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a b s t r a c t

Coordination polymers (CPs) have great potential to be used in electrocatalysis owing to their designable

compositions and structures. It is highly challenging to apply CPs as electrocatalysts for oxygen evolu-

tion reaction (OER) on account of insufficient catalytic efficiency and relatively poor stability of current

electrocatalysts. Herein, through a mixed-metal strategy, one-dimensional CoxNi1-x-HIPA with dual active

sites was synthesized and studied for OER electrocatalysts. By changing the metal ratio of CoxNi1-x-HIPA,

the OER performance was well regulated. The optimized Co1/2Ni1/2-HIPA exhibited minimum reaction ac-

tivation energy, and represented an overpotential of 367 mV to reach 10 mA/cm2 at 25 °C. Moreover, an

overpotential of 314 mV at 10 mA/cm2 was obtained from Co1/2Ni1/2-HIPA at 55 °C. This mixed-metal

strategy provides a feasible way for adjusting the electronic states of the electrocatalysts to improve the

electrocatalytic OER performance.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As two main challenges of the 21st century, the everlasting

global energy consumption relying mostly on fossil fuels and the

consequent climate change are tilting the balance of our soci-

ety [1–4]. One way out of this dilemma is to resort to the de-

velopment of sustainable and environmentally friendly energy in-

stead. Among all candidates, hydrogen energy attracts broad in-

terest due to its rich resources, high combustion calorific value

and pollution-free feature [5–8]. Electrocatalytic water splitting has

been deemed as one of the most promising methods for hydrogen

production. Nevertheless, the application of electrocatalytic wa-

ter splitting is subject to anodic oxygen evolution reaction (OER),

which possesses a large thermodynamic equilibrium potential of

1.23 V vs. reversible hydrogen electrode (RHE), and involves a mul-

tistep proton-coupled 4e− transfer process [9–11]. Hitherto, repre-

sentative high-efficiency catalysts for OER are mostly noble metal-

based compounds like IrO2 and RuO2, yet their restricted resources

and high-price stand in the way of large-scale applications [12,13].

To address this complication, enormous efforts have been made to

utilize earth-abundant transition metal-based electrocatalysts for

the next generation of OER electrocatalysts [14–17].

Coordination polymers (CPs), a type of coordination compounds

with long-range ordered and adjustable structures resulting from

coordination between metal nodes and organic ligands, have been
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widely studied for the applications of catalysis, fluorescence, and

energy storage [18–26]. The application of CPs in the field of

electrocatalysis mainly involves two kinds: (1) using CPs as pre-

cursors to fabricate metal-based nanostructures as electrocatalysts

through high-temperature calcination [27,28]; (2) directly utilizing

CPs with high-activity as electrocatalysts [29–31]. The metal cen-

ters of CPs are generally the active sites, therefore the regulation

of metal types, coordination environment, defects, etc. are crucial

to improve their electrocatalytic properties. By introducing differ-

ent kinds of metals into CPs and adjusting their proportion, it is

expected to fabricate highly efficient OER catalysts. However, there

are still few related examples referring to electrocatalysts based on

bimetallic CPs and the regulation of the metal proportion for en-

hanced OER performance [32–37].

In this contribution, one-dimensional (1D) bimetallic CPs with

formula of [CoxNi1-x(HIPA)(H2O)3]n (CoxNi1-x-HIPA, H3IPA = 5-

hydroxyisophthalic acid) are elaborately designed and fabricated

with a modified hydrothermal method. The well-designed mixed-

metal strategy for the construction of bimetallic CPs with long-

range ordered crystal structure and uniform distribution of dif-

ferent metal elements is beneficial for efficient charge density

regulation that result in enhanced catalytic activity. The optimal

Co1/2Ni1/2-HIPA shows the lowest overpotential and the smallest

Tafel slope (TS) in alkaline electrolyte. Furthermore, we also ex-

plored the effect of temperature on OER activity of CP-based elec-

trocatalysts for the first time. The resulted activation energies of
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Fig. 1. (a) 1D structure of CoxNi1-x-HIPA (Co and Ni centers distributed randomly in the CoxNi1-x-HIPA); (b) PXRD patterns of CoxNi1-x-HIPA and the simulated diffraction

pattern of Co-HIPA; (c) FTIR spectra of CoxNi1-x-HIPA and H3IPA.

the catalysts and the electron states confirm that this mixed-metal

strategy could ultimately result in enhanced electrocatalysts for

oxygen evolution reaction.

The reaction of H3IPA and different molar ratios of

Co(OAc)2·4H2O and Ni(OAc)2·4H2O led to the formation of

CoxNi1-x-HIPA (x = 0, 1/3, 1/2, 2/3, 4/5, 1). Based on the single

crystal data of Co-HIPA and Ni-HIPA [38], each Co or Ni center is

connected to three O atoms from two HIPA2− ligands, and other

coordination sites are taken up by three H2O molecules, forming

an octahedral environment. The alternating connection of HIPA2−

and metal centers lead to a chain structure (Fig. 1a). Hydrogen

bonds between H2O molecules and the oxygen of ligands con-

nect adjacent chains into a three-dimensional supramolecular

framework (Fig. S1 in Supporting information).

According to inductively coupled plasma-optical (ICP) data (Ta-

ble S1 in Supporting information), the molar ratios of metal cen-

ters in CoxNi1-x-HIPA fit the feeding molar ratios. Powder X-ray

diffraction (PXRD) patterns of all CoxNi1-x-HIPA are identical to

the Co/Ni-HIPA (Fig. 1b), which proves their isostructural nature

and high phase purity. As shown in Fig. 1c, Fourier transform in-

frared (FTIR) spectra of all CoxNi1-x-HIPA are similar as well, fur-

ther confirming their isomorphism. Thermal gravimetric analysis

(TGA) curves display similar weight loss from ∼150 °C to 230

°C, which can be attributed to the loss of three coordinated H2O

molecules (Fig. S2 in Supporting information). The collapse of the

coordination frameworks occurred over 400 °C.
Scanning electron microscopy (SEM) was applied to examine

the morphology of CoxNi1-x-HIPA. All the CoxNi1-x-HIPA show the

regular rod-like morphology (Fig. S3 in Supporting information).

Herein, Co1/2Ni1/2-HIPA, which proves to be the best OER electro-

catalyst, is chosen for more detailed examination. Both transmis-

sion electron microscopy (TEM) and scanning transmission elec-

tron microscopy (STEM) images confirm its rod-like morphology

(Figs. 2a and b). Energy-dispersive X-ray spectroscopy (EDS) ele-

mental mapping results reveal that Co, Ni, C and O elements in

Co1/2Ni1/2-HIPA disperse evenly (Fig. 2c).

As shown in Fig. 3a, the linear sweep voltammetry (LSV) tests

were applied to evaluate OER performances of CoxNi1-x-HIPA at 25

°C. Co-HIPA shows an overpotential of 412 mV when the current

density reaches 10 mA/cm2. Ni-HIPA basically manifests no OER

behavior throughout the working potential range. The overpoten-

tial of CoxNi1-x-HIPA varies with the content of Co/Ni centers at

10 mA/cm2: 380 mV for Co4/5Ni1/5-HIPA, 386 mV for Co2/3Ni1/3-

HIPA and 432 mV for Co1/3Ni2/3-HIPA. It is noted that a mini-

mum overpotential of 367 mV at 10 mA/cm2 can be achieved by

the optimal Co1/2Ni1/2-HIPA. Based on LSV curves, TS were calcu-

Fig. 2. TEM images (a, b), STEM image and EDS elemental mappings (c) of

Co1/2Ni1/2-HIPA.

Fig. 3. LSV curves (a), Tafel plots (b), Cdl (c) and EIS (d) of CoxNi1-x-HIPA (x = 0,

1/3, 1/2, 2/3, 4/5, 1) at 25 °C.

lated to explore the intrinsic reaction kinetics (Fig. 3b). Ni-HIPA

delivers the highest TS (349 mV/dec), which is consistent with

its poor OER activity. Co-HIPA shows a TS of 133 mV/dec. Be-

sides Co1/3Ni2/3-HIPA (140 mV/dec), the TS of the other bimetal-

lic catalysts all decreased compared to the monometallic counter-

parts. Co1/2Ni1/2-HIPA has the lowest TS of 115 mV/dec. Further-
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Fig. 4. Comparison of the overpotentials at 10 mA/cm2 (left axis) and TS (right axis) of CoxNi1-x-HIPA (x = 0, 1/3, 1/2, 2/3, 4/5, 1) at 25 °C (a), 35 °C (b), 45 °C (c), 55 °C (d).

more, the electrochemically active surface areas (ECSAs) of the cat-

alysts were evaluated by means of double-layer capacitances (Cdl),

which were calculated from non-faradaic cyclic voltammograms

(CV) measurements (Fig. 3c and Fig. S4 in Supporting informa-

tion). Co1/2Ni1/2-HIPA has a Cdl of 3.56 mF/cm2, which distinctly

exceeds that of Co-HIPA (1.76 mF/cm2), Ni-HIPA (0.20 mF/cm2)

and other bimetallic CoxNi1-x-HIPA, and demonstrates more elec-

troactive sites exposed on the catalyst surface [39]. The Nyquist

plots radius of Co1/2Ni1/2-HIPA is significantly smaller than those

of other CoxNi1-x-HIPA. This smaller charge transfer resistance of

Co1/2Ni1/2-HIPA is conducive to improve the catalytic performance

(Fig. 3d). A high Faradaic efficiency of 96.2% for Co1/2Ni1/2-HIPA

was able to be reached based on an average ring current of 57.7

μA (Fig. S5 in Supporting information).

Co1/2Ni1/2-HIPA exhibited durability over 16 h through the

chronoamperometry test (Fig. S6 in Supporting information),

demonstrating itself to be a promising competitor among other re-

ported CP-based catalysts (Table S2 in Supporting information). The

overpotential of Co1/2Ni1/2-HIPA at 10 mA/cm2 increased 49 mV

after 16 h chronoamperometric test, while the overpotential at

100 mA/cm2 increased merely 10 mV (Fig. S7a in Supporting in-

formation). After 1000 CV cycles, the overpotential of Co1/2Ni1/2-

HIPA at 10 mA/cm2 increased by 56 mV, while the overpoten-

tial at 100 mA/cm2 was almost identical to the initial value (Fig.

S7b in Supporting information), indicating the excellent durabil-

ity of Co1/2Ni1/2-HIPA. The morphology of Co1/2Ni1/2-HIPA after the

chronoamperometry test was examined by SEM (Fig. S8 in Sup-

porting information). The regular rod-like structure basically re-

mains unchanged. According to EDS test, the molar ratio of Co and

Ni in Co1/2Ni1/2-HIPA increased slightly (Table S3 in Supporting in-

formation), which may be one of the causes leading to the degra-

dation of the catalyst performance.

Furthermore, the effect of temperature on the catalytic activ-

ity of OER was also studied. The LSV curves and Tafel plots of

CoxNi1-x-HIPA at 35–55 °C are shown in Supporting information

Fig. S9. The overpotential at 10 mA/cm2 and the TS of CoxNi1-x-

HIPA decrease evidently as the temperature increases, indicating

the enhanced activities at increased temperatures (Fig. 4). In par-

ticular, Ni-HIPA exhibits a significant promotion of OER perfor-

mance where the overpotential at 10 mA/cm2 reaches 404 mV

along with a TS of 130 mV/dec at 55 °C. The optimal Co1/2Ni1/2-

HIPA continuously delivers the smallest overpotential and the low-

est TS throughout all selected temperatures, in which the lowest

overpotential of 314 mV at 10 mA/cm2 and TS of 103 mV/dec are

obtained at 55 °C. All CoxNi1-x-HIPA exhibit enhanced turnover

frequency (TOF) compared to Co/Ni-HIPA at 380 mV (Table S4 in

Supporting information). Co1/2Ni1/2-HIPA possesses the highest TOF

of 0.025 s−1 at 25 °C and 0.074 s−1 at 55 °C. Based on the CV

curves at different scan rates (Figs. S10-S12 in Supporting informa-

tion), the ECSAs of CoxNi1-x-HIPA were calculated (Figs. S13a–c in

Supporting information). The Cdl of Co1/2Ni1/2-HIPA remains higher

than those of other catalysts at elevated temperatures, correspond-

ing to more active sites on the catalyst surface. The electrochemi-

cal impedance spectroscopy (EIS) tests of CoxNi1-x-HIPA show that

Co1/2Ni1/2-HIPA has a smaller charge transfer resistance at all se-

lected temperatures (Figs. S13d-f in Supporting information).

In order to understand the different activities of CoxNi1-x-HIPA,

the activation energies based on the charge transfer resistance at

different temperatures were calculated. The Nyquist plots radii of

CoxNi1-x-HIPA were reduced at increased temperature (Fig. S14 in

Supporting information). The equivalent circuit of the impedance

curve is given in Fig. S15 (Supporting information), where Rs repre-

sents the resistance of the electrolyte, CPE represents the constant

phase element, and Rct represents the charge transfer impedance.

The exchange current (i0) and apparent activation energy (Ea) of

the electrode are calculated by the following Eqs. 1 and 2 [40,41]:

i0 = RT/nFRct (1)

i0 = Aexp(−Ea/RT ) (2)

where A is a coefficient independent of temperature, R is gas con-

stant, T is absolute temperature, n is the number of electrons trans-

ferred, and F is Faraday constant. The Rct and i0 values of CoxNi1-x-

HIPA at different temperatures are given in Supporting informa-

tion Table S5. i0 represents the difficulty when the catalyst gains

and loses electrons at reaction equilibrium state, which means how

easily the catalytic reaction occurs. Co1/2Ni1/2-HIPA has the small-

est Rct and i0 at all selected temperatures, corresponding to the

highest catalytic activity. Arrhenius plots show that Co1/2Ni1/2-HIPA

has the lowest activation energy of 19.91 kJ/mol and in conse-

quence, the best OER performance of this family (Fig. 5).

XPS surveys were conducted to examine the electronic states

of different metal centers. Co, Ni, C and O elements coexist in

all CoxNi1-x-HIPA (Fig. S16 in Supporting information). To obtain
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Fig. 5. Arrhenius plots of Log i0 vs. 1/T of CoxNi1-x-HIPA (x = 0, 1/3, 1/2, 2/3, 4/5,

1).

Fig. 6. Proposed OER mechanism on CoxNi1-x-HIPA (x = 0, 1/3, 1/2, 2/3, 4/5, 1) in

alkaline medium (M∗ represented for Co and Ni centers).

more detailed information of the surface electronic states, the cor-

responding high-resolution XPS of all samples have been measured

(Fig. S17 in Supporting information). The binding energies of Co

2p3/2 and Co 2p1/2 in Co-HIPA are 779.1 eV and 794.7 eV [42,43],

while the binding energies of Ni 2p3/2 and Ni 2p1/2 in Ni-HIPA are

located at 853.5 eV and 871.2 eV [32,44]. Compared with Co-HIPA

and Ni-HIPA, the binding energies of Co 2p3/2 and Co 2p1/2 of all

bimetallic CPs slightly downshift, while the binding energies of Ni

2p3/2 and Ni 2p1/2 slightly upshift (Table S6 in Supporting informa-

tion). This variation of binding energy is ascribed to the increased

electron density of Co center and the decreased electron density

of Ni center [45]. Through the mixed-metal strategy, the simulta-

neous introduction of Co and Ni with different ratios was able to

alter electronic states, thus influencing the formation of active in-

termediates during the catalytic process [45,46]. According to lit-

eratures, M∗OOH is a common water oxidation active intermediate

in alkaline electrolyte, which is generated by continuous attacks

of OH− on M∗ and serves as a crucial intermediate for oxidation

of OH−. The increase in the electron density of the Co centers in

CPs is conducive to the improvement of OER electrocatalytic per-

formance [47–50]. Based on the above analysis, an OER mechanism

is presented in Fig. 6.

To further confirm the origin of the Co1/2Ni1/2-HIPA as highly

efficient electrocatalyst, the change of composition and electron

state after 16 h chronoamperometry test were studied by XPS spec-

tra. After chronoamperometry test, the binding energy of Co 2p

(778.8 eV for Co 2p3/2) and Ni 2p (852.9 eV for Ni 2p3/2) down-

shift compared to that of pristine Co1/2Ni1/2-HIPA (Fig. S18 in Sup-

porting information). This phenomenon could be attributed to the

formation of intermediate of M(OH)2 during OER process [49]. The

new peak emerged at the binding energies of 777.0 eV can be at-

tributed to Co3+, which was consistent with the proposed mech-

anism [51,52]. As revealed by FTIR results (Fig. S19 in Supporting

information), the main peaks of the title compounds after OER are

almost unchanged compared to that of the compounds before OER.

The peaks located at 1621 cm−1 and 1354 cm−1 are assigned to

asymmetric and symmetric stretching vibrations of −COOH [53].

On the basis of the above analysis, it can be deduced that M∗OOH

and M(OH)2 surrounding with the HIPA ligands emerged as the re-

action proceeded, of which M∗OOH acted as the active site.

To summarize, a mixed-metal strategy is proposed to synthesize

a series of bimetallic cobalt-nickel coordination polymers as elec-

trocatalysts for oxygen evolution reaction. The optimal Co1/2Ni1/2-

HIPA exhibits an overpotential of 367 mV at 10 mA/cm2 with

reduced charge transfer resistance and enhanced active surface

area compared to single-metal CPs. The optimized Co1/2Ni1/2-HIPA

also shows the lowest overpotential at 10 mA/cm2 throughout all

selected temperatures and possesses minimum activation energy.

This work provides a powerful and facile way to simultaneously

optimize the composition and the electron states for enhancing

catalytic performance of CP-based electrocatalysts.
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