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Defect Engineering in Bimetallic NiFe-BTC for Boosting
Electrocatalytic Oxygen Evolution Reaction through

Coordinated lonic Liquids

Ru Li*” Haodong Qi*,” Fenghongkang Pan,®< Wei Xie,” Lihui Zhou,” Honglai Liu,*" and

Jun Hu*®

Coordinatively unsaturated metal (CUM) sites in metal organic
frameworks (MOFs) have demonstrated distinct catalytic activ-
ities, yet remain great challenges in their designing and
engineering. Herein, a novel “Coordination Geometric Hin-
drance” approach based on ionic liquids (ILs) is proposed for
defects construction in bimetallic MOF, of which the steric
effect of competitively coordinated anions of imidazole ILs
([EMIM]X) enables the interference with the ordered growth of
bimetallic NiFe-MOFs. Specifically, the PFs~ anion displays the

Introduction

Striving for clean and sustainable hydrogen resource is one of
the burning issues of the world to meet challenges of the
Carbon Neutrality.! Catalytic water splitting by renewable
energies has been considered as the most effective solution to
this crisis.” However, the conversion efficiency and stability are
far from expectations due to the slow kinetics of the multi-steps
of proton-coupled electron transfer in the anodic oxygen
evolution reaction (OER).” Great efforts have been devoted to
find efficient electrocatalysts with more active sites, higher
conductivity, and stability.”! Among various electrocatalysts,
metal-organic framework materials (MOFs) constructed by
metal ions and organic ligands have been distinct catalytic
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strongest binding energy with metals Ni and Fe, accordingly,
facilitates the formation of CUM sites in NiFe-BTC/IL-PF,. Taking
both advantages of CUM defects and good intrinsic conductiv-
ity of IL, NiFe-BTC/IL-PFs achieves a superior electrocatalytic
performance in the oxygen evolution reaction (OER), with the
overpotential as low as 210 mV at 10 mAcm 2, and the Tafel
slope of 103 mVdec™, thus, giving an 18-fold larger TOF of the
commercial OER catalyst of RuO,.

applications due to their unique features such as large surface
area, tunable porosity, a wide variety of metal node species.”
However, their perfectly coordination, along with the inherently
low electrical conductivity limit their electrocatalytic activities,
consequently, greatly hinder further applications in OER.

Currently, rational designing strategies, such as synthesizing
two-dimensional conductive MOFs® and building MOF
nanoarrays,” as well as using MOFs as templates to obtain
metal/carbon catalysts by pyrolysis® have been developed to
enhance the conductivity and electrocatalytic performance.”
However, difficulties in the precise control-synthesis for low-
dimensional MOFs, and easy collapse of porous frameworks and
agglomerations of metal sites during the pyrolysis make these
strategies full of challenges.'” In this regard, we draw on a
contrary strategy of the defect engineering since the coordina-
tively unsaturated defects in MOFs have demonstrated distinct
catalytic activities."" Wang et al created more coordinatively
unsaturated metal (CUM) sites in ZIF-67 through the plasma
etching, which significantly improved the OER performance.
Moreover, they found the OER activity was reversely decreased
by supplementing the missing ligands, demonstrating the
contribution of defects."? Very recently, Tang et al. found that
the bimetallic ratio in nodes would alter the geometric and
electronic structure of MOF, accordingly, the insitu formed
oxygen vacancies and high oxidation states of metals were
responsible for their high OER activity."” Liu et al. reported an
edge-enriched NiFe-layer double hydroxide nanosheet array.
With abundant CUM sites, it offered high electrocatalytic
activity in OER™ Therefore, deeply understanding how to
develop more CUM sites, and in turn to enhance the catalytic
activity and conductivity for the improved OER performance are
highly desirable.

In this work, we carry out a novel “Coordination Geometric
Hindrance” approach based on ionic liquids (ILs) for engineering
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defects in bimetallic MOFs. We anticipate that besides the
intrinsic bimetallic enhancements for OER activity,"” by using
an IL-based co-solvothermal method, the anions of ILs can
competitively coordinate with the metal nodes of MOF and
interfere with the ordered growth of perfect crystals due to the
geometric hindrance. In this way, more coordinatively unsatu-
rated metal sites can be exposed. Meanwhile, the conductive
ILs loading in channels enable to break through the conductiv-
ity limitation of MOFs. As expected, among various MOFs
obtained by the imidazole ILs ([EMIM]X, X=NTf,, PF¢, Cl, BF,, or
CF;S0;) co-solvothermal synthesis, NiFe-BTC/IL-PF exhibites a
superior OER performance, giving a low overpotential of
210 mV at 10 mAcm™2 and the significantly enhances TOF value
is almost 18-fold larger than that of the commercial OER
catalyst of RuO,. Therefore, taking two advantages of defects’
activity and ILs’ conductivity together, we provide a promising
defect engineering strategy to achieve highly efficient electro-
catalytic OER performance.

Results and Discussion
Structural characteristics of NiFe-BTC/ILs

To achieve the proposed “Coordination Geometric Hindrance”
induced defect engineering, suitable interference anions of
imidazole ILs [EMIM]X (X=NTf,”, PFs~, Cl-, BF,”, or CF;SO;") are
selected by a DFT calculation. The calculated binding energies
(BEs) of metal cation of Ni or Fe with the anions of ILs and the
carboxyl group reveal the coordination capability is in the
sequence of PF,”~ >BF,” >NTf,” >Cl~ > CF,;S0;™ > COO", respec-
tively (Figures 1b and S1). As the PF;~ anion has almost twice
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stronger affinity toward Ni or Fe than COO7, it can compet-
itively replace the COO™ coordination during the solvothermal
process. More importantly, unlike the commonly coordinated
with small H,O molecules, the larger geometric anion of PF,~
together with the even larger joined counter cation of joined
conter cations of [EMIM]* will hinder the nearby other
coordination of COO~, resulting in more coordinatively unsatu-
rated oxygen sites.

The XRD patterns reveal the crystal structure changes under
various ILs co-solvothermal synthesis (Figure S2a). In compar-
ison with the simulated XRD pattern of Ni-BTC (CCDC
no.636900), the characteristic peak of the (110) crystal plane at
about 10.1° can be observed in NiFe-BTC and all NiFe-BTC/ILs,
confirming their successful synthesis under various ILs co-
solvothermal method. However, their slightly decreased inten-
sity of the characteristic peaks reveals the structure change of
their decreased crystallinity. In addition, the FTIR spetra of NiFe-
BTC/ILs show the same characteristic peaks of trimesic acid
ligand like C—O and C=0 at 1260 cm™' and 1700 cm™', and the
benzene ring at 1510cm™ and 1540 cm™'. Evidently, the
appearance of characteristic peaks of different anions of
imidazole ILs, such as the stretching vibration peaks of P—F at
864 cm™', C—F and S=0 at 1414 cm™', 1175cm™" and B-F at
1165 cm™' demonstrate the successful loading of [EMIM]X in
NiFe-BTC/IL—Xs, respectively (Figure S3). The obtained NiFe-
BTC/IL-PF4 shows a similar ball-like morphology as NiFe-BTC,
which is formed by aggregated MOF crystals, but more
amorphous powders (Figure 1¢, d). EDS-mapping images reveal
evenly distributed elements of Fe, Ni, O and C. Significantly, the
same highly distributed element F provide clear evidence that
the PF,;~ anions are successfully coordinated in NiFe-BTC/IL-PF,
(Figure 1e-h). As a result, the lower crystallinity of NiFe-BTC/ILs
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Figure 1. (a) Schematic illustration of the synthesis process and the IL-based “Coordination Geometric Hindrance” approach for engineering defects in NiFe-
BTC/ILs. (b) Binding energies of metal of Ni or Fe with the PF;~ and COO". (c) SEM (d) HR-TEM and (e-j) elemental mapping images of NiFe-BTC/IL-PF.(a)
Schematic illustration of the synthesis process and the IL-based “Coordination Geometric Hindrance” approach for engineering defects in NiFe-BTC/ILs. (b)
Binding energies of metal of Ni or Fe with the PF;~ and COO". (c) SEM (d) HR-TEM and (e-j) elemental mapping images of NiFe-BTC/IL-PF,.
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comes naturally with the significantly decreased intensity of
(110) peak, confirming the validity of our proposed defect
engineering strategy of the “Coordination Geometric Hin-
drance”.

Determined by N, adsorption/desorption isotherms at 77 K,
the Brunauer-Emmett-Teller (BET) surface area of NiFe- BTC/ILs
dramatically decrease due to these distorting defects and some
blockages of ILs in the channels of MOFs (Figure S4). Typically,
the BET surface area and the pore volume of NiFe-BTC/IL-PF
are only 175 m?*g™" and 0.25 cm*g™", much smaller than those
of NiFe-BTC of 280 m?*g~" and 0.87 cm?®g™"' (Figure 2a). Whereas
the major pore size of NiFe-BTC/IL-PF, is slightly increased from
1.38 nm to 1.66 nm, further indicating the dispersed ILs may
interference the ordered growth of NiFe-BTC. Intuitively, the
defect structure is confirmed by the EPR spectrum (Figure 2b).
In comparison with NiFe-BTC, NiFe-BTC/IL-PF, gives a much
larger intensity of the symmetrical resonance peaks, revealing
the presence of more unpaired electrons, i.e. coordinately
unsaturated metal sites. These changes of uncoordinated states
are further illustrated by the X-ray photoelectron spectroscopy
(XPS). In both O 1s XPS spectra, the peaks at 531.5 eV, 530.6 eV,
532.8 eV, and 531.6 eV, corresponding to metal-oxygen, lattice
oxygen, water mole-cule-adsorbed oxygen, and coordination-
unsaturated oxygen (O,,) can be observed (Figure 2¢). It is
noteworthy that the content of O, gives a rise from 13% in
NiFe-BTC to 30% in NiFe-BTC/IL-PF,, suggesting the competitive
coordination of PF;~ anions with metal will leave more O,
vacancy in NiFe-BTC/IL-PF,. Meanwhile, from the Fe 2p and Ni

2p XPS spectra of NiFe-BTC/IL-PF, (Figure S5), both Fe—O and
Ni—O peaks show a shift towards lower binding energy, again
confirming the weaken coordination of COO™. What's more,
along with the feature that defects in metal oxides can usually
cause the appearance of new peaks in Raman spectra,"® two
new peaks appear at 486 cm™' and 589 cm™' on the Raman
spectra of NiFe-BTC/IL-PF¢ provide clear evidence of defects
(Figure 2d). All these together demonstrate that the presence of
ILs can effectively interfere with the COO—M coordination,
which distort the ordered growth of organometallic framework
structure, thus exposing more defects of CUM and O, vacancy
to enhance the catalytic activity.

Electrocatalytic OER performance

As a proof-of-concept, the electrocatalytic OER performance of
NiFe-BTC/ILs are evaluated by the overpotential at 10 mAcm
in 1.0 M KOH solution (Figure 3a). Consistent with the DFT
prediction, the linear sweep voltammetry (LSV) curve of NiFe-
BTC/IL-PF¢ gives the best OER activity among all the NiFe-BTC/
ILs modulated by different kinds of anions, demonstrating the
validity of our defect engineering approach. To elaborate upon
the importance of defects for the OER performance, we regulate
the amount of [EMIMIPF, in the solvothermal process (Fig-
ure 3b). As a result, it shows a volcanic change that the OER
performance improved with the adding amount of ILs, but too
many amounts will lead to the decline of performance. The
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Figure 2. (a) N, adsorption/desorption isotherms and the insert of pore size distributions. (b) EPR (c) O 1S XPS spectra and (d) Raman spectra of NiFe-BTC/IL-

PF¢ and NiFe-BTC.
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Figure 3. (a) LSV curves of NiFe-BTC/ILs with different kinds of anions, (b) LSV curves of NiFe-BTC/IL-PF, with different amounts of [BMIM]PF addition. (c)
Chronopotentiometry test (U-t) of NiFe-BTC/IL-PF,; and NiFe-BTC. (d) EIS and (e) Tafel slopes spectra of the Ni-BTC, NiFe-BTC, and NiFe-BTC/ILs with different

amounts of [BMIM]PF, addition. (f) Stability of NiFe-BTC/ILs in 0.1 M KOH.

corresponding ECSA-normalized LSV curves (Figure 3c) display
that the required overpotential of NiFe-BTC/IL-PF,-600 is the
smallest to achieve the same current density, due to its higher
inherent activity. Specifically, NiFe-BTC/IL-PF¢-600, with adding
600 mg [EMIM]PF,, achieves the best OER performance that the
overpotential requires only 210 mV to give the current densities
of 10 mAcm™2, which exceeds that of commercial OER catalysts
of RuO, (330mV) and IrO, (310 mV), respectively. More
significantly, 280 mV overpotential is required to give a much
higher current densities of 50 mAcm™ Such changing pattern
of the OER performance provides clear evidence that suitable
defects in NiFe-BTC/ILs is crucial to enhance the OER perform-
ance, while too many defects will cause the frameworks
collapse, and inevitably lose the catalytic activity. As the main
electrocatalytic sites of Ni’"-Ni** oxidation peaks in the LSV
curve overlapped the accurate determination of the over-
potential at a current density of 10 mAcm™ (Figure S6), we
carry out the chronopotentiometry test (U-t) at a fixed current
density of 10 mAcm™ (Figure S7). Comparing with the U-t
curve of NiFe-BTC, it provides a confident proof of much lower
overpotential of 210 mV on NiFe-BTC/IL-PF4-600, superior to
most reported NiFe bimetallic electrocatalysts so far as we
know (Table S1). Consistent with the OER performance on the
working electrode of the nickel foam substrate, when the glass
carbon is taken as the substrate, the linear sweep voltammetry
(LSV) curve of NiFe-BTC/IL-PFs produced in the solvothermal
process with adding 600 mg [EMIMIPF, gives the best OER
activity among all the NiFe-BTC/ILs modulated by different
kinds of anions and dosages (Figure S8). More significantly, the
overpotential of NiFe-BTC/IL-PF;-600 of 215 mV at 10 mAcm ™2

ChemElectroChem 2023, 10, 202300103 (4 of 6)

on the glass carbon is only slightly higher than that on the
nickel foam, demonstrating the excellent pristine OER perform-
ance of NiFe-BTC/IL-PF¢-600. Further CV tests at different scan
rates reveal the inherent structure for this excellent perform-
ance. Deduce from the slope of the current intensity double
layer capacitance (Cdl) than that NiFe-BTC (Figure S9), suggest-
ing the active electrochemical surface area (ECSA), i.e. the
number of active sites are significantly increased due to the
successful defect engineering.

We measure the intrinsic charge transfer properties by the
electrochemical impedance spectroscopy (EIS) to further dem-
onstrate the contribution of ILs conductivity. From the Nyquist
plots, we can see the radius of semicircle in the low frequency
region decrease with adding ILs, again, NiFe-BTC/IL-PF4-600
shows the fastest charge transfer performance, confirming the
good conductivity of ILs enables the decrease of the intrinsic
charge transfer resistance (Figure 3d). Combing both excellent
electrocatalytic activity caused by the defects and the low
charge transfer resistance by the ILs, NiFe-BTC/IL-PF4-600
achieves extremely rapid OER catalytic kinetics, of which the
Tafel slope is calculated as low as 103 mVdec™, less a half of
258 mVdec' of NiFe-BTC, superior to all the other control
samples (Figure 3e).

Comprehensively, the TOF value of NiFe-BTC/IL-PF is
calculated as high as 144.6 h™', more than 18-folds of that of
commercial OER catalyst of RuO, (8.03 h™"). More significantly,
during a long-term of 37 h chronopotentiometry, the over-
potential of NiFe-BTC/IL-PF; increases by only 20 mV at a
constant current density of 10 mAcm™2 (Figure 3f). The content
of IL in electrolytes after OER is detected by the Inductively
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Coupled Plasma Optical Emission Spectrometer (ICP-OES), the
mole ratio of P and [EMIMIPF, is 1:1, thus we detect the
content of P to confirm the stability of loaded ILs. It turns out
the content of P in NiFe-BTC/IL-PF¢ is 0.023 mg/mg. When 1 mg
NiFe-BTC/IL-PF, is dispersed on the electrode, after the
electrolysis, the content of P in electrolytes is 0.020 mgL™". As
the electrolytes is 70 ml, then the total leaching amount of P is
0.0014 mg, which can be neglected in comparison with the
loading amount of P in NiFe-BTC/IL-PF,, proving a good stability
of NiFe-BTC/IL-PF,. Moreover, after the OER process, no
significant changes can be observed in the XRD patterns of
NiFe-BTC/ILs, demonstrating their excellent stability. (Fig-
ure S2b) Thus, through the defect engineering of “Coordination
Geometric Hindrance”, NiFe-BTC/IL-PF; achieves an excellent
intrinsic catalytic activity for OER.

Conclusion

In summary, we develop a novel “Coordination Geometric
Hindrance” defect engineering approach. By making use of the
geometrical size of anions in ILs [EMIM]X, the easily coordinated
anions replace the carboxyl coordination to interfere with the
ordered growth of NiFe-MOFs. Specifically, PF;~ displays the
strongest BE with metals Ni and Fe, accordingly, facilitating the
defect formation of CUM sites and oxygen vacancy in NiFe-BTC/
IL-PF¢ through the IL-co-solvothermal. As a result, an excellent
OER catalytic activity is achieved with the overpotential as low
as 210 mV at 10 mAcm™. Meanwhile, taking the advantages of
high conductivity of loaded ILs, the rapid dynamics of OER is
reached with the Tafel slope as low as 103 mVdec . Therefore,
this work provides a facile method for constructing defect-rich
MOFs, which has great potential for applications in enhancing
the electrocatalytic OER performance of MOF materials and
opens a new path for rational design of high-performance
catalysts.

Experimental Section

Reagents. Trimesic acid(H;BTC), Ni(NO,),-6H,0, Fe(NO;);-9H,0 and
isopropanol were purchased from Sinopharm Chemical Reagent Co.
N,N-dimethylformamide (DMF), ILs of [EMIMINTf, [EMIM]PF,,
[EMIM]CI, [EMIM]BF,, [EMIM]CF;SO; were purchased from Shanghai
Titan Technology Co. Naphthol was purchased from Alfa Aesar
(China) Chemical Co. All chemicals were used as purchased without
any further treatments.

Synthesis of NiFe-BTC/ILs. The schematic synthesis of NiFe-BTC/ILs
by an IL-based solvothermal method is illustrated in Figure 1a.
Typically, 0.793 g of Ni(NO,),-6H,0, 0.11 g Fe(NO,);-9H,0 and 0.3 g
H;BTC were dissolved in 60 mL DMF. By adding 400-800 mg ILs of
[EMIMINTf,, [EMIM]PF,, [EMIMICI, [EMIM]BF,, or [EMIM]CF,SO;,
respectively, the whole solution transferred into 100 ml Teflon-lined
stainless autoclave after the sonication for 30 mins. Then, it was
maintained at 125°C for 10 h in an oven for the crystallization. After
cooling naturally to the room temperature, the suspension was
centrifuged, washed with DMF for three times, and dried at 80°C
for 12 hours to obtain the NiFe-BTC/ILs."”
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Meanwhile, without adding ILs, NiFe-BTC was also synthesized by
the same method as a control sample.

Characterizations. Transmission electron microscope (TEM) images
and EDS of samples were obtained by transmission electron
microscope (JEOL JEM-2100) with an accelerating voltage of 200 kV.
SEM images were obtained by scanning electron microscope (JEOL
JEM-6360) with an accelerating voltage of 15 kV. The crystalline
structures of the samples were obtained by powder X-ray
diffraction (PXRD, D/Max-2550VB/PC diffractometer) with a Cu Ka
source, a tube voltage of 40 kV and a tube current of 200 mA. The
content and valence distribution of the elements were obtained by
inductively coupled plasma-emission spectrometry (Agilent 725
ICP-OES) and X-ray photoelectron spectroscopy (ESCALAB 250Xi).
The surface structure of the samples was obtained by Raman
spectroscopy as well as electron paramagnetic resonance spectro-
scopy (EMX-8/2.7). The specific surface areas of the samples were
obtained by nitrogen adsorption and desorption tests on a Micro-
metrics tristar 3020 volume adsorption analyzer. The samples were
dried at 120°C under nitrogen atmosphere for 5 h before testing.
The Brunauer-Emmett-Teller (BET) equation and the Barrett-Joyner-
Halenda (BJH) model were used to calculate parameters such as the
comparative area and pore size distribution of the samples
obtained. Thermo Scientific Nicolet iS10 instrument was used to
record the Fourier Transform Infrared (FTIR) spectra of the samples.

Electrode preparation Firstly, a piece of nickel foam (NF, 2 cmx
1cm) was sonicated in hydrochloric acid (1 M), acetone and
anhydrous ethanol for 30 min, and then dried in a blast drying
oven at 80°C for 1 h. Next, 5 mg of catalyst powder was added to
the sample vial, followed by 666 pL of deionized water, 333 uL of
ethanol and 30 pL of naphthol dispersion (5% by mass), and then
sonicated for 1 hour. Finally, 200 pL of the dispersion was added
dropwise to a nickel foam (area of 1.cm? and placed under an
infrared lamp for drying. As comparison, all other samples and
commercially available ruthenium dioxide powder-loaded electro-
des were prepared in the same way.

Computational details. The fragments of H,BTC ligand of COO-,
the anions of [EMIMIX ILs, X=NTf,", PF,~, CI-, BF,, or CF,SO,~, and
Fe**, Ni*" were optimized using the DMol3 module of Material
Studio. The Perdew-Burke-Ernzerhof (PBE) generalization function
of the generalized gradient approximation (GGA) and the double
numerical orbital basis group (DNP)'® were used in the DFT
calculations. Considering that there is interaction between Fe",
Ni?* and COOH-, PF,, BF,”, CI fragments, D2 method of GRIME
(DFT-D) was chosen to calculate the binding energy (BE) and each
electrostatic potential density.
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