF,
the 1:2 Co-Fe-MOF, the Co-MOF, and RuO, are shown in
Fig. 5(C). The Tafel slope values are 45, 55, 68, 72, and
111 mV dec ! for the 2:1 Co-Fe-MOF, the 1:1 Co-Fe-MOF,
the 1:2 Co-Fe-MOF, the Co-MOF, and RuO, respectively. The
low Tafel slope value indicates a fast kinetics and accordingly,
the 2:1 Co-Fe-MOF shows the highest OER rate when com-
pared to other MOFs and RuO,.

Furthermore, the mass activities of MOFs are compared at
different potentials and shown in the form of bar diagrams in
the ESI,T Fig. S11. As can be seen (ESI,} Table S3), the 2:1 Co-
Fe-MOF shows the largest mass activity compared to the other
MOFs (for instance, at 1.59 V (vs. RHE); the 2:1 Co/Fe-MOF,
1:1 Co/Fe-MOF, 1:2 Co/Fe-MOF, and GCgpg/Co-MOF show the
mass activities of 481, 249, 207, and 28 A g~ cm™?, respec-
tively). To unveil the intrinsic activity of the active centers,
turnover frequency (TOF) values are analyzed (calculation is
briefed in the ESIt). The TOF values at three overpotentials
(320, 370, and 420 mV) are calculated (Fig. 5(D) and Table S4,
ESIt). The 2:1 Co-Fe-MOF shows the highest TOF at all three
overpotentials when compared to the other materials. The high
OER activity of the 2: 1 Co-Fe-MOF is also attributed to the high
electrochemical surface area (ECSA, calculated using the CV
responses obtained in the non-redox or non-faradaic region (0.9
to 1.0 V vs. RHE)) determined using eqn (3).""*

®)

ECSA = Cyj(from experiment)/Cdl(bare GC)

where C4q; = double layer capacitance (slope of the current
density () vs. scan rate (v) plot) and Caypare o) = 0.02 mF em ™2,

The ECSAs of the 2:1 Co-Fe-MOF, 1:1 Co-Fe-MOF, 1:2
Co-Fe-MOF, Co-MOF, and Fe-MOF are 16.6, 9.7, 11.9, 15.3,
and 9.6 cm?, respectively (Fig. 6).

These OER results signify that the inclusion of Fe into the
Co-MOF significantly increases the OER performance, with the
best OER activity obtained for the 2:1 Co-Fe-MOF. This can be
attributed to the formation of the Co-Fe-LDH phase (compre-
hended from post-XRD patterns (vide supra)), which serves as
an active catalyst during the OER, and also to the transmission

1.62 []2:1 Co-Fe-MOF
C P 50 1:1 Co-Fe-MOF D
A1.60 , . |||”V‘/idcc 40 EIC::_]‘\:,[‘BI;:_MOF
£1.58 —
= ‘n
Z1.56 / =30
> 111 mV/dec
~1.54 68 mV/dec 8 20
c
1.52 |55 mVidec, 10
150 2 45 mVidec

-0.2 0.0 0.2' 04 06 08 1.0 0 320 370
logyg |j / mA.cm?2| Overpotential / mV

420

Fig. 5 LSV polarization curves (A) of MOFs measured at a scan rate of 5mV s~ in 1.0 M KOH at a rotation rate of 1600 rpm for (a) GCrpe/2:1 Co-Fe-
MOF, (b) GCgrpe/l:1 Co-Fe-MOF, (c) GCrpe/1:2 Co-Fe-MOF, (d) GCrpe—Co-MOF, (e) GCrpe/Fe-MOF, and (f) GCrpe/RUO,; the corresponding
bar diagrams (B) depicting the overpotentials at 10 mA cm™2; (C) Tafel slopes of (a) GCrpe/2 : 1 Co—Fe-MOF, (b) GCrpe/1:1 Co—Fe-MOF, (c) GCrpe/l: 2
Co-Fe-MOF, (d) GCrpe/Co-MOF, and (e) GCrpe/RUO,; and (D) TOF plots of MOFs at different overpotentials.
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Fig. 6 CV responses in the non-faradaic region of MOFs and the corresponding current density () vs. scan rate plot.

of electrons from Co to Fe forming OER-active Co®", which is
due to the synergistic effect among Co and Fe sites, resulting in
the enhanced OER performance.®® This electron transfer could
be understood based on the crystal field theory.”® The intro-
duction of Fe*" into the Co-MOF structures results in a robust
electronic interaction between Fe** and Co®"/Co®". This inter-
action is attributed to the three unpaired electrons within the
tyg orbitals of Fe3*. Consequently, the transfer of electron
density from the t,, orbitals of Co*" and Co®" to the t,, orbitals
of Fe** is observed, facilitated by the bridging O>~ species. This
electron transfer mechanism contributes to the stabilization of
the Co center and hence better activity is observed when
compared to the Co-MOF.**”° Furthermore, the strong Lewis
acid nature of Fe*" makes the Co™ centres more electropositive
by withdrawing electrons resulting in an increased electro-
philicity of Co™ centres facilitating better OH ™~ adsorption on
the active cobalt sites and subsequently boosting the water
oxidation.*® Table S5 (ESIf) presents the comparison of the
OER activity of the 2:1 Co-Fe-MOF with those of other bime-
tallic MOFs reported in 1.0 M KOH.

To gain insights into the stability of the electrodes modified
with the materials, the 2:1 Co-Fe-MOF, the Co-MOF, and
RuO,, three different techniques are used (Fig. 7(A)—~(C)). The
first stability test is performed using the amperometry techni-
que. In the amperometry technique, the electrodes GCrpg/2: 1

Co-Fe-MOF and GCgpp/Co-MOF are maintained at 1.60 V vs.
RHE for 3 h in the beginning, then at 1.65 V vs. RHE for the next
3 h, and again at 1.60 V vs. RHE for the next 4 h and the current
responses are measured over a total period of 10 h (Fig. 7(A)).
The 2:1 Co-Fe-MOF maintained stability over a period of 10 h.
To compare the stability of the 2: 1 Co-Fe-MOF with that of the
Co-MOF, the amperometry stability test at 1.60 V and 1.65 V vs.
RHE was performed for a period of 3 h each (ESI,T Fig. S12).
Both the materials maintained the current for the first 3 h at an
applied potential of 1.60 V; however, during the next 3 h at a
potential of 1.65 V, they showed a large decrease in current
density. The 2:1 Co-Fe-MOF shows less than a 9% decrease in
current density, while the Co-MOF shows a 55% decrease in
current density. This indicates the robustness of the 2: 1 Co-Fe-
MOF in maintaining the current for a long duration of the OER.

Furthermore, when 1.60 V was applied for 2 h on the RuO,-
modified electrode, it showed 1.25 mA cm ™2, only signifying
the inefficiency of RuO, in the OER catalysis (ESL T Fig. S13A).
The second stability test is done using the chronopotentiometry
technique. When the current density of 10 mA cm ™2 is applied
to the 2:1 Co-Fe-MOF modified electrode for 3 h (Fig. 7(B)), no
change in the potential is observed, which suggests the extreme
stability of the 2:1 Co-Fe-MOF during the long-term OER
process. However, when a current density of 0.02 A ecm >
is applied for 3 h, a slight change in the potential is observed.

Al 6o} Ackniowlsdgmentd e corvor smemoevane £ C
60 200 | === (GCgpr/Co-MOF before 1000 CV cycles)
40+ 1.60V 1.65V 1.60V 54+t = = (GCgps/Co-MOF after 1000 CV cycles)
£ 20} —_— = 20 mA.cm-2 3 1501
< ol oz 481 g
! > _ sa[CoNior <1001
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Fig. 7 Stability tests for the 2:1 Co—-Fe-MOF and Co-MOF via amperometry (A), chronopotentiometry (B), and LSV response before and after 1000 CV

cycles (C).
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The durability of the 2:1 Co-Fe-MOF is compared with those of
the Co-MOF and RuO,. When the current density of 10 mA cm™ 2 is
applied to the electrode modified with the Co-MOF, an increase in
the potential is seen after 2 h, suggesting that the Co-MOF requires
an increased potential to sustain 10 mA cm™> (inset of Fig. 7(B)),
while RuO, shows a sudden increase in the potential after 1200 s,
indicating that RuO, can sustain the applied current density
(10 mA ecm™?) only for 1200 s (ESL{ Fig. S13(B)). The LSV response
measured before and after 1000 CV cycles is employed as the third
technique to study the durability of the modified electrodes. The
2:1 Co-Fe-MOF showed no change in the LSV response before and
after 1000 CV cycles, while the Co-MOF showed an increased
overpotential and decreased current density after 1000 CV cycles
(Fig. 7(C)). All three stability studies suggest that the electrode
modified with the 2:1 Co-Fe-MOF is durable and efficient for
long-term OER catalysis.

4. Conclusion

To conclude, the Co-MOF, Fe-MOF, and bimetallic Co-Fe-MOFs
were prepared employing a facile one-step hydrothermal synth-
esis to explore alkaline water splitting. The electronic structure
modifications upon the incorporation of iron into the Co-MOF
are studied. The 2:1 Co-Fe-MOF showed the lowest overpoten-
tial of 310 mV to deliver 10 mA cm 2 and the smallest Tafel
slope of 53 mV dec™'. The chemical and electrochemical
changes before and after OER catalysis were studied employing
XRD, XPS, and TEM and the findings indicated that the as-
synthesized MOFs act as pre-catalysts for the OER. The bime-
tallic 2 : 1 Co-Fe-MOF showed enhanced OER activity compared
to the 1:1 Co-Fe-MOF, the 1:2 Co-Fe-MOF, monometallic
MOFs (Co and Fe), and the standard RuO, catalyst. The active
catalyst for the OER is the metal oxyhydroxide. The enhanced
OER activity and stability of bimetallic MOFs over the mono-
metallic MOFs are due to the inclusion of Fe*" in the Co-MOF
structure, which leads to a robust electronic interaction with
both Co*" and Co® and results in the transfer of electron density
from the t,, orbitals of Co®" and Co®" to the t,, orbitals of Fe*" via
O’ species. Furthermore, the introduction of Fe** generates OER
active Co®* and makes cobalt centers more electropositive, which
aids in OH™ adsorption on active sites, boosting the OER and
lowering the overpotential. The 2:1 Co-Fe-MOF shows superior
stability compared to the Co-MOF and RuO, during the OER
catalysis and thus the electrocatalyst shows substantial potential
for facilitating the alkaline OER process and could be possibly
utilized in commercial electrolyzers to produce green hydrogen.
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