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The slow reaction kinetics of the oxygen evolution reaction (OER) significantly impedes the advancement
of overall water splitting for practical energy conversion and storage. Transition metal oxides have
emerged as competitive alternatives to noble metal-based OER catalysts because of their adaptable com-
position, tunable electronic structure, and abundant availability. Here, we present a porous bimetallic
zinc/cobalt oxide derived from a metal-organic framework (MOF) that is modified by a base-etching
process, followed by further iridium loading. The resulting electrocatalyst, Ir-pZCO, exhibited satisfactory
OER performance in alkaline conditions, attributed to its high concentration of oxygen vacancies and
large specific surface area. Specifically, it demonstrated a small overpotential of 304 mV at 10 mA cm™
and a Tafel slope of 63.9 mV dec™, and maintained a decent current retention of 94.8% over 10 hours.
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This enhanced OER activity stems from the in situ formed oxygen vacancies and Ir introduction, sup-
ported by density functional theory calculations. This study offers a novel approach for the rational design
and facile fabrication of porous MOF derivatives with abundant oxygen vacancies as well as metal-doping
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1. Introduction

As the economy continues to evolve, the energy crisis and
environmental protection are presenting unprecedented chal-
lenges. Currently, the pressing need to address the replace-
ment of unsustainable fossil fuels has become crucial for the
future survival and advancement of humanity." With its high
energy density and non-polluting combustion, green and
renewable hydrogen is considered an excellent alternative as a
new energy carrier.>’ In this context, overall water splitting
(OWS) is emerging as a promising energy conversion and
storage technique.*® However, the efficiency of OWS is signifi-
cantly hindered by the oxygen evolution reaction (OER) at the
anode, where the complicated 4-electron transfer occurs,
characterized by sluggish reaction kinetics.°® While noble
metal catalysts, such as iridium, ruthenium, and their deriva-
tives, have demonstrated high OER performance, their low
availability and moderate stability limit large-scale
applications.” ™™ Consequently, enormous efforts have been
dedicated to the research on cost-effective, highly active, and
stable non-noble metal OER catalysts.
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for desired electrochemical properties.

Benefiting from flexible compositions, tunable electronic
structures, and abundant presence in the Earth’s crust, tran-
sition metal derivatives,'>™* especially transition metal oxides
(TMOs) are suitable candidates to substitute noble metal
catalysts."®™*® For example, Co;O, is a potential TMO for
efficient water oxidation which is less toxic, and cost-
effective.’® ' Despite their widespread use in OER catalysis,
many TMOs still exhibit inferior activity compared to noble
metals.>*** For instance, Nocera et al. reported one OER elec-
trocatalyst formed through the oxidative polarization of an ITO
electrode in a neutral aqueous solution comprising phosphate
anions and cobalt(n) cations.>* Generally, TMOs are structu-
rally endowed with a low specific surface area and a lack of
porous architecture, which hinders the efficient mass transfer
during the OER process, adversely affecting the adsorption
and desorption of oxygen-related species.>® Moreover, under
high applied potentials, the metals in TMOs undergo oxi-
dation to higher valence states and dissolve into the electro-
lyte, leading to a reduction in catalytic activity.>*>” Therefore,
these TMOs also suffer from issues such as low activity and
poor stability during the OER.

Recently, porous metal-organic frameworks (MOFs),
formed through the self-assembly of inorganic metals and
organic ligands, have garnered significant attention as favored
precursors for TMOs.?**° MOF-derived nanomaterials inher-
ently possess advantageous features such as high porosity,
large specific surface area, and tunable composition and
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morphology.*** On one hand, the desired porous nano-
structures obtained from MOF precursors are beneficial for
improving the mass transfer of OER catalysts.>**> On the other
hand, doping with stable metals like Mn and Ir represents an
effective strategy to enhance the durability of TMO
materials.’®*” According to previous research, the introduced
species, typically embedded within the crystal lattice of the
material, can modify the electronic structure of TMOs and
reinforce chemical bonds, therefore avoiding the dissolution
of the active contents. In addition, the dopant can function as
a donor under high potentials, thus preventing the active
metals from being oxidized into soluble compounds.*® As a
result, the facile synthesis of superior and robust OER catalysts
from porous MOF precursors, which offer abundant active
sites and tunable heterostructures, remains a big challenge.

Herein, we initially synthesized a series of bimetallic ZnCo-
based zeolitic imidazolate frameworks (ZIF-ZnCo), and sub-
sequently converted the ZIF-ZnCo precursors into corres-
ponding ZnCo,0, oxides (ZCO) as outlined in Scheme 1. Upon
dissolution of Zn species in a basic solution, the resulting
porous ZCO (pZCO) maintained the dodecahedron mor-
phology but displayed a larger specific surface area and more
oxygen vacancies. After Ir immersion, the obtained Ir-doped
PZCO (Ir-pZCO) exhibited atomically dispersed Ir species, and
yielded decent OER activity and stability under alkaline con-
ditions. Specifically, the Ir-pZCO delivered a low overpotential
of 304 mV at 10 mA cm™>, a Tafel slope of 63.9 mV dec™’, and
a high current retention rate of 94.8% after 10 hours.

Furthermore, density functional theory (DFT) calculations
further provided additional confirmation of the enhanced
activity facilitated by Ir species through the rearrangement of
the electronic structure. Our work highlights that the sacrifi-
cial MOF template can be reasonably designed and syn-
thesized to adjust both the morphology and electrochemical
properties of MOF-derived TMO catalysts for efficient OER
applications.

ZIF-ZnCo ZCO

Oxidation
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2. Results and discussion

By subjecting bimetallic ZIF-ZnCo precursors to pyrolysis, we
successfully synthesized the ZCO templates and then
immersed them in an alkaline solution to obtain the alkali-
etched pZCO series (Fig. S1 and 27). Similarly, the pCO derived
from pure ZIF-Co without Zn element was also prepared for
comparison. SEM images revealed the preserved morphology
of pZCO-1 compared to pCO due to the limited dissolution of
Zn species (Fig. 1a and S3-57). In contrast, the surface of
PZCO-2 became rougher with visible folds, while several pores
emerged on the surface of pZCO-3, attributed to the higher Zn
ratio (Fig. 1b and c).

However, the framework of pZCO-4 collapsed into a chunky
structure because of its excessive Zn concentration (Fig. 1d).
They exhibited similar type-III N, isotherms, indicating that
this series of MOF-derived metal oxides primarily contained
macropores (Fig. 1e). Additionally, the pZCO-3 had the highest
surface area of 147.39 m> g~ ', while pCO, pZCO-1, pZCO-2,
and pZCO-4 had surface areas of 25.88, 38.43, 65.87, and
35.15 m® g, respectively (Fig. 1f and Table S4t). The calcu-
lated pore size distribution (PSD) curves showed a predomi-
nance of macropores for all materials, which would enhance
the electrochemically active surface area and mass transfer
efficiency (Fig. 1g). In this case, the optimal pZCO-3 was ration-
ally chosen for subsequent introduction of Ir species on
account of its ample surface area and preserved nanostructure.

The loading of IrCl;-xH,O into pZCO-3 was conveniently
conducted through a hydrothermal method followed by a sec-
ondary annealing. For detailed procedures, please refer to the
Experimental section in the ESL.{ The morphology of Ir-pZCO
largely retained its original form, with some base-etched
defects and pores evident, as shown in Fig. S6.7 TEM images
displayed a distinct contrast between the darker shells and
lighter interior cavities of the dodecahedron, indicating the
formation of a hollow and porous nanostructure (Fig. 2a).

pZCO

Ir-pZCO

Ion exchange

Scheme 1 Schematic of the preparation process for base-etched Ir-pZCO with dispersed Ir species.
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Fig. 2 (a) TEM, (b) HR-TEM, and (c) element mapping images of Ir-doped pZCO-3. (d) PXRD patterns and (e) EPR spectra of the as-prepared
samples.
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HR-TEM images depicted well-defined characteristic spacings
of 0.248 nm, corresponding to the (311) lattice fringe of
ZnCo,0, (Fig. 2b). Moreover, a homogeneous distribution of
Ir, Co, Zn, and O elements was clearly observed, with an
increased Co:Zn ratio in the EDS pattern confirming Zn
species dissolution (Fig. 2c and S7, Table S57). In Fig. 2d, the
collected PXRD patterns revealed four moderate peaks located
at 31.2°, 36.8°, 59.2°, and 65.1° indexed to the (220), (311),
(511), and (440) planes of ZnCo,0, (PDF#81-2299), respectively.
Notably, the diffraction peaks of pZCO slightly shifted to a
higher angle by 0.22° compared to ZCO (Fig. 2d inset), indicat-
ing a shorter lattice spacing due to a higher Co ratio and the
smaller ionic radius of Co.* The electron paramagnetic reso-
nance (EPR) spectra in Fig. 2e showed that pZCO exhibited a
stronger signal than ZCO, suggesting the creation of more
oxygen vacancies. However, the oxygen vacancy concentration
of porous Ir-pZCO slightly decreased, possibly due to the utiliz-
ation of oxygen vacancies after Ir introduction.

To assess the chemical valence states of all elements, X-ray
photoelectron spectroscopy (XPS) was further carried out. The
full survey XPS spectra of all the as-prepared samples showed
distinct signals of C, O, Co, and Zn elements, with only Ir
atoms detected in Ir-pZCO (Fig. S8%). The high-resolution O 1s
spectra were divided into three subpeaks: lattice oxygen (M-O,
529.4 eV), oxygen vacancy (O, 531.6 eV), and adsorbed water
(ads. H,0, 533.6 eV). Notably, the M-O peak area in ZCO was
conspicuously larger than that of pZCO and Ir-pZCO, which
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was attributed to the decomposition of Zn-O bonds.
Additionally, more O, sites were detected in pZCO and Ir-
pZCO, which corresponded well with the above EPR analysis
(Fig. 3a and Table S6t). For the ZCO and pZCO, the deconvo-
luted peaks located at 779.7/794.7 and 781.6/796.7 eV could be
considered as Co®>" and Co**, respectively. After Ir-doping, the
Co*" and Co®" peaks of Ir-pZCO presented an obvious positive
shift of 0.4 eV as a result of the electronic interaction between
Ir and Co species (Fig. 3b and Table S71).*° In the Zn 2p
spectra, all samples exhibited similar peaks at 1020.7 and
1043.9 eV, which were assigned to Zn 2p;, and Zn 2p,,
respectively. The intensity of the Zn 2p peak in ZCO was appar-
ently stronger than those of pZCO and Ir-pZCO, mainly due to
the aforementioned Zn dissolution (Fig. 3c). Furthermore, the
obtained Ir-pZCO displayed two peaks at 62.1 and 65.1 eV that
indicated the existence of Ir*", while the signals at 63.3 and
66.1 eV were attributed to Ir*". The weaker intensity of Ir** was
probably due to the strong electronic interaction between Co
and Ir species. Finally, an overlapped peak at 60.7 eV was
attributed to Co 3p, consistent with the previous studies
(Fig. 3d).*

The OER activity was assessed using polarization curves
without iR-correction, and the applied potentials were cali-
brated to the reversible hydrogen electrode (RHE), unless
otherwise mentioned. The Ir-pZCO exhibited the most favour-
able OER performance with the lowest overpotential (,,) of
304 mV at 10 mA cm?, while ZCO, pZCO and commercial

a
Ol B0, — b
7C0 ads. H, M-O
< £
e e
‘z |pZCO ‘2
= =
8 2
= =

Ir-pZCO__

536 534 532 530 528 526

805 800 795 790 785 780 775
Binding energy (eV)

Binding energy (eV)
C|zn 2p
N“ 2py, Zn 2p;,
~ |ZCcOo
3
S
£ i N
§ |pzco
=
Ir-pZCO

Ir 4f,,,

Intensity (a.u.)

1045 1040 1035 1030 1025 1020
Binding energy (eV)

70 68 66 64 62 60 58
Binding energy (eV)

Fig. 3 High-resolution XPS spectra of (a) O 1s, (b) Co 2p, and (c) Zn 2p of ZCO, pZCO and Ir-pZCO, and (d) Ir 4f of Ir-pZCO.
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RuO, displayed inferior activity with #,, values of 466, 407,
and 346 mV, respectively (Fig. 4a and S9, Table S87). In Fig. 4b,
Ir-pZCO also revealed the lowest Tafel value of 63.9 mV dec™’,
indicating superior OER kinetics. Additionally, the electro-
chemical impedance spectroscopy (EIS) analysis showed that
Ir-pZCO exhibited comparatively low charge transfer resistance
(Ret, 6.4 Q) compared to RuO, (4.4 Q) and much lower than
that of pZCO (15.1 Q). This improvement can be attributed to
the Ir dopant enhancing electrical conductivity and accelerat-
ing charge transfer kinetics during the OER process.*
Notably, the R, value of pZCO was significantly lower than

View Article Online

Research Article

that of ZCO (132.9 Q), likely due to the higher concentration of
oxygen vacancies, which enhance electrical conductivity
(Fig. 4c and Table S8t).*>** The double-layer capacitance (Cq;)
analysis is depicted in Fig. 4d, and the Cq4 values were calcu-
lated to be 1.93, 0.99, and 0.29 mF cm™2 for Ir-pZCO, pZCO,
and ZCO, respectively. This implied decent catalytic activity for
Ir-pZCO with the maximum active area, matched well with the
above pore assessment. Furthermore, the rotating ring-disk
electrode (RRDE) analysis in the range of 1.45-1.70 V showed
negligible ring current (I ing) compared to disk current (i),
indicating a desired quasi-4-electron oxygen evolution process
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Fig. 6 (a) Top and side view crystal structures of Ir-CoOOH, (b) charge density difference over Ir-CoOOH, (c) DOS of Ir-CoOOH and CoOOH (Fermi
level is set as 0 eV), (d) Gibbs free energy diagrams of the 4-electron OER process for the Ir-CoOOH and CoOOH catalysts at an applied overpoten-
tial of 1.23/0.00 V vs. RHE, (e) the proposed 4-electron OER mechanism for the Ir-CoOOH catalyst.
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(Fig. 4e and S111).** Moreover, the faradaic efficiency (FE) was
analyzed through the RRDE technique. For Ir-pZCO, a constant
potential of 0.4 V was applied to the ring electrode, and the
collected Ii,; was approximately 39.52 pA while Iyiq was con-
trolled at 200 pA, revealing a high FE value of 98.8%. In con-
trast, the calculated FE values of ZCO and pZCO were 95.2%
and 96.5%, respectively, which proved the superior OER
efficiency of Ir-pZCO (Fig. S127). The catalytic stability was ana-
lyzed by chronoamperometric examination at a fixed potential
of 1.53 V for 10 hours. The collected it curve of Ir-pZCO
showed no significant attenuation with a compelling current
retention of 94.8% (Fig. S137). Moreover, the LSV curve of Ir-
PZCO presented only a slight decay of 8 mV after the long-term
durability test, with the PXRD pattern retaining the character-
istic peaks of ZnCo,0, and the XPS spectra exhibiting no
obvious change after OER, which further confirmed the
improved stability (Fig. 4f and S14, 157).

To further estimate the electrocatalytic OER activity, we con-
ducted an analysis of temperature-dependent performance.
Subsequently, the activation energy (E,) can be determined to
provide evidence of the improved intrinsic OER properties of
these materials. As shown in Fig. S17,7 all three samples dis-
played the same trend of increasing current densities and
decreasing overpotentials with rising temperature, which indi-
cated the temperature dependence of the OER. The corres-
ponding Arrhenius plots are depicted in Fig. 5a-c, and a
summary of the E, values for the catalysts at different overpo-
tentials (y = 300, 350, 400, 450 mV) is presented in Fig. 5d and
Table S9.7 Firstly, the calculated E, values of pZCO at varying
overpotentials were much lower than those of ZCO, suggesting
that the base-etching process inducing O, sites was beneficial
for enhancing catalytic activity. Secondly, the optimized Ir-
PZCO illustrated the lowest E, value compared to ZCO and
PZCO, likely attributable to the interaction between Ir and Co
species and the abundance of O, sites, confirming the favour-
able reaction thermodynamics.

Previous studies have indicated that the operative active
species during the oxygen evolution reaction (OER) process for
Co3;0, materials is COOOH with a high oxidation state. Coz;0,
possessing oxygen defects tends to transform more readily into
CoOOH during the OER.*® Hence, in this study, we employed
Ir-doped CoOOH as the computational model to explore the
source of the enhanced OER activity. Fig. 6a depicts the lateral
and top views of the crystal structure of Ir-CoOOH, showing
the binding of Ir dopants within the lattice of Ir-CoOOH.
Fig. 6b illustrates the alteration in charge density in Ir-CoOOH,
validating that the incorporation of Ir effectively modulated
charge redistribution.

This observation underscored a significant electron inter-
action between the doped Ir site and the COOOH matrix, indu-
cing Ir into an electron-deficient state and a higher valence
state, thereby enhancing OER performance.*® Fig. 6c presents
the total density of states DOS plot of Ir-CoOOH and CoOOH.
Clearly, the introduction of Ir atoms induced changes in the
electronic state of Ir-CoOOH, leading to an increased density
of states (DOS) near the Fermi level. The discerned alterations

4882 | Inorg. Chem. Front,, 2024, 11, 4876-4885

View Article Online

Inorganic Chemistry Frontiers

in the electronic structure of Ir-CoOOH contribute to its
superior electron conductivity relative to pure CoOOH."” This
heightened electron conductivity, in turn, facilitated charge
transfer between the active site and the surface-adsorbed inter-
mediates, thereby bolstering the OER performance of Ir-
CoOOH. Additionally, Fig. 6d delineated the Gibbs free energy
changes for OER intermediates, such as OH*, O*, and OOH*.
Notably, the transition from H,O to OH™ signified the rate-
determining step (RDS) of Ir-CoOOH and CoOOH in the OER
process, as evidenced by the substantial alteration in Gibbs
free energy (AG). Particularly, the AG value of Ir-CoOOH was
2.28 eV, markedly lower than the AG value of CoOOH (2.80
eV). Fig. 6e elucidates the four-electron OER reaction process
of Ir-CoOOH, commencing with the adsorption of OH™ from
the electrolyte at the active surface site to form OH* via elec-
tron loss. This OH* species then interacted with another OH™,
transitioning to O* by releasing water molecules and electrons.
Subsequently, the coupling of the O* species with another
OH"™ gave rise to OOH* via electron loss. The OER process cul-
minated in the reaction of the OOH* species with OH™ to yield
0,, while releasing water molecules and electrons. Hence, the
theoretical computational results demonstrated that Ir-CoOOH
formed by Ir-doping of ZnCo,0, serves as the genuine active
species. And the electron interaction between the doped Ir and
the CoOOH substrate augmented the valence state of Ir,
thereby enhancing the OER performance.

3. Conclusion

In summary, a porous zinc/cobalt oxide with Ir loading was
successfully fabricated by a base-etching process followed by
immersion. Initially, a range of bimetallic ZCO oxides with
different Zn ratios were first reacted with 2.0 M NaOH solution,
revealing that the pZCO-3 showed the largest specific surface
area while maintaining its dodecahedron morphology.
Subsequently, the presence of in situ formed pores and oxygen
vacancies was confirmed through electron microscope images,
EPR, and XPS characterization. Upon introducing Ir species,
the Ir-pZCO showcased markedly enhanced OER activity with a
high current retention rate. This improvement can be reason-
ably attributed to the large specific surface area facilitating
mass transfer, the abundance of oxygen vacancies, and the
introduction of Ir species modifying the electronic structure to
enhance the activity and durability, which was further sup-
ported by DFT calculations. Overall, this work presents a facile
way to develop porous, vacancy-rich, and high-performance
TMO-based catalysts for practical OWS applications.
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