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The advancement of large-scale hydrogen production and its application via electrocatalytic water splitting
heavily relies on progress in developing highly active inexpensive, and efficient electrocatalysts for oxygen
evolution reactions (OER), which continues to pose a significant challenge. Herein, we prepare GO@ZIF-
67@MnFe with embedded iron (Fe) and manganese (Mn) nanoparticles on graphene oxide (GO) decorated
with a zeolitic imidazolate framework (ZIF-67) using a facile and cost-effective method. The as-prepared
GO@ZIF-67@MnFe catalyst exhibits remarkable electrocatalytic activity with a low overpotential of only 236
mV at the current density of 10 mA cm™2, a small Tafel slope of 55.7 mV dec ™, and robust durability in 1.0 M
KOH electrolyte. Additionally, we conduct a systematic study to investigate the electrocatalytic OER activity of
ZIF-67, ZIF-67@Mn, ZIF-67@Fe, and ZIF-67@MnFe using density functional theory (DFT) calculations. The
experimental and DFT calculation results suggest that the introduction of Fe and Mn to ZIF-67 improves OER
performance by reducing the activation energy barrier and accelerating kinetics. This study presents a promising
strategy and rational design methodology for the developing multi-metallic catalysts utilizing ZIF derivatives for
water splitting.

1. Introduction transition metals such as cobalt, nickel, copper, iron, and manganese

have been widely investigated as potential substitutes for improving

The increasing concerns about the depletion of fossil fuels, energy
crisis and environmental problems have prompted the search for sus-
tainable and efficient energy storage and conversion technologies, with
hydrogen production being a promising alternative due to its abun-
dance, high energy density, low molecular weight, and clean nature
[1-6]. The oxygen evolution reaction (OER) is a pivotal process in
hydrogen production, but it is kinetically sluggish and requires efficient
catalysts for advancement. While noble-metal catalysts such as RuO,
and IrO, are ideal for OER, their high cost and limited availability
present challenges for large-scale applications [7-10]. Therefore, the
persistent research challenge lies in the development of cost-effective,
highly efficient, and durable OER catalysts. To achieve this, non-noble

OER catalytic performance. For example, cobalt-based bimetallic phos-
phide ultrathin nanosheets (CoM-P-NS, M= Ni, Mn, Cu, Zn) [11], Co/Ni
dual sites immobilized N-doped porous Janus-like carbon frameworks
[12], WCoFe( 3-CNF [13], CoFe/Co-bamboo fibres [14], and Co;Mo30g
[15] have been explored as excellent alternatives to costly RuO, and
IrO, materials.

Furthermore, several promising materials have been explored for
catalyzing OER, including metal oxides, perovskites, and metal-organic
frameworks (MOFs). Among these, MOFs have emerged as a promising
class of materials due to their tunable structures and unique properties,
including low density, high surface area, permanent porosity, abundant
active sites, and chemical stability. Zeolitic imidazolate frameworks
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(ZIFs) are a specific classification of MOFs that have exhibited utility not
only in the realm of catalysis but also in a plethora of other applications,
including sensors, gas storage, and drug delivery [16-20]. ZIFs are
constructed by coordinating a tetrahedral metal cation (such as Zn or
Co) and an imidazole ligand (Im), forming an M-Im-M angle of~145°
[21-25].

There has been significant interest in the application of ZIFs and their
derivatives as electrocatalysts for OER and as host matrices for metal
nanoparticles in electrocatalysis. ZIF-67, in particular, has been exten-
sively studied due to its various morphologies, including rhombic do-
decahedron (T-ZIF-67), flower-like (M-ZIF-67), and hollow spherical (H-
ZIF-67), with M-ZIF-67 being identified as a highly efficient catalyst for
OER [26]. Notably, several other ZIF-based catalysts for OER have also
been reported, such as cobalt nanoparticles enclosed within
nitrogen-doped carbon nanotubes and grafted carbon nanosheets
(LDH-R@Co(v-Zn)-NCNTs), which were synthesized by Yang and co-
workers and demonstrated efficient catalytic activity for OER [27].
Similarly, Ren et al. achieved exceptional catalytic activity and stability
for OER by designing Co-NC (Carbon Network)@CNTs through the
calcination of ZIF-67@CNTs composites [28]. Furthermore, CoN-
C/Co@CC, Co-CoO@NSC (nanoparticles encapsulated in N, S co-doped
carbon shells), Fe-Coj 11 Teo@NCNTF (nitrogen-doped carbon nanotube
frameworks), and other ZIF-based catalysts have also been explored for
OER catalysis [29-31].

In recent years, multi-metallic catalysts have been identified as
exhibiting superior catalytic activity than monometallic catalysts due to
synergistic intermetallic interaction. Therefore, many multi-metallic
materials have been applied as catalysts for water splitting in recent
years. For instance, WCoFe3-CNF [13], CogP/NisP-x%Mo [27],
Fe/Co/Zn@C-NCNFS-800 (co-doped carbon nanofibers) [32], and
CoP@FeNiP/NF [33] have been designed for this purpose. In addition to
these catalysts, graphene oxide (GO) has also attracted considerable
attention due to its remarkable properties, including high electrical and
thermal conductivity, great specific surface area, extraordinary electron
transport capabilities, and high mechanical strength. As a 2D sp®-hy-
bridized carbon nanosheet, graphene oxide (GO) has been employed in
various applications, including water splitting [34], supercapacitors
[35], energy storage [36], sensors [37], and biotechnology [38].

In this study, we present a facile and cost-effective procedure for the
synthesis of ZIF-67 arrays grown on the surface of GO, followed by
embedding bimetallic nanoparticles (Fe and Mn) in GO@ZIF-67
(Scheme 1). The resulting electrocatalyst GO@ZIF-67 @MnFe exhibi-
ted superior catalytic activity for OER in 1.0 M KOH alkaline electrolyte.
Notably, the GO@ZIF-67 @MnFe electrode with an Mn:Fe ratio of 1:1
outperformed other compositions, including GO@ZIF-67 @MnFe (Fe:
Mn, 1:2 and 2:1), GO@ZIF-67 @Mn, GO@ZIF-67 @Fe and GO@ZIF-67.
The excellent electrocatalytic performance of the GO@ZIF-67 @MnFe
electrode was attributed to the synergy effect between GO, ZIF-67,
and MnFe, which led to an early onset at 1.43 V, an overpotential of
236 mV at a current density of 10 mA cm 2, a Tafel slope of 55.7 mV
dec™!, and strong durability of 24 h. The synergistic effects between Fe,
Mn, Co and graphene oxide led to that catalytic activity in OER being
better than in the previously reported literature [39-41], in which a low
amount of Mn and Fe in the surface of GO@ZIF-67 increased the cata-
lytic activity. Furthermore, we utilized density functional theory (DFT)
calculations to demonstrate the advantages of trimetallic zeolitic imi-
dazolate framework heterostructures compared to single and dual
metallic systems for OER performance. These findings offer a novel
approach to the design and production of catalysts based on ZIFs,
demonstrating their utilization in OER applications.

2. Experimental
2.1. Materials and characterizations

The chemicals used in this study, including flake graphite, potassium
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permanganate (KMnO4), Co (OAc)y-4H0, 2-methylimidazole, Fe
(NO3)3-9H20, MnSO4.H20, potassium hydroxide (KOH) and Nafion
were purchased from reputable sources such as Sigma-Aldrich, Acros,
and Merck Millipore-Sigma, and were used without further purification.
Morphological characterization was performed employing field-
emission scanning electron microscopy (FE-SEM MIRA3 FEG-SEM,
Tescan, Czech Republic) and transmission electron microscopy (TEM,
EM 208S). X-ray diffraction (XRD) measurements were taken using a D-
500 diffractometer equipped with a Cu Ko radiation source (A =
0.15,418 nm). X-ray photoelectron spectroscopy (XPS) data were
collected using a BESTEC (EA 10, Al-Ka = 1486.6 eV) photoelectron
spectrometer. Electrochemical experiments were evaluated on a
computer-controlled m-Autolab modular electrochemical system (Eco
Chemie Ultecht, The Netherlands), driven with GPS software (Eco
Chemie).

2.2. Preparation of GO@ZIF-67

Using the improved Hummer method GO was prepared from flake
graphite [42]. In a typical procedure, 28 mg of GO were dispersed in 20
mL of methanol, followed by adding of 1 mmol of Co (OAc)5-4H50 to the
solution. Next, a solution of 2-methylimidazole (12 mmol) in 10 mL
methanol was added with vigorous stirring for 24 h at room tempera-
ture. The resulting product was centrifuged, washed thoroughly with
methanol, and dried at 60 °C in an oven.

2.3. Preparation of GO@ZIF-67@MnFe

In the next step, 22 mg of GO@ZIF-67 was dispersed in 20 mL of
methanol. Fe (NO3)3-9H20 (0.027 mmol, 11 mg) and MnSO4.H20
(0.065 mmol, 11 mg) was dissolved in methanol (10 mL) and water (5
mL) and then added to the GO@ZIF-67 solution with vigorous stirring
for 24 h at room temperature. The final product was separated by
centrifugation, washed with methanol and water several times and dried
at 60 °C. The preparation of GO@ZIF-67@Mn and GO@ZIF-67 @Fe
followed a similar procedure.

2.4. Electrochemical measurements

Electrochemical measurements of the acquired catalysts were con-
ducted using an Autolab potentiostat within a three-electrode configu-
ration immersed in a 1.0 M KOH solution. The standard three-electrode
system consisted of glassy carbon (GC) as the working electrode, and
platinum and Ag/AgCl as the counter and reference electrodes, respec-
tively. To prepare the working electrode a slurry was formed by
dispersing 3 mg of the catalyst and 5 pL of Nafion solution (5%) in 500
uL of ethanol, which was sonicated for 30 min to ensure uniformity.
Subsequently, 5 pL of the slurry was coated onto a pre-polished and
cleaned glass carbon electrode (GCE) and dried at room temperature.
Linear sweep voltammetry was performed at a scan rate of 5mV s 1. To
standardize the potentials, all measurements obtained using an Ag/AgCl
electrode were converted to the potential reversible hydrogen electrode
(RHE) scale using the equation Egug = Eag/agc1 + 0.059 pH + ERg/agcl,
where Eag/agci denoted the measured potential and E?\g/Agcl =0.197 V.

2.4. DFT calculations

All DFT calculations performed in this investigation were carried out
using the Vienna ab initio simulation package (VASP) [43]. The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional of the
generalized gradient approximation (GGA) was utilized to optimize
structures, obtain free energetics of all the species and describe band
structures [44]. The projector-augmented wave (PAW) potentials were
used to describe the ionic cores and incorporate the contribution of
valence electrons within the calculations [45]. The plane-wave basis
function cutoff energy was set at 450 eV. A Monkhorst—Pack k-point net
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of 2 x 2 x 1 was employed to sample the Brillouin zone. To model the
systems, 1 x 1 x 1 supercells were built, and the slab models were
constructed by slicing the plane (011) to represent the surface condition
of the CogCyaNse (ZIF-67) supercell. In addition, ZIF-67@Mn,
ZIF-67@Fe and ZIF-67@MnFe were built by combining Fe and Mn
atoms with ZIF-67. To eliminate interaction between supercells, a vac-
uum zone of 15 A was added between two adjacent sheets. All atoms
were allowed to relax during geometric optimization, with the conver-
gence of total energy and force set at 107 eV and 0.05 eV, respectively.
Since the d electrons of Fe, Co, and Mn atoms exhibit strong Coulomb
repulsion, the DFT + U method with U = 4.0 eV was used for all tran-
sition metals [46].

In an alkaline environment, the energy profiles of the OER process
can occur through a four-electron reaction mechanism, as represented
by the following equations:

* 4 OH™ — OH* + ¢~ €Y
OH* + OH = O* + HyO (1) + ¢~ (2)
O* + OH™ — OOH + ¢~ 3)
OOH* + OH™ = * + Oy(g) + HyO(l) + ¢ 4

Here, * denotes the active sites on the surface, O*, OOH*, and OH*
represent the adsorbed intermediates, and (g) and (1) represent the gas
and liquid phases, respectively.

The Gibbs free energy change (AG) for each ORR/OER intermediate
step can be calculated using the following equation:

AG = AE + AZPE — TAS 5)

Where AE, AZPE, T and AS refer to the DFT calculated reaction en-
ergy, the zero-point energy change, the temperature (298.15 K) and the
entropy change, respectively [47].

The free energy difference for OER steps 1 through 4 can be calcu-
lated as follows:

AG, = AGoy- (6)
AG, = AGy — AGoy 7
AG; = AGoon+ — AGoy (8)
AGy = 4.92 — AGoow ©)]

The theoretical overpotential of a chemical reaction can be calcu-
lated by the following formula:

n = max[AG;, AG,, AG;, AG,]/e — 1.23V (10

Since this formula is independent of pH, it applies to any condition.

3. Results and discussion

The morphology and structure of GO@ZIF-67 @MnFe were investi-
gated using SEM and TEM. The SEM images revealed uniform rhombic
dodecahedral crystals of GO@ZIF-67@MnFe (Fig. 1a, b), which were
also confirmed by TEM (Fig. 1c, d). Additionally, TEM images clearly
showed the layered structure of GO and embedded Mn and Fe nano-
particles in GO@ZIF-67. Elemental mapping of GO@ZIF-67@MnFe
using energy-dispersive X-ray (EDX) demonstrated a uniform distribu-
tion of C, N, O, Co, Mn, and Fe elements in the sample (Fig. 2a-g).
Furthermore, the EDX analysis provided the molar ratio of all elements
in GO@ZIF-67@MnFe (Fig. 2h), with the Mn:Fe ratio being almost 1:1.
These findings demonstrate the successful synthesis of GO@ZIF-
67 @MnFe.

The crystal structure of GO@ZIF-67@MnFe, ZIF-67, and GO was
identified by X-ray diffraction (XRD). The diffraction peaks at 7.38°,
10.43°, 12.68°, 14.78°, 16.53°, 18.08°, 22.18°, 24.53°, 26.68°, 29.68°,
30.68° and 32.43° were assigned to different crystalline planes of ZIF-
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67, such as (011), (002), (112), (022), (013), (222), (114), (233),
(134), (044), (244), and (235) (Fig. 3). The (001) plan of GO was
identified at 10.83°. The peaks of GO@ZIF-67@MnFe confirmed the
successful integration of ZIF-67 and GO, with a decrease in the intensity
of ZIF-67 and GO peaks indicating the presence of Mn and Fe. These XRD
results provide evidence of the successful formation of GO@ZIF-
67 @MnFe.

The XPS wide-scan spectra were utilized to corroborate the valence
states of the constituent atoms in GO@ZIF-67 @MnFe, and the binding
energies of C, N, O, Co, Mn, and Fe were observed in the spectra. The Cl1s
spectrum in Fig. 4 exhibited four distinct chemical functional groups: C-
C/C = C bond (282.3 eV), C = N bond (283.1 eV), C-N/C = O bond
(284.1 eV), and C-O bond (285.9 eV), indicating the presence of GO and
ZIF-67 [48,49]. The high-resolution N 1 s spectrum displayed four peaks
at 398.2 eV, 399.1 eV, 400.7 eV, and 402.1 eV, which corresponded to
pyridinic, pyrrolic, graphitic N, and pyridinic N*-O~, respectively [50,
51]. Two groups of spin-orbit resolved peaks at 640.2 eV, 651.7 eV and
645.3 eV, 656.4 eV were observed and represented Mn?* 2p3/2, Mn?*
2p;1,2 and Mn** 2ps,2, Mn** 2p1 /9, respectively [52,53]. The Fe 2p
binding energy at 708.7 eV and 723.3 eV were attributed to Fe?* 2p3/»
and Fe?* 2p1 /2, while the peaks at 712.3 eV and 731.6 eV corresponded
to Fe3" 2ps, and Fe®" 2p;/o, respectively [54]. The Co 2p
high-resolution XPS spectrum displayed peaks at 778.8 eV, 796.1 eV and
784.6 eV, 801. 9 eV, which corresponds to Co?t 2p3/2, Co** 2p1 /2, and
Co>* 2p3/9, Co>* 2p1 9, respectively [55,56].

3.1. Electrochemical performance for OER

To investigate the electrocatalytic activity and reaction kinetics of all
catalysts, the OER was investigated by LSV curves at a scan rate of 5 mV
s~1 in 1.0 M KOH electrolyte. All LSV data were 100% IR-corrected
manually using electrochemical impedance spectroscopy (EIS) anal-
ysis. Fig. 5a displays the OER polarization curves of GO@ZIF-67 @MnFe,
GO@ZIF-67@Mn, GO@ZIF-67@Fe, and GO@ZIF-67. GO@ZIF-
67@MnFe exhibited a lower onset potential of 1.44 V when compared to
GO@ZIF-67@Mn (1.48 V), GO@ZIF-67 @Fe (1.54 V), and GO@ZIF-67
(1.62 V). The overpotentials of GO@ZIF-67 @MnFe were calculated to
be 236 and 380 mV at current densities of 10 and 100 mA cm 2,
respectively. The electrocatalytic activity of GO@ZIF-67@MnFe was
evaluated in comparison to the established commercial OER reference,
RuO2, under standardized conditions. In Fig. S1, LSV curves obtained at
a scan rate of 5mV s~ in 1.0 M KOH electrolyte are shown. The results
obtained indicate that GO@ZIF-67 @MnFe exhibits significantly higher
OER activity than RuO,. Additionally, the effect of the Fe:Mn molar ratio
on the OER performance was assessed, and according to Fig. 5b, the
overpotentials for GO@ZIF-67@MnFe with Fe:Mn molar ratios of 1:1,
1:2, and 2:1 were 236, 310, and 317 mV, respectively, at a current
density of 10 mA cm 2. To further confirm the superiority of GO@ZIF-
67@MnFe, its electrocatalytic activity was compared with ZIF-
67@MnFe (Fig. 5¢). The results indicate that the removal of GO from
the catalyst increased the catalyst’s overpotential, as the high surface
and conductivity of GO as a result of the high oxygen sites and coordi-
nation with metals resulted in rapid electron transfer, increased current
density and ultimately increased catalytic activity as a consequence
[57-59]. Due to the interference of a tremendous number of gas bubbles
released at high current densities, the cross-over between LSV curves at
high current densities was observed.

Finally, it was observed that changing the oxidation states of Fe in
the prepared catalyst revealed that Fe?'exhibited higher catalytic ac-
tivity than Fe>* (Fig. 5d). In this case, the valence electron configuration
of Fe?* was characterized by a 3d® configuration, with four electron-
filled tog orbitals and two electron-filled eg orbitals. Conversely, Fe>*
exhibited a valence electron configuration of 3d°, with three electron-
filled tyg orbitals and two electron-filled eg orbitals. Moreover, Co?*
possessed a valence electron configuration of 3d’, featuring a filled tog
orbital and one electron-filled eg orbital. The heightened electron
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Scheme 1. Schematic illustration of the synthetic process for GO@ZIF-67 @MnFe.

interaction stemming from the 3d electrons in the eg orbital of Fe?*,
which delocalized onto Co?t, was observed. This electron delocalization
phenomenon resulted in an increase in the valence state of Fe?t
(denoted as 8) and a concurrent decrease in the valence state of Co
(denoted as 81). A novel electronic structure of Fe?' reacted with
adsorbed OH- and accelerates OER [60-62].

Electrochemical impedance spectroscopy (EIS) was employed for the
characterization of the charge-transfer resistances (R.) values of
different samples. Fig. 6a illustrates that GO, ZIF-67, GO@ZIF-67 and
GO@ZIF-67@MnFe had charge-transfer resistances (R¢) of 3035.58,
3394.24 Q, 3830.48 Q, and 250.1 Q, respectively. The data indicate that
GO@ZIF-67@MnFe exhibits faster electronic transfer rates and more
exposed active sites than other species, suggesting that the developed
nanocomposite catalyst has a much lower activation barrier, facilitating
the overall OER process. This improvement can be attributed to the
synergistic effect of MnFe nanoparticles and ZIF-67, which results in the
provision of more active sites, enhancement of electrical conductivity,
and facilitation of the diffusion of electrolyte ions [40,63,64].

To assess the long-term durability of the catalysts, a chro-
nopotentiometry test was utilized. Fig. 6b illustrates the stability of
GO@ZIF-67 @MnFe at a potential of 1.5 V in 1.0 M KOH for 24 h. The
result demonstrates that there was no change in the current density of
8.95 mA cm 2 after 24 h, indicating that GO@ZIF-67 @MnFe exhibited
excellent durability. In the first hour, the current density decreased due
to charging a double layer, which represented the formation of first the
deposition nuclei on the glassy carbon surface [65,66]. It was also found
that no significant differences were observed between the fresh
GO@ZIF-67 @MnFe and the used GO@ZIF-67 @MnFe in terms of surface
morphology (Figs. S3 and S4).

To gain further insight into the OER catalytic kinetics, Tafel plots of
GO@ZIF-67, GO@ZIF-67@Fe, GO@ZIF-67@Mn, and GO@ZIF-
67@MnFe were presented in Fig. 6¢c. The Tafel slope of GO@ZIF-
67@MnFe was 55.7 mV dec”!, which is smaller than 77.3, 251, and
370.8 mV dec ! of GO@ZIF-67 @Mn, GO@ZIF-67 @Fe, and GO@ZIF-67,
respectively. These results indicate that GO@ZIF-67 @MnFe exhibits the
most effective OER performance kinetics. The electrochemical active

Fig. 1. Different-magnified SEM and TEM images of GO@ZIF-67 @MnFe.
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Fig. 2. EDX elemental mapping images and EDS spectrum of GO@ZIF-67 @MnFe.

surface area (ECSA) was also examined in the non-faradaic region of the
CV cycle by determining the electrochemical double-layer capacitance
(Cdl). Cq; was measured from the CV curves obtained at various scan
rates at 20, 40, 60, 80 and 100 mV s~ ! (Fig. S2) within the potential
range of 1.4-1.45V, excluding redox processes. As shown in Fig. 6d, the
GO@ZIF-67 @MnFe has the highest Cdl value (123 mF cm’z) compared
to GO@ZIF-67 (19.9 mF cm’z), ZIF-67 @MnFe (6 mF cm’z), and ZIF-67
(5.4 mF cm~2), implying the presence of more no of electroactive sites in
GO@ZIF-67@MnFe compared to other nanocomposites. It can be
concluded that the high electroactive sites in GO@ZIF-67 @MnFe caused
a high level of OER activity.

To verify the structural stability of the catalyst after a long-term OER
study, we performed a post-catalysis analysis, and the results are shown
in Figs. S4 and S5. SEM images and EDX patterns, as shown in Figs. S4
and S5, indicate that structural features remain intact following OER.

The turn-over frequency (TOF) was calculated to investigate the
intrinsic activity of all prepared catalysts at a potential of 1.5 V. To TOF
calculation was used of the following equation:

JjA
TOF = IFm

Where j is the current density (mA cm~2), A is the geometrical sur-
face area of the electrode (cmz), F is the Faraday constant (96,485 C
mol_l), and m is the number of moles in the catalyst. The GO@ZIF-
67@MnFe exhibited the highest TOF value of 0.0045 s~!, whereas

GO
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5 15 25 35 45 55 65
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Fig. 3. XRD patterns of the ZIF-67 and as-prepared GO@ZIF-67 @MnFe.
GO@ZIF-67@Mn, GO@ZIF-67@Fe and GO@ZIF-67 showed the TOF

value of 0.0031, 0.0008 and 0.00012 s~!, respectively, confirming the
outstanding intrinsic catalytic activity of GO@ZIF-67 @MnFe to catalyze
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electrolyte.

the OER reaction.

Besides, a comparison of the electrocatalytic performance of
GO@ZIF-67 @MnFe was made with other catalysts reported in Table 1,
and the results indicated the superior electrochemical properties of
GO@ZIF-67@MnFe. The high number of electrochemically active
metallic sites on the surface and the low charge transfer resistance of
GO@ZIF-67 @MnFe led to better electrocatalytic performance and high
electrochemical stability, which is the result of the effective combina-
tion of GO, ZIF-67, and MnFe. Accordingly, the GO@ZIF-67 @MnFe
catalyst with the lowest onset potential, overpotential, and Tafel slope
showed higher OER performance than other catalysts of similar type.

3.2. Theoretical calculations

To better understand the mechanism of OER catalysis in trimetallic
ZIFs compared to bimetallic and single metallic ZIFs, DFT calculations
were used to determine the electronic structures and catalytic activities
of the intermediate species involved in electrochemical OER. Four
models were constructed for simulations, including CogC72N3g (ZIF-67),
ZIF-67@Mn, ZIF-67@Fe and ZIF-67@MnFe (Fig. S5). The Gibbs free
energies of four elementary reactions were calculated on the Cobalt
active site for ZIF-67@Mn, ZIF-67 @Fe and ZIF-67 @MnFe. The reaction
pathways of OH*, O*, and OOH* intermediate species are shown in
Fig. 7a for each elementary step of the OER on ZIF-67 @MnFe. The Gibbs
free energy of formation was computed for each elementary step of the
four-electron reaction pathway, as shown in Fig. 7b. The rate-
determining step (RDS) was determined based on the maximum
change in AG [81], with the formation of O* found to be the RDS of OER

for all systems. The ZIF-67@Mn and ZIF-67 @Fe exhibit a greater AGy
value compared to ZIF-67@MnFe, with corresponding AG, values of
2.25, 2.48, and 2.33 eV for ZIF-67 @MnFe, ZIF-67 @Mn and ZIF-67 @Fe,
respectively. These calculations show that the conversion energy barrier
for OH* to O* is reduced from ZIF-67@MnFe to ZIF-67@Mn and
ZIF-67 @Fe. The partial density of states (PDOS) analysis was also per-
formed to obtain additional information regarding the electronic
structure (Fig. S6). The PDOS analysis reveals that the d orbital of Cobalt
in ZIF-67@MnFe has higher overlap with the p orbital of OH* inter-
mediate than ZIF-67@Mn and ZIF-67@Fe, indicating the better elec-
trochemical performance of ZIF-67@MnFe than ZIF-67@Mn and
ZIF-67@Fe [82,83]. These findings validate experimental results
which demonstrate the superior performance of ZIF-67@MnFe over
ZIF-67@Mn and ZIF-67 @Fe.

4. Conclusions

In this study, a facile synthetic approach was used to obtain Fe and
Mn embedded in the surface of ZIF-67 propagated on graphene oxide
(GO@ZIF-67 @MnFe). The resulting material exhibited excellent elec-
trocatalytic activity for OER in alkaline electrolytes, requiring only
overpotentials of 236 and 380 mV at current densities of 10 and 100 mA
cm 2, respectively. The GO@ZIF-67@MnFe demonstrated higher elec-
trocatalytic activity than GO@ZIF-67, GO@ZIF-67@Mn, GO@ZIF-
67 @Fe, and ZIF-67@MnFe, which was attributed to its specific archi-
tecture and the synergistic effect of the Co, Mn, and Fe species. Addi-
tionally, ~GO@ZIF-67@MnFe exhibited exceptional stability,
maintaining a current density of 8.95 mA cm ™2 at a potential of 1.5 V for
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Fig. 6. (a) EIS Nyquist plots of GO@ZIF-67 @MnFe for the OER conducted at a potential of 1.5 V (vs RHE) using corresponding equivalent circuits (inset), (b) Time-
dependent current density curves of GO@ZIF-67 @MnFe over of 24 h, (c) Tafel plots of GO@ZIF-67, GO@ZIF-67 @Fe, GO@ZIF-67@Mn and GO@ZIF-67 @MnFe, and
(d) electrochemical double-layer capacitance (Cdl) of GO@ZIF-67 @MnFe, GO@ZIF-67, ZIF-67 @MnFe and ZIF-67.

Table 1
Comparison of OER performance for the reported ZIF-67-based electrode materials and GO@ZIF-67 @MnFe.
Entry Catalyst Onset (V)(10 mV cm~3) Tafel slope (mV dec™)) Overpotential (mV) (10 mV cm™?) Refs.
1 C0304-CNTs 1.62 87 370 [671
2 Co/CosN@NC/rGO 1.622 102.7 372.1 [68]
3 MoS,@CoNi-ZIF(3-1) 1.55 61 300 [69]
4 Co-Mo-N-PHP 1.54 57 294 [70]
5 NiFeCo-LDH/CF 1.499 42 249 [71]
6 NizFe/Co-N-C 1.55 53 310 [72]
7 MnCo,04@C050. 1.53 109.6 280 [73]
8 CoNC/Co@CC 1.61 76.9 361 [24]
9 FeCo;.11Te;@NCNTF-2 1.61 91 297 [26]
10 SiWoCos[h] @ZIF-67 1.65 93.9 420 [74]
11 N,S-Co@C 1.64 101 410 [75]
12 SiW9Co3@ZIF-67 1.70 113.6 470 [76]
13 NiMn-ZIF-NF 1.48 95 256 [77]
14 Co-M-Fe/Ni (150) 1.5 50 269 [78]
15 ZIF-67@CNT 1.53 98 285 [79]
16 Mn-ZIF-67-NF 1.5 125 302 [80]
17 GO@ZIF-67 @MnFe 1.466 55.7 236 This Work

24 h. Furthermore, DFT calculations confirmed the excellent electro-

catalytic performance of the ZIFs. Overall, this study provides a prom-
ising approach to synthesizing OER electrocatalysts and inspires the

development of ZIF derivatives for energy-related applications.
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