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a b s t r a c t

Hybrid metal-organic framework (MOF) derivatives play a significant role in the novel catalyst develop-

ment in energy conversion reactions. Here, we demonstrated the low-temperature fully fluorinated ze-

olitic imidazole framework (ZIF) coupled with a three-dimensional open framework Prussian blue analog

(PBA) with combined advantages for electrocatalytic oxygen evolution reaction (OER) in water splitting

reaction. The spectroscopic analysis and the electrochemical studies revealed the combined advantages

of efficient electronic effect and active site synergism. Because of good conductivity improvement by N-

doped carbon derived from ZIF and the high electrochemical surface area and active site exposure from

PBA derivatives, good catalytic performance was obtained on the optimal catalyst of CoNi ZIF/CoFe-PBA-

F-300, which required a low overpotential of 250mV to reach 10mA/cm2 loaded on the glassy carbon

electrode, with Tafel slope of 47.4mV/dec, and very high dynamic and steady stability. In addition, the

multi-component with the mixed structure from highly polar metal fluorides promoted the easy forma-

tion of the active phase as revealed by the post-sample analysis. The current results showed a novel

composite catalyst materials development from the hybrid MOF derivatives, which would be promising

in the electrolysis of water oxidation reactions and energy-relevant catalysis reactions.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Under the backdrop of environmental issues induced by a large

amount of traditional fossil fuels consummation, there is an urgent

need to develop renewable energy sources, while the intermittent

supply of renewable energy such as solar energy and wind energy

makes it necessary to develop efficient and stable energy conver-

sion and storage technologies [1–4]. Electrochemical water splitting

is a cost-efficient and sustainable approach to realize energy con-

version and storage in hydrogen, which is an ideal energy carrier

with high calorific value and environmental friendliness [5–8]. In

the water splitting technique, the slow kinetics of anode oxygen

evolution reaction (OER) inevitably reduce the energy conversion

efficiency since the multi-step proton-coupled electron transfer in-

volved in OER requires a considerable overpotential to generate the

desired current density [9–12]. At present, precious metal oxides

(such as RuO2, and IrO2) are considered the best electrocatalysts

for OER, but their large-scale application is limited by the high

cost and small reserves [13–16]. To overcome this problem, cur-

rent attention is mainly directed to the development of OER cata-

lysts with high-cost effectiveness based on transition metal-based

catalysts [17,18].
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As a porous coordination polymer, the metal-organic framework

(MOF) can be flexibly combined with various functional ligands

and metal centers, which plays a significant role in efficient OER

catalyst fabrication [19,20]. Specifically, the catalyst systems de-

rived from MOF could easily expose active sites and improve the

conductivity by combining the metal active species and the carbon

materials [21,22]. For example, Co3O4@C nanostructured catalysts

derived from two different MOF-ligands via a wet chemical pro-

cess showed unique morphologies of donuts and nanorods over a

carbon layer resulting in the active sites increasing for OER with

a small overpotential of 320mV to reach 10mA/cm2 [23]. How-

ever, most of the MOF precursor materials adopted relatively sim-

ple configurations, such as porous or hollow MOF crystals with

single composition, which reduced the accessibility of unsaturated

metal sites and the intrinsic activity of the active sites [24,25]. To

synthesize the ideal functional materials, complex MOF compos-

ites have been proposed to enrich the metal centers and increase

the synergistic effect for catalysis by combining their unique ad-

vantages [26,27]. Various metal centers and ligands can enrich the

structural diversity of MOF, regulate the specific surface area and

porosity of catalysts, and promote the mass transfer process [28].

Among the MOFs, the zeolitic imidazolate framework (ZIF) has the

unique advantages of high specific surface area, large pore volume

https://doi.org/10.1016/j.cclet.2023.108798
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and easy functionalization, and the Prussian blue analog (PBA), a

typical MOF-like material, has the unique three-dimensional (3D)

open framework and adjustability of metal cations which can in-

crease the specific surface area of the catalyst material and charge

transfer [29,30]. So, both of them have been employed as precur-

sors to fabricate electrocatalytic materials [31–34]. For example,

Co3O4/Co-Fe oxide shell nano boxes were fabricated using ZIF and

PBA as precursors by MOF hybridization, which showed stronger

electrocatalytic performance in OER in alkaline solution [35]. The

ZIF-67 framework templated PBA-derived hollow nano-box was

found highly efficient for OER after the partial fluorination at dif-

ferent temperatures [36]. Therefore, the combination of ZIF and

PBA to form a composite with a multi-component mixed struc-

ture would be an effective method to improve the electrochemi-

cal performance, while this kind of derivative is still rarely seen

in the literature. It was well known that the further handling of

MOFs derivatives by nonmetallic heteroatoms functionalization like

phosphatization, sulfidation, etc., can further improve the catalytic

performance of composites because they can adjust the electronic

structure, modify the active sites or create an unsaturated coordi-

nation environment [37–39]. In particular, F is the most electroneg-

ative element, and the metal-F bond formed by F has a strong ionic

bond that is beneficial to the formation of active sites [40]. At the

same time, the defect structure formed by fluoride etching is ben-

eficial to ion diffusion and mass transfer [41,42].

Based on the above considerations, we tried to get a catalyst

derived from the full fluoridation of the multi-component mixed

structure by combining ZIF-derived nanosheets with a PBA cubic

structure. The multicomponent composites of the CoNi ZIF/CoFe-

PBA hybrid were prepared by a simple hydrothermal method, and

the multi-component derivative materials obtained by fluoridation

at different temperatures were optimized for OER. Because of the

multi-component mixed structure of nanoparticles and nanocubes,

the derived fully fluorinated CoNi ZIF/CoFe-PBA-F-300 possessed

high conductivity, larger surface area and active site exposure,

which promoted the mass and charge transfer. The synergistic ef-

fect among the components and the easy active phase formation

from the highly polar metal fluorides thus largely improved OER

performance compared to some reference samples. The optimal

catalyst of CoNi ZIF/CoFe-PBA-F-300 required a low overpotential

of 250mV to reach 10mA/cm2 loaded on the glassy carbon elec-

trode, with a Tafel slope of 47.4mV/dec, and good stability. The

current work showed a novel effective composite catalyst fabri-

cation and its potential application in the energy-relevant water-

splitting technique.

The multi-component composite materials consisting of CoNi

ZIF nanosheets and CoFe-PBA nanocubes were first synthesized

by hydrothermal method, and then they were further completely

etched by fluoridation using NH4F at 300 °C to obtain the final

catalyst of CoNi ZIF/CoFe-PBA-F-300 (Fig. 1). The morphology evo-

lution from the precursors to the final catalyst was investigated

by scanning electron microscope (SEM). The synthesized CoNi ZIF

was assembled by some distinct nanosheets because of its insta-

bility by hydrolysis in an aqueous solution (Fig. 2a and Fig. S1a in

Supporting information). The CoFe-PBA had a uniform cube mor-

phology with a thickness of about 500nm (Fig. 2b and Fig. S1b

in Supporting information). After further hydrothermal recombina-

tion, the combination of the CoNi ZIF and CoFe-PBA was indicated

by the formed hybrid morphology with nanosheet and nanocube;

and the surface of the nanocube became much rougher and some

were connected by the nanosheets (Fig. 2c and Fig. S1c in Sup-

porting information). While after low-temperature fluorination, the

hybrid morphology was broken, and some more nanoparticles de-

rived from the nanocube or nanosheets were generated due to the

strong fluoridation etching process (Fig. 2d and Fig. S1d in Sup-

porting information). The local morphology of the catalyst was fur-

ther observed by transmission electron microscope (TEM), and the

profiles derived from the CoFe-PBA nanocubes were clearly ob-

served, which were interconnected by some particles generated by

the CoNi ZIF derivatives (Fig. 2e). The profile of the nanocube was

indicated by the further magnification of the surface, they were

composed of some irregular nanoparticles and some irregularly

distributed pores can be observed (Figs. 2f and g); this morphol-

ogy would be beneficial to the charge and mass transfer, thus im-

proving the catalytic performance as it increases the exposure of

the active site. According to Brunauer-Emmett-Teller (BET) analy-

sis, the surface area of CoNi ZIF/CoFe-PBA-F-300 catalytic material

was about 112.86 m2/g, and the average pore size was 10.03nm,

which indicated that the sample had mesoporous structure (Fig. S2

in Supporting information). In the high-resolution TEM (HRTEM)

images (Fig. 2h and Fig. S3 in Supporting information), some lat-

tice spacing of 0.263nm and 0.338nm were observed, which can

be assigned to the (101) and (110) planes of CoF2, respectively. Sev-

eral diffraction rings were observed in the selected area electron

diffraction (SAED) pattern (Fig. 2i), reflecting the polycrystalline

structure of the CoNi ZIF/CoFe-PBA-F-300 material. The energy-

dispersive X-ray spectroscopy (EDS) of the CoNi ZIF/CoFe-PBA-F-

300 material showed the presence of elements for C, N, O, F, Fe,

Co, Cu and Ni elements (Fig. 2j), where the Cu elements observed

in EDS come from the copper mesh used to support the catalyst

in the test, and these elements were uniformly distributed in the

hybrid catalyst (Figs. 2k-l).

The crystal structure of the catalyst materials and their refer-

ence samples (CoNi ZIF, CoFe-PBA, CoNi ZIF/CoFe-PBA, CoNi ZIF-

F-300, CoFe-PBA-F-300 and CoNi ZIF/CoFe-PBA-F-300) were char-

acterized by X-ray diffraction (XRD). The crystal structure changes

from precursor to the corresponding fluorinated derivatized were

compared, and because of the poor crystallinity of CoNi ZIF, no

obvious diffractions peaks were observed (Fig. 3a). The formation

of CoFe-PBA was well confirmed by the characteristic diffraction

peaks corresponding to the standard PDF card (JCPDS No. 46–

0907). For the hybrid CoNi ZIF/CoFe-PBA precursor, the diffraction

peaks of CoFe-PBA were shifted slightly to the high direction com-

pared to those of the pure CoFe-PBA, probably due to the struc-

ture mixing by CoNi replacing part of CoFe in the system. After

fluorination at low temperatures, the crystal structure of all the

precursors was changed obviously. For the CoNi ZIF-F-300, some

new peaks were observed with the main peaks sitting very close

Fig. 1. Schematic illustration of the preparation of CoNi ZIF/CoFe-PBA-F-300.
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Fig. 2. SEM images of (a) CoNi ZIF, (b) CoFe-PBA, (c) CoNi ZIF/CoFe-PBA and (d) CoNi ZIF/CoFe-PBA-F-300 samples. (e-g) TEM images, (h) HRTEM image, (i) SAED, (j) EDS

spectrum (k) STEM image and (l) elemental mappings of CoNi ZIF/CoFe-PBA-F-300 catalyst.

Fig. 3. (a) XRD patterns of CoNi ZIF, CoFe-PBA, CoNi ZIF/CoFe-PBA, CoNi ZIF-F-300, CoFe-PBA-F-300 and CoNi ZIF/CoFe-PBA-F-300 samples. The high-resolution spectrum of

(b) Co 2p, (c) Ni 2p and (d) Fe 2p of the corresponding CoNi ZIF/CoFe-PBA-F-300, CoFe-PBA-F-300 and CoNi ZIF-F-300 samples.

to the tetragonal structure of the CoF2 phase (JCPDS No. 33–0417).

Note that the crystal structure of NiF2 and CoF2 was very sim-

ilar, the NiF2 might be also formed in the catalyst as indicated

by these characteristic peaks located slightly between pure CoF2
and NiF2 phase (JCPDS No. 74–0917). A similar case was found in

the characteristic peaks in CoFe-PBA-F-300, where several typical

peaks can be attributed to hybrid peaks of FeF2 (JCPDS No. 74–

0915) and CoF2 (JCPDS No. 33–0417) accompanying some minor

position shifts. While for the hybrid catalyst of CoNi ZIF/CoFe-PBA-

F-300, the main peaks attributed to the CoF2 phase were observed

in the XRD pattern, probably due to the high amount of Co in the

system. The presence of NiF2 and FeF2 might be also indicated by

the wide peaks for the (101) and (211) planes of CoF2.

The surface chemical states of CoNi ZIF/CoFe-PBA-F-300, CoFe-

PBA-F-300 and CoNi ZIF-F-300 were further analyzed by X-ray

photoelectron spectroscopy (XPS) to probe the interaction of the

different derivatized components, and all the binding energy were

calibrated by C 1s peak at 284.8 eV (Fig. S4a in Supporting infor-

mation) [43]. For Co 2p, the high-resolution spectrum had two

bands of 2p3/2 and 2p1/2 due to the spin-orbit-split [44], and each

band can be deconvoluted into two peaks for Co2+ and the satellite

peaks (Fig. 3b). The electronegativity of element F is much larger

than that of metal atoms that can extract electrons from adjacent

metal atoms, which is conducive to the formation of active inter-

mediates in the electrocatalytic process [45]. The Co–F bond was

thus observed in CoNi ZIF/CoFe-PBA-F-300, CoNi ZIF-F-300 and

CoFe-PBA-F-300. It can be seen that the Co 2p peak generated by

CoFe-PBA-F-300 was shifted to the low binding energy direction,

which indicated that the addition of Ni had an electronic effect on

the chemical state change in the CoNi ZIF/CoFe-PBA-F-300 system.

In the same way, the Ni 2p3/2 spectrum for CoNi ZIF/CoFe-PBA-

F-300 and CoNi ZIF-F-300 samples were compared by fitting the

3
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spectrum with the Ni2+ peak accompanying the satellite peaks in

Fig. 3c. The presence of the Ni-F bond was observed in both cat-

alysts [46]. Because of the multi-component substances produced

by fluoridation, the Ni 2p3/2 spectrum of CoNi ZIF/CoFe-PBA-F-

300 was shifted by 0.3 eV towards the low binding energy direc-

tion compared with that of CoNi ZIF-F-300. The Fe 2p spectra for

CoNi ZIF/CoFe-PBA-F-300 and CoFe-PBA-F-300 samples were also

compared by fitting the spectrum with Fe2+ and Fe3+ peaks ac-

companying the satellite peaks (Fig. 3d). Specifically, the positions

at a binding energy of 711.4 eV and 715.2 eV can be attributed

the Fe2+ and Fe3+, respectively. For the high resolution of O 1s

(Fig. S4b in Supporting information), the peak positions at 530.1 eV,

531.6 eV and 533.3 eV were corresponding to metal–oxygen, oxy-

gen in the hydroxyl group, and oxygen in the surface of the ad-

sorbed water. The N-doped carbon derived from the ZIF precursor

can be further confirmed by the N 1s spectra, which can be decon-

voluted pyridinic–N (398.5 eV), pyrrolic–N (399.9 eV), graphite–N

(400.9 eV) as shown in Fig. S4c (Supporting information) [47]. The

role of N-doped carbon could improve the electrical conductivity

and stability of materials, thus improving the catalytic performance

of the material [48]. The strong metal–F bond can be indicated by

the peak at ca. 684.7±0.2 eV in the F 1s spectrum (Fig. S4d in Sup-

porting information) [49]. Therefore, the hybrid precursors of CoNi

ZIF/CoFe-PBA were successfully transformed into metal fluorides,

and the chemical environmental changes induced by the multi-

component structure possessed the combined advantages such as

improved conductivity, electronic effect, which would be conducive

to improving the catalytic activity and stability of the catalyst.

A typical three-electrode system was utilized to examine the

OER performance of the catalysts in a 1mol/L KOH solution by

loading the catalyst over the inert glassy carbon electrode (load-

ing: 0.20mg/cm2) (Fig. 4a). It can be seen that the precursors of

CoNi ZIF and CoFe-PBA have very low activity for OER, due to less

exposure of active metals and low intrinsic activity. Even though

the performance can be much better for the hybrid precursor of

the CoNi ZIF/CoFe-PBA, it still required a large overpotential of

320mV to reach the kinetic current density of 10mA/cm2. The per-

formance can be further improved for the derivatives, where CoNi

ZIF-F-300 and CoFe-PBA-F-300 required an overpotential of 310

and 280mV to provide the current density of 10mA/cm2, respec-

tively. Furthermore, a significant performance boosting was found

on the CoNi ZIF/CoFe-PBA-F-300 electrode which exhibited the

overpotential of only 250mV to reach 10mA/cm2, about 70mV and

60mV less compared to the hybrid CoNi ZIF/CoFe-PBA electrode

and commercial RuO2 (310mV), respectively. Specifically, compared

to other transition metal-based catalysts (Fe, Co and Ni) measured

in similar conditions, CoNi ZIF/CoFe-PBA-F-300 electrode also dis-

played excellent catalytic performance (Table S1 in Supporting in-

formation). To get fair kinetic behaviors, iR compensation was done

by corrected by 85% of the uncompensated resistance for CoNi

ZIF/CoFe-PBA-F-300 polarization curves (Fig. S5 in Supporting in-

formation). And only 5mV less was required to drive the kinetic

current density of 10mA/cm2 compared to the performance with-

out iR-correction. The sensitivity of the current response to the ap-

plied potential was analyzed by Tafel slope analysis, which can be

correlated to the information about the rate-determining step [50].

The CoNi ZIF/CoFe-PBA-F-300 electrode showed the lowest Tafel

slope of 47.4mV/dec (Fig. 4b), which was accorded with the cat-

alytic step of metal oxide producing metal oxy/hydroxide through

hydroxyl radical reaction [51,52]. The charge transfer kinetics was

further measured through the electrochemical impedance tech-

nique (EIS) at 1.48V (Fig. 4c), and the Nyquist plot was fitted using

the Randel model equivalent to reveal the charge transfer resis-

tance (Rct) (Fig. S6 in Supporting information). The uncompensated

solution resistance (Rs) was found to be ca. 9.0 �, indicating a sim-

ilar measurement condition. And the smallest Rct was no doubt ob-

served on the CoNi ZIF/CoFe-PBA-F-300 electrode, indicating the

fastest catalytic kinetic performance. Specifically, the value of Rct
was 25 �, which was much smaller than that of CoNi ZIF (1600

�), CoFe-PBA (900 �), CoNi ZIF/CoFe-PBA (336 �), CoNi ZIF-F-300

(471 �), CoFe-PBA-F-300 (150 �) (Table S2 in Supporting informa-

tion). This was consistent with the performance order, where the

ZIF and PBA precursors had very low charge transfer ability but the

fluorinated derivatives improved largely, and the hybrid derivatives

of CoNi ZIF/CoFe-PBA-F-300 showed the fastest catalytic kinetics

due to the improved multi-component effect and more active sites

formation.

The catalytic activity of the catalyst was determined by the sur-

face active sites, which can be estimated by the electrochemical

active surface area (ECSA) and the surface roughness factor (Rf)

(Fig. S7 in Supporting information) [53]. Herein, the ECSA was ob-

tained from the electrochemical double-layer capacitance (Cdl) ob-

Fig. 4. (a) The polarization curves recorded at scan rate 5mV/s in 1mol/L KOH solution (No iR correction). (b) Tafel slopes. (c) Nyquist plots at an overpotential of 250mV.

(d) Linear plots of capacitive current density vs. scan rate, (e) The specific activity and (f) TOF value of CoNi ZIF, CoFe-PBA, CoNi ZIF/CoFe-PBA, CoNi ZIF/CoFe-PBA-F-300,

CoNi ZIF-F-300 and CoFe-PBA-F-300 samples.
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tained from the cyclic voltammetry (CV) curves at various scan

rates, and the Rf was obtained by normalizing ECSA into the ge-

ometric surface area of the electrode. Consistent with the order

of the performance, the ZIF and PBA precursors showed very low

Cdl, namely the low surface area; and these values of fluorinated

derivatives were increased largely and CoNi ZIF/CoFe-PBA-F-300

showed the highest Cdl of 0.62 mF/cm2 corresponding to the ECSA

value of 1.09 cm2 (Fig. 4d and Table S3 in Supporting informa-

tion). The Rf was calculated, by comparing the fluorinated deriva-

tives to the ZIF and PBA precursors, it was found CoNi ZIF-F-300

and CoFe-PBA-F-300 showed the Rf of 7.5 and 12.5, much higher

than that of CoNi ZIF (4.75) and CoFe-PBA (5.75); furthermore, the

CoNi ZIF/CoFe-PBA-F-300 showed the largest Rf (15.50) due to the

combined advantages from the ZIF and PBA which offered more

active sites for ready exposure to electrolytes and charge and mass

transfer. In light of the different amounts of active sites and ECSA,

the specific activity was calculated by normalizing the current to

the corresponding ECSA to evaluate the intrinsic activity. It can

be seen that the CoNi ZIF/CoFe-PBA-F-300 still showed the high-

est specific activity among all samples (Fig. 4e). Specifically, the

current density was 1.3mA/cm2 at 1.5V for CoNi ZIF/CoFe-PBA-

F-300 catalyst, which was about 2.2 and 4.3 times of CoFe-PBA-

F-300 (0.6mA/cm2) and CoNi ZIF-F-300 (0.3mA/cm2). Meanwhile,

the high intrinsic activity was still well supported by the turnover

frequency (TOF), an important indicator of catalytic efficiency. For

example, at the overpotential of 300mV, the TOF value of CoNi

ZIF/CoFe-PBA-F-300 was 0.070 s−1, which was about 23.3 times

that of CoNi ZIF or CoFe-PBA (0.003 s−1), 8.8 times that of CoNi

ZIF/CoFe-PBA or CoNi ZIF-F-300 (0.008 s−1) and 2.5 times of CoFe-

PBA-F-300 (0.028 s−1) (Fig. 4f). The above measurements showed

that the fully fluorinated CoNi ZIF/CoFe-PBA could combine the ad-

vantages of the ZIF and PBA for catalyst fabrication, which greatly

increased the electrochemical surface area and active sites expo-

sure as well as conductivity improvement.

The electrochemical stability of catalyst materials is very cru-

cial in the potential application. Consecutive CV and chronoam-

perometry (CA) techniques are effective methods to evaluate per-

formance. The polarizations before and after 1000 CV cycles were

compared, and the results showed no significant performance de-

cline in its catalytic activity, indicating good dynamic catalytic sta-

bility (Fig. 5a). The steady-state ability was probed by CA test at

1.48V and very good stability was also observed during the opera-

tion of 14 h (inset of Fig. 5a). The current efficiency was also eval-

uated by comparing the theoretical amount of oxygen produced

with the actual amount of oxygen produced during the electrolysis

for 60 min (Fig. 5b). The results showed that the actual amount of

oxygen produced was similar to the theoretical amount, indicating

a current efficiency of oxygen evolution close to 100%.

In addition, the influence of fluorination temperature on the

catalytic performance of the catalyst was also discussed. For

easy comparison, the CoNi ZIF/CoFe-PBA fluorinated at 200 and

400 °C were prepared and the crystal structure was analyzed by

XRD (Fig. S8 in Supporting information). It was found that CoNi

ZIF/CoFe-PBA-F-200 was not well fluorinated as indicated by some

characteristic peaks of the Co3[Fe(CN)6]2 (JCPDS No. 46–0907) from

the CoFe-PBA; while by increasing the temperature, the impu-

rity peaks disappeared, and the crystal structure was changed to

the fully fluorinated production with the main species of CoF2
phase; and no significant difference was found in the samples of

CoNi ZIF/CoFe-PBA-F-400 and CoNi ZIF/CoFe-PBA-F-300, indicating

the complete fluorination of the precursors. Among them, CoNi

ZIF/CoFe-PBA-F-300 still showed the lowest overpotential (Fig. S9a

in Supporting information), Tafel slope (Fig. S9b in Supporting in-

formation) and charge transfer impedance (Fig. S9c and Table S4

in Supporting information) for OER, indicating the best approach

to obtain the final catalyst. It also showed the largest ECSA and Rf
values (Fig. S10 and Table S5 in Supporting information), indicating

the optimal fluorination temperature for the catalyst fabrication;

namely, the higher temperature might lead to the over-destruction

of the samples resulting in low surface area and roughness, and

the lower temperature would cause partial fluorination leading to

insufficient active sites formation and low intrinsic activity.

Finally, the crystal structure, morphology and surface chemi-

cal environment of the catalyst after the long-term electrochemical

stability test were studied. The crystal structure was characterized

by XRD. Fig. S11 (Supporting information) shows that the intensity

of the characteristic peak related to fluoride is obviously weakened

after the OER reaction, which indicates that metal fluoride changes

to oxide during high potential oxidation. During the OER process,

the surface of the catalyst becomes rougher and rougher due to

surface oxidation, and some neat surfaces would be destroyed as

indicated in the TEM images (Fig. 6a and Fig. S12 in Support-

ing information). The lattice spacing corresponding to CoF2 (110)

and (200) planes were still found in the HRTEM images, indicat-

ing some fluorides present in the system but the surface changes

due to oxidation indeed occurred (Figs. 6b and c). The polycrys-

talline structure was still visible in the SAED pattern, while the

diffraction spots or rings became much weaker probably due to the

surface oxide species formation (Fig. 6d). The presence of Fe, Co

and Ni elements was still clearly shown in the EDS spectrum and

the elemental mapping images (Figs. 6e-g). The chemical state of

these metal elements was further probed by XPS spectra (Fig. S13a

in Supporting information). The profile of the Co 2p peak was

changed obviously after the stability test (Fig. 7a). Specifically, the

dominant peak of Co 2p3/2 was observed at 780.0 eV, which was

about 2.6 eV less than the peak of the Co–F bond at 782.6 eV, in-

dicating the surface structure transformation from Co–F bond to

Co oxy/hydroxide species during the electrochemical test driven

by the chemical dissociation and electrochemical oxidation at high

potentials [54–56]. This change enhances the conductivity of the

catalyst, thus further improving its catalytic performance [57]. Sim-

ilar case was also found in the Ni 2p spectrum (Fig. 7b): The Ni–F

Fig. 5. (a) Polarization curves before and after the durability test. Inset: Time-dependent current curve for CoNi ZIF/CoFe-PBA-F-300 at 1.48V vs. RHE. (b) Faradic efficiency

and corresponding current efficiency of OER for CoNi ZIF/CoFe-PBA-F-300 sample.
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Fig. 6. (a) TEM image, (b, c) HRTEM images, (d) SAED pattern, (e) EDS spectrum, (f) STEM image and (g) elemental mappings of CoNi ZIF/CoFe-PBA-F-300 catalyst after

electrochemical test stability to OER.

Fig. 7. The high-resolution spectrum of (a) Co 2p, (b) Ni 2p, (c) Fe 2p and (d) F 1s before and after the OER test for CoNi ZIF/CoFe-PBA-F-300 sample.

bond was shifted towards the lower binding energy direction af-

ter the stability test, due to the breaking of Ni–F bonds and the

formation of Ni–O bonds [58]. A similar situation also occurred in

the Fe element, where the main peak was shifted to the low bind-

ing energy direction by transferring the Fe–F bonds to the Fe–O

species (Fig. 7c). The above analysis shows that the metal–F bond

will be easily transformed into the corresponding MO and MOOH

(M=metal) driven by the high potentials, and the in situ gener-

ated metal oxy/hydroxide species will become the active phase to

promote the catalytic performance [59]. The fluorine has strong

electronegativity and the formed metal fluoride has strong metal–F

ionic bonds which will be easy to dissociate in the alkaline elec-

trolyte to form metal oxy/hydroxide over the surface, thus promot-

ing the OER process. Due to the surface oxidation at high poten-

tial and surface passivation in a strongly alkaline solution, a large

decrease in peak intensity of the metal–F bond was observed in

the F 1s spectrum (Fig. 7d) [60]. The new peak located at around

689.3 eV was assigned to the C–F bond from the Nafion solution

used as a binder in the catalyst ink preparation. The transforma-

tion from the metal–F bonds to the metal–O bonds was also in-

dicated in the O 1s spectra, where more amount of metal–O, and

metal–OH peaks were indicated (Fig. S13b in Supporting informa-

tion). Herein, it can conclude that the facile surface reconstruction

of the high polar fluoride catalyst would be easy to form the active

phase for OER.

In summary, the fully fluorinated multi-component compos-

ite of CoNi ZIF nanosheets and CoFe-PBA nanocubes was demon-

strated as an efficient catalyst for OER in the alkaline electrolyte

due to the combined advantages. Specifically, the good conductiv-

ity of N-doped carbon derived from the CoNi ZIF and the facile

active site exposure and large roughness factor derived from the

CoFe-PBA synergistically promoted the catalytic activity and kinet-

ics for OER. Experimental results showed that CoNi ZIF/CoFe-PBA-

F-300 exhibited the excellent OER performance of only 250mV

overpotential to reach 10mA/cm2, with a small Tafel slope of

47.4mV/dec and high catalytic stability. The combined advan-

tages of multicomponent composite by full fluoridation were also

demonstrated compared to their precursors of the single compo-

nent and their fluoridation derivatives. The high catalytic perfor-

mance can be attributed to the high electrochemical surface area

induced by the multi-component mixed structure and fluorination

etching, more exposed metal active sites, and the formation of

high-valence-state metal active phases induced by the high polar-

ity of ionic bonds in the metal fluoride. This work further expands

the application of ZIF-derived multi-component composite materi-

als in electrocatalysis for energy conversion and storage.
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