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Abstract 

Engineering low-crystalline and ultra-thin nanostructures into coordination polymer assemblies

is a promising strategy to design efficient electrocatalysts for energy conversion and storage. 

However, the rational utilization of coordination polymers (CPs) or their derivatives as 

electrocatalysts has been hindered by a lack of insight into their underlying catalytic 

mechanisms.  Herein, we present a convenient approach where a series of Ni10-xFex-CPs (0≤x≤5) 

is first synthesized, followed by the introduction of abundant structural deficiencies using a 

facile reductive method (R-Ni10-xFex-CPs). The representative low-crystalline R-Ni8Fe2-CPs, 

referred to as R-NiFe-CPs, with a thickness of sub-2 nm display promising oxygen evolution 

reaction (OER) performance with a very low overpotential of 225 mV at 10 mA/cm2 and high 

long-term durability over 120 h. Comprehensive investigations including XAS, DFT, and mass 
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diffusion theory revealed strong synergistic effects of structural deficiencies on the OER 

activity.  A super-Nernstian pH-dependence of 85.15 mV pH-1 suggested that the catalytic OER 

mechanism of R-NiFe-CPs processed via a decoupled proton-electron transfer (PT/ET) 

pathway, which leads to notably higher OER activity compared to the concerted coupled 

proton-electron transfer (PCET) pathway. We showcase new insights into the catalytic reaction 

mechanisms of CP-related materials, opening up new approaches to expedite the design of 

efficient electrocatalysts. 

1. Introduction  

The development of low-cost and efficient electrocatalysts is of great importance to resolve the 

interconnected issues of fossil fuel shortage and climate change.[1] Noble metal-based materials 

(e.g. Pt and its alloys) have been well investigated and are among the most promising 

electrocatalysts for water splitting to generate clean hydrogen.[2-3] However, Pt group-based 

catalysts are still constrained by their scarcity and high cost for scalable and commercial 

electrocatalysis. Hence, the development of noble-metal-free catalysts with comparable 

catalytic activity and robust durability is an urgent task to realize technical applications of water 

electrolysis.[4-5]     

Coordination polymer assemblies (CPAs), which are composed of a metal center linked to 

organic or inorganic ligands combine tunable porous structures, well-dispersed metal sites, high 

surface areas, and good chemical stability. This renders them excellent materials for drug 

delivery,[6] gas storage and separation,[7] batteries,[8-9] and catalysis.[10-13] Thanks to their unique 

structural properties, transition metal-based CPAs keep attracting broad interest in the field of 

heterogeneous electrocatalysts.[9-14] However, their intrinsic poor conductivity, low mass 

permeability, and confined active metal centers need to be systematically improved for their 

application as efficient electrocatalysts. Moreover, instability issues of the ligands such as self-
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oxidation or degradation at high oxidation potentials need to be resolved for directly using 

CPAs as long-term electrocatalysts.[14-17] Several strategies, e.g. morphological modulation, 

electronic tuning, and surface modification, have been confirmed as promising approaches to 

improve the electrocatalytic performance of CPAs and CPs.[14, 16-21] For example, ultra-thin 

NiCo bimetallic CPA nanosheets with enhanced OER activity compared to bulk NiCo 

bimetallic CPAs, were synthesized through an ultrasonication exfoliation method.[14] Zhang et 

al.[16] demonstrated that monolayered heterogenous nanosheets of hybrid CoFeOx/CPAs were 

promising OER electrocatalysts.  Some of us recently[20] proposed that the high and durable 

electrocatalytic activity of an new one-dimensional cobalt coordination polymer (Co-dppeO2) 

is due to its highly disordered structure, giving rise to exceptional resilience. Further theoretical 

calculations and in-situ characterizations proved that the key architecture behind the high OER 

activity was arising from the {H2O-Co2(OH)2-OH2} edge-site motifs. This study demonstrated 

the high potential of low-cost and disordered CPs-based catalysts for a sustainable economy. 

Moreover, CPA- or CP-derived compounds have recently emerged as new competitive 

candidates compared to many of the state-of-the-art transition metal-based electrocatalysts.[19-

24] Despite these tremendous achievements on CPAs and CPs, their straightforward construction 

as efficient transition metal-based electrocatalysts still remains a challenge.  

Herein, we rationally constructed a series of Ni10-xFex-CPs based on a modified room-

temperature coprecipitation method,[25] followed by a reduction protocol for achieving ultra-

thin reduced R-Ni10-xFex-CP nanosheets with tunable and significant degrees of structural 

deficiencies (Figure 1a). The processes of coordination polymer growth and the introduction of 

structural deficiencies were systematically  investigated with PXRD, FTIR, Raman, and X-ray 

absorption  
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Figure 1.  (a) Schematic diagram of the synthesis process. (b) TEM images of Ni-CP nanosheets. (c, e) TEM 

images of Ni8Fe2-CP (NiFe-CP) nanosheets. (d) TEM images of Ni5Fe5-CP nanosheets. (f, g) High-resolution 

transmission electron microscopy (HR-TEM) images of NiFe-CP nanosheets, the inset in (f) shows the 

corresponding selected area electron diffraction (SAED) pattern. (h) High-angle annular dark field-scanning 

transmission electron microscopy (HAADF-STEM) images and scanning transmission electron microscopy- 

energy dispersive X-ray spectroscopy (STEM-EDX) elemental maps of NiFe-CP nanosheets (colors: red = Ni, 

green = Fe, yellow = C, cyan = N, blue = O).   
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spectroscopy (XAS) analyses. We found that the morphologies, nanostructures, and structural 

deficiencies of the resulting products can be simultaneously tuned by controlling the initial 

atomic ratio of Ni/Fe and the concentration of NaBH4 as reducing agent. When employed as 

OER electrocatalysts, low-crystalline and ultra-thin R-NiFe-CPs afforded an ultra-low 

overpotential of 225 mV at a current density of 10 mA/cm2, a small Tafel slope value of 27.78 

mV/dec, and robust electrochemical durability for 120 h without any performance decline. This 

efficient OER performance surpasses the state-of-the-art RuO2 and many prominent NiFe-

based electrocatalysts. We furthermore comprehensively investigate the catalytic mechanism 

with a combination of XAS techniques and density functional theory (DFT) calculations. 

2. Results and discussion 

2.1. Synthesis of  Ni10-xFex-CP nanosheets 

The Ni10-xFex-CP (0≤x≤5) samples were prepared through a coprecipitation method (see details 

in the SI) and phase purity of as-prepared Ni10-xFex-CP products was first confirmed with 

PXRD patterns (Figure S1). All of the diffraction patterns of Ni-CPs were assigned to an 

orthorhombic system, which matched well with that of simulated Ni-CPs with a laminar 

structure (ICSD No. 251885, Ni(H2O)2[Ni(CN)4]·xH2O, S.G. Imma).[25,26] Two different Ni 

sites are present in the crystal structure (Figure S1a), of which the octahedral site is coordinated 

by 4 N  and 2 O atoms, and the square-planar site is coordinated by 4 C atoms. When increasing 

the Fe content, the PXRD patterns of the Ni10-xFex-CPs (Figure S1b,c) still agree with the initial 

host crystal structure, while exhibiting a peak shift to lower angles at around 2θ ≈ 9.3°, 

suggesting the successful incorporation of Fe into the Ni-CP lattice.[27] The structural functional 

groups and coordination environments of the Ni10-xFex-CP samples were further corroborated 

by FTIR and Raman spectroscopy (Figures S2 and S3). The obtained results demonstrated that 

the vibrational signature of Ni10-xFex-CP samples did not significantly change, while some main 
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vibration modes (e.g. M-NC-Ni) displayed a shift to lower wavelengths due to the substitution 

of Ni by Fe. The corresponding field-emission scanning electron microscopy (FESEM, Figure 

S4) and transmission electron microscopy images (TEM, Figures 1b-e) showed the typical two-

dimensional nanosheet morphologies of the as-prepared products. As shown in Figures 1b-e 

and Figure S4, the introduction of Fe played a key role in the morphological evolution of Ni-

CPs. After the initial atomic ratio of Ni/Fe was increased to 1:1, the 2D nanosheet morphologies 

were well preserved, however, the numbers of layers and lateral size of Ni5Fe5-CPs were 

increased compared to the pristine Ni-CPs (Figures 1b,d and Figure S4). This morphology 

change is probably due to the presence of Fe3+ in the products, which possesses much stronger 

electronic affinity to the ligands compared with that of Ni2+ and Fe2+, giving rise to the 

anisotropic crystal growth with larger crystal size.[28-30] Meanwhile, energy dispersive X-ray 

(EDX) and inductively coupled plasma mass spectrometry (ICP-MS) were employed to analyze 

the atomic ratio of Ni/Fe in the Ni10-xFex-CPs (Figure S5 and Table S5). It was observed that 

the atomic ratio of Ni/Fe in the Ni8Fe2-CPs (which are referred to representatively in the 

following as NiFe-CPs) obtained from EDX (3.18:1) and ICP-MS (3.21:1) measurements was 

quite close, albeit not identical with the ratio within the starting materials (4:1). The lower 

atomic ratio of Ni/Fe of the as-synthesized CPs most likely results from the fact that the 

nucleation ability of Ni ions is weaker than that of Fe ions, so that a fraction of the Ni ions was 

most likely not involved in the nucleation process but remained in the solution and was removed 

by purification afterwards (Table S1).[17] Selected area electron diffraction (SAED) patterns and 

high-resolution transmission electron microscopy (HR-TEM) images were recorded for further 

phase analyses of the Ni8Fe2-CPs  (Figures 1f, g). The diffraction spots in the SAED patterns 

exhibit similar features as can be expected from the corresponding crystal structure (Figure S1). 

Each of these nanosheets clearly displays crystalline features as evident from the SAED patterns. 

The HR-TEM image shows a lattice spacing of 0.44 nm, which is assigned to the (002) plane 

of the NiFe-CPs. Moreover, scanning transmission electron microscopy-energy dispersive X-
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ray spectroscopy (STEM-EDX) and FESEM-EDX elemental mapping images (Figure 1h and 

Figure S6) reveal the homogenous distribution of Ni, Fe, C, N, and O over the selected area, 

indicating the successful formation of homogenous Ni10-xFex-CP nanosheets. 

 

Figure 2.  Characterization of R-Ni10-xFex-CPs. (a-c) FESEM and TEM images of R-Ni8Fe2-CP nanosheets 

(referred to in the following as representative R-NiFe-CP). (d, e) HR-TEM images of R-NiFe-CP nanosheets, the 

inset in (d) shows the corresponding SAED image. (f) HR-STEM and diffraction image (inset) of R-NiFe-CP 

nanosheets. (g) HAADF-STEM image and STEM-EDX elemental maps of R-NiFe-CP nanosheets. (h, i) AFM 

image and the corresponding height profiles of R-NiFe-CP nanosheets.  
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2.2. Preparation of low cyrstalline and ultra-thin R-Ni10-xFex-CP nanosheets  

To prepare the low cyrstalline and ultra-thin R-Ni10-xFex-CP nanosheets, NaBH4 was chosen as 

a reductant to produce structural deficiencies and distortions (see experimental details in the 

SI).[19, 23, 31-33] The PXRD patterns (Figure S7) of R-Ni10-xFex-CPs (0≤x≤5) showed low 

crystallinity with main diffraction peaks at  2θ ≈ 15.5° and 26.8°, which correspond to the (012)  

and (110) planes of a Ni(OH)2·0.75H2O reference (JCPDS No. 38-0715), respectively. The 

broad diffraction peaks in the PXRD patterns indicate the strongly disordered nature of R-Ni10-

xFex-CPs. Additionally, the morphologies of the series of as-prepared R-Ni10-xFex-CP 

nanosheets were characterized by FESEM and TEM. As shown in Figures 2a-c and Figures S8 

and S9, the R-Ni10-xFex-CPs can be described as ultra-thin nanosheets. The lack of well-defined 

diffraction rings for R-NiFe-CPs suggests their poor crystallinity, in line with the SAED pattern 

(inset in Figure 2d). Furthermore, a mixture of disordered and ordered domains, which further 

confirmed the lack of atomic lattice periodicity in the R-NiFe-CP nanosheets, was observed 

from HR-TEM and HR-STEM images (Figures 2e,f). The inset in the SAED pattern in Figure 

2f suggests that the main exposed crystal planes in R-NiFe-CPs are the (012) and (110) planes. 

EDX elemental mappings (Figure 2g and Figure S10) displayed a uniform distribution of Ni, 

Fe, and O on the surface of the nanosheets. Furthermore, the Ni/Fe atomic ratio was investigated 

by EDX and ICP-MS (Figure S11, Tables S5 and S6). The results showed that the atomic ratio 

of Ni/Fe in Ni8Fe2-CPs differed significantly before (EDX 3.18:1, ICP-MS 3.21:1) and after 

the NaBH4 treatment (EDX 2.86:1, ICP-MS 2.96:1), suggesting that cation deficiencies were 

formed in the as-prepared ultra-thin nanosheets. More specifically, the formation of Ni 

deficiencies was facilitated compared to the Fe deficiencies (Table S6), and these cation 

deficiencies were compensated by oxygen deficiencies, as discussed below. The thickness of 

the as-synthesized ultra-thin R-NiFe-CP nanosheets was evaluated by atomic force microscopy 

(AFM, Figures 2 h-i). The heights of as-prepared ultra-thin nanosheet was measured across 
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lines 1-4 from 0.8 nm to 1.8 nm, corresponding to the monolayer and bilayer nanosheet 

morphologies of R-NiFe-CPs. Moreover, Ni8Fe2-LDH (referred to as NiFe-LDH) without 

structural deficiencies (Figures S12-14), rock salt-type NiFe-oxides derived from the NiFe-CPs 

(Figures S15-17), and NiFe-nanoparticles (NPs) with structural deficiencies (Figures S18-20) 

were compared as references. NiFe-LDH was prepared from a conventional urea-assisted 

method and showed a typical hexagonal nanoplate morphology.[34-37] Rock salt-type NiFe-oxide 

was prepared by calcination of NiFe-CPs in air atmosphere. The FESEM and TEM images 

(Figure S16) show that the NiFe-oxides preserved the pristine nanosheet morphology quite well. 

When using Ni/Fe ions as raw metal sources only, in the absence of CPs as precursor, randomly 

shaped nanoparticles were obtained, denoted as R-NiFe-NPs (see experimental details in the 

SI, Figures S18-20). The PXRD pattern (Figure S18) indicates that the R-NiFe-NPs display a 

phase mixture of metal hydroxides and metal alloys, which was mainly due to the fast reaction 

kinetics in the presence of high NaBH4 concentrations.[31-33, 38] All of the above results 

demonstrate that the controlled low-crystalline and ultra-thin (sub-2 nm) R-NiFe-CP 

nanosheets can selectively be fabricated by the herein applied CPs-assisted reduction strategy.  

2.3. XAS and XPS characterizations  

The local coordination environments of Ni and Fe atoms in the synthesized materials were 

characterized by XAS spectroscopy (Figures 3a-c and Figures S21 and S23-33). XAS data of 

Ni and Fe foils were fitted as standard references (Figures S21 and S24). Figure S23a depicts 

the Ni K-edge X-ray absorption near-edge structure (XANES) spectra of Ni10-xFex-CPs (x=0, 2, 

and 5). The Ni K-edge XANES spectra of the Ni10-xFex-CPs show a characteristic pre-edge 

feature around 8335 eV corresponding to the ideal square-planar geometry of NiM4 (M: 

heteroatom).[39-42] The Ni K-edge extended X-ray absorption fine structure (EXAFS) spectra 

were recorded to quantify the coordination environment of Ni atoms in Ni10-xFex-CPs. The 

Fourier-transform FT-EXAFS spectrum of Ni5Fe5-CPs (Figure S23b) displays two prominent 
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peaks, one  peak at 1.35 Å associated to the Ni-C coordination shell, and another peak at 2.42 

Å arising from the Ni-N coordination shell, which underscores the square-planar geometry of 

the Ni atoms in Ni5Fe5-CPs.[39-42]  The FT-EXAFS spectrum of Ni-CPs (Figure S23b) shows 

three peaks in the range of 1-3 Å. The first one at 1.17 Å corresponds to Ni-C/N pairs, the 

second one at 1.78 Å arises from the Ni-O bond, and the third one at 2.39 Å is mainly due to 

the Ni-N/C pairs.[43,44] Since the contributions of the Ni-C scattering path from the octahedral 

site and the Ni-N path from the square-planar site are quite similar (Figure S1a), the scattering 

of Ni-C/N or Ni-N/C pairs  

 

Figure 3. (a) Ni K-edge X-ray absorption near-edge structure (XANES) and zoom of the edge shifts (inset) of as-

prepared products vs. references. (b) Fitting of the Ni K-edge FT-EXAFS spectra of R-NiFe-CPs, NiFe-LDH, and 

reference Ni(OH)2. (c) Wavelet transformed (WT) contour plots of R-NiFe-CPs, NiFe-LDH, and Ni(OH)2 and Ni 

foil references. (d, e) High-resolution X-ray photoelectron spectroscopy (XPS) spectra of Ni 2p and O 1s for R-

NiFe-CPs and NiFe-LDH. (f) Room temperature EPR spectra for R-NiFe-CPs, NiFe-CPs, NiFe-LDH, and 

reference Ni(OH)2. 
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cannot be distinguished for Ni10-xFex-CPs (x = 0 and 2).[45] These results demonstrated that only 

the octahedral sites of the Ni atoms in Ni10-xFex-CPs were substituted by Fe atoms (Figure S22). 

The Fe K-edge XAS data (Figure S25) of Ni5Fe5-CPs showed a similar line shape and a slightly 

negative shift in comparison to that of Ni8Fe2-CPs, suggesting that the local and electronic 

structures of Fe atoms in Ni10-xFex-CPs (x = 2 and 5) remained more or less unchanged. 

Moreover, the rising-edge position was located between those of FeO and Fe2O3 reference 

oxides (Figure S25b), indicating that the Fe valence states followed the order FeO < Ni8Fe2-

CPs < Ni5Fe5-CPs < Fe2O3. A series of XAS measurements was then performed to access the 

local coordination environment of Ni and Fe atoms in R-Ni10-xFex-CPs (x = 0, 2, and 5), NiFe-

LDH, NiFe-oxides, and R-NiFe-NPs (Figure 3a and Figures S26-33). The Ni K-edge XANES 

spectra of R-Ni10-xFex-CPs, are analogous to those of Ni(OH)2 and NiFe-LDH (Figure 3a and 

Figure 26a), further confirming that Ni-hydroxide related compounds were formed. The rising-

edge position of R-Ni10-xFex-CPs is quite close to that of Ni(OH)2 and NiFe-LDH, indicating 

that the overall valence state of Ni centers in the Ni10-xFex-CPs is mainly Ni2+ (inset in Figure 

3a and Figure S26b). The Ni K-edge FT-EXAFS and EXAFS spectra of the different 

compounds are presented in Figure 3b, Figures S26c and S27. It was observed that the EXAFS 

oscillations for R-NiFe-CPs, NiFe-LDH, and Ni(OH)2 are quite similar in the investigated k-

space window from 2 to 10 Å-1 (Figure S27), suggesting a similar local coordination 

environment of Ni atoms. The main coordination peak at 1.56 Å (Figure 3b) corresponds to the 

Ni-O bonds, and the second coordination peak at 2.69 Å is mainly due to scattering from the 

Ni-O-Ni/Fe bonds.[43,46-48] However, while only one dominant peak arising from the Ni-O bonds 

was detected in R-Ni-CPs (Figure 26c), the scattering of the Ni-O-Ni/Fe bonds was not obvious 

when compared with that of R-Ni10-xFex-CPs (x=2 and 5). These results suggest that the partial 

substitution of Ni by Fe atoms in R-Ni10-xFex-CPs could form more stable bridging Ni-O-Fe 

bonds, which could regulate the electronic configuration of Ni10-xFex-CPs and promote their 

OER activity. Results from the fitting of FT-EXAFS spectra show that the coordination 
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numbers (CN) of metal centers in Ni-O and Ni-O-Ni bonds in R-Ni10-xFex-CPs are smaller than 

those of NiFe-LDH and Ni(OH)2, while the CN of the Ni-O-Fe moieties does not significantly 

change (Figure 26d and Table S7). Combined with those results and the above analysis, we 

conclude that the as-prepared low-crystalline R-Ni10-xFex-CP nanosheets contained rich 

structural deficiencies, and more specifically, that these deficiencies are mainly due to the 

absence of O and Ni atoms. Furthermore, the wavelet-transform (WT) contour plots (Figure 3c) 

were investigated and the relative magnitude of the Ni-O and Ni-O-Ni/Fe coordination shells 

was found to decrease in the order of R-NiFe-CPs < NiFe-LDH, indicating the presence of 

structural distortions with lower CN in R-NiFe-CPs. Besides, the Ni-O-Ni moiety of Ni(OH)2 

was located at ~7.34 Å-1 with the most intense maximum, while NiFe-LDH and R-NiFe-CPs 

showed a positive shift to ~7.85 Å-1, which further supports the presence of bridging Ni-O-Fe 

bonds.[16] The Fe K-edge data also provided analogous evidence for the presence of O and Ni 

deficiencies in R-NiFe-CPs (Figures S28 - S29 and Table S8), which was illustrated by the 

decreased CN of metal centers in Fe-O bonds and Fe-O-Ni moieties. For comparison, the 

electronic and local coordination environments of rock salt-type NiFe-oxides and R-NiFe-NPs 

were also explored (Figures S30-S33). The Ni K-edge XAS data of NiFe-oxides was similar to 

that of the reference NiO, suggesting that the chemical state of Ni in both NiFe-oxides and NiO 

was similar (Figure S30). The Fe K-edge XAS data of NiFe-oxides implied that the valence 

state of Fe was mainly +3 (Figure 29b and Figure S31). The Ni K-edge and Fe K-edge XAS 

data (Figures S29b, S32, and S33) supported that the oxidation states of Ni and Fe in R-NiFe-

NPs were lower than in the NiO and Fe2O3 references, respectively, strongly indicating that Ni-

Ni (alloy) bonds were formed in R-NiFe-NPs. 

Surface chemical compositions and oxidation states of the synthesized electrocatalysts were 

examined with X-ray photoelectron spectroscopy (XPS) spectroscopy  (Figures 3d,e and 

Figures S34-37). As illustrated in Figure S35, the deconvoluted high-resolution XPS spectrum 
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of N 1s in NiFe-CPs showed two peaks, one at 399.32 eV and other one at 401.12 eV, which 

were assigned to N-C and N-Ni/Fe bonds.[39-41,49,50] The deconvoluted high-resolution Ni 2p 

XPS spectrum of NiFe-CPs displayed two pairs of peaks located at 856.72 and 872.42 eV, 

858.32 and 875.62 eV, respectively, attributed to the Ni-O and Ni-C bonds.[45,51,52] Fe-O bonds 

are evident from the high-resolution Fe 2p spectrum shown in Figure S35c. Those results 

demonstrate the formation of Ni/Fe(H2O)-NC-Ni motifs in NiFe-CPs, where the Ni atoms at 

the octahedral sites are partially replaced by Fe atoms. The XPS spectra in Figures 3d,e and 

Figures S34-37 suggest the presence of Ni, Fe, and O in both NiFe-LDH and R-NiFe-CPs. 

Notably, no B signal was detected from the XPS B1s spectra of R-NiFe-CPs (Figure S36), 

which is further implying that R-NiFe-CPs emerged from the proposed reaction mechanism 

(see experimental details in the SI, Tables S2 and S4).[19,23] Noteworthy, the binding energy 

of Ni 2p in R-NiFe-CPs exhibited a negative shift around 0.91 eV compared with that of NiFe-

LDH (Figure 3d). For the XPS spectrum of O 2s in NiFe-LDH (Figure 3e), three main peaks 

located at 529.68, 531,39, and 532.98 eV, respectively, are assigned to metal-oxygen bonds, 

surface hydroxyl groups, and adsorbed water.[53-58] However, the binding energies in the O2s 

XPS spectrum of R-NiFe-CPs are shifted slightly to higher values and a new peak located at 

531.57 eV appears, which can be assigned to oxygen deficiencies.[33,56-60]  The negative shift 

for Ni and Fe 2p and the positive shift for O 2s is due to strong electronic interactions with 

electron transfer from anions to cations.[29,32,61] Overall, the charge regulation by structural 

deficiencies and distortions in R-NiFe-CPs caused electron redistributions, which enhance the 

electron transfer properties and further improve the OER performance, as will be discussed in 

the following.  

To obtain further evidence for structural deficiencies, electron paramagnetic resonance (EPR) 

spectra were recorded for R-NiFe-CPs, NiFe-CPs, and NiFe-LDH as well as for Ni(OH)2 as a 

reference. As presented in Figure 3f, the R-NiFe-CPs exhibited a larger isotropic peak with a g 
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factor around 2.08, indicating the appearance of unpaired electrons arising from the structural 

deficiencies,[48,59,62]  which agrees with the XAS and XPS results. In contrast, no EPR signal 

was observed for NiFe-CPs, NiFe-LDH, and Ni(OH)2. Based on the above analytical results, 

we conclude that R-NiFe-CPs exhibit two different types of structural deficiencies (cation and 

anion deficiencies). Moreover, the insertion of Ni deficiencies was facilitated compared to Fe 

deficiencies (Figures S11, S26, S28 and Tables S5, S6). As reported, rational engineering of 

structural deficiencies can generate more active sites and promote fast electron transfer.[32,47,63,64] 

This attractive strategy to enhance the OER properties of as-prepared electrocatalysts is applied 

in the following. 

 

Figure 4. (a) CV curves (current normalized by ECSA) of as-prepared R-NiFe-CPs and NiFe-CPs, with NiFe-LDH, NiFe-

oxides, and R-NiFe-NPs as references. (b) Comparison of current densities based on geometric areas and mass activities at 1.53 

V vs. RHE. (c) Tafel plots for the seven catalysts. (d) Multi-potential-step chronoamperometry of R-NiFe-CPs with an 

overpotential from 175 to 295 mV, the inset presents the potential cycling tests. (e) Stability measurements of R-NiFe-CPs 

loaded on Ni foam. (f) Summary of recent representative works of NiFe-based OER electrocatalysts with their corresponding 

overpotentials at a current density of 10 mA/cm2 and Tafel slope values (Table S9). 
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2.4. Electrocatalytic OER performance  

The OER activities of as-prepared Ni10-xFex-CPs and R-Ni10-xFex-CPs were evaluated with a 

standard 3-electrode system with Fe-free purified 1 M KOH (see experimental details in the 

SI). Ni-CPs and R-Ni-CPs were employed as reference catalysts here, because the substitution 

of Fe may either promote or diminish the OER activity, depending on the Fe content.[23,37,65-67]  

Therefore, the effects of varying the Ni/Fe atomic ratio on the OER performance were first 

investigated (Figure S38). A 90% iR-correction was performed to evaluate all cyclic 

voltammetry (CV) measurements (Figure S39). As presented in Figure S38, the OER activities 

of the catalyst series exhibited a significant volcano trend as a function of the atomic ratio of 

Ni/Fe, which is consistent with previous studies on NiFe-based catalysts.[23,37,65-67] The best 

OER performance was observed in the samples with 20%  Fe substitution, referred to herein as 

R-NiFe-CPs (see analytical section above). After optimizing the mass loading of as-prepared 

catalysts, the electrodes with 0.4 mg/cm2 exhibited the best OER activity (Figure S40). 

To reflect the intrinsic activities of as-prepared catalysts, the current was normalized to the 

electrochemical surface area (ECSA) based on the plausible assumption that the catalytic OER 

process only involves the surface atoms.[5,68,69] The ECSA values were determined by the 

calculation of the electrochemical double-layer capacitance (Figure S41-43). The 

overpotentials for attaining a current density of 10 mA/cmgeometric
2 and specific current density 

of 1 mA/cmECSA
2 (Figure 4a and Figures S44) were used for activity comparison.[67,69,70] The 

minimum overpotential value obtained for NiFe-LDH was 273 mV at 10 mA/cmgeometric
2 and 

299 mV at 1mA/cmECSA
2, which is consistent with previous studies.[47,57,67] In particular, R-

NiFe-CPs displayed the highest OER activity (Figures S44b) with the lowest overpotential of 

225 mV at 10 mA/cmgeometric
2 and 254 mV at 1 mA/cmECSA

2, which is lower than that of NiFe-

CPs (261 mV and 281 mV), NiFe-oxides (300 mV and 395 mV), and R-NiFe-NPs (251 mV 

and 284 mV). Figure 4b further summarizes the geometric current densities and specific mass 
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activities of as-prepared catalysts and commercial RuO2 at an overpotential of 300 mV. As 

illustrated, R-NiFe-CPs display the highest geometric current density of 144.55 mA/cm2 with 

a relatively high mass activity of 361.38 A/g at an overpotential of 300 mV, which 

outperformed that of NiFe-CPs (64.44 mA/cm2, 161.11 A/g),  NiFe-LDH (23.99 mA/cm2, 55.98 

A/g), NiFe-oxides (8.99 mA/cm2, 25.04 A/g), R-NiFe-NPs (47.47 mA/cm2, 118.68 A/g), and 

commercial RuO2 (2.07 mA/cm2, 5.18 A/g). These data demonstrate the good catalytic activity 

of the low-crystalline and ultra-thin R-NiFe-CP nanosheet catalysts.  

To obtain further insight into the catalytic OER kinetics, the Tafel slope values were calculated 

for the as-prepared catalysts and commercial RuO2. As shown in Figure 4c, the R-NiFe-CPs 

exhibited the smallest Tafel slope value of 27.78 mV/dec, which outperformed NiFe-CPs (29.35 

mV/dec), NiFe-LDH (50.21 mV/dec), NiFe-oxides (54.52 mV/dec), R-NiFe-NPs (40.69 

mV/dec), and commercial RuO2 (105.78 mV/dec). The decreasing trend of Tafel slope values 

from R-NiFe-CPs to NiFe-LDH and subsequently to NiFe-oxides clearly shows the fast OER 

kinetics of the reductive materials. Furthermore, electrochemical impedance spectroscopy (EIS) 

characterizations were performed for the six catalysts (Figure S45). The EIS results clearly 

showed that R-NiFe-CPs displayed the smallest charge transfer resistance (Rct=9.41 Ω), in line 

with the observed deficiencies and further results of the XAS/XPS data. Moreover, the distinct 

merits of ultra-thin morphologies can shorten electron/carrier diffusion length, facilitate mass 

transportation, and further promote the adsorption/desorption of OER intermediates, which all 

result in an improved OER activity.[14,19,47, 71]  

For the steady-state activity and stability measurements, a series of chronoamperometry 

experiments for the investigated catalysts were performed in purified 1 M KOH (Figures 4d, e 

and Figure S47). Figure 4d presents the corresponding current density profiles within the 

overpotential range of 175 mV to 295 mV. To achieve a current density of 10 mA/cmgeometric
2, 

a minimum overpotential of 225 mV was needed, which was maintained constant for 360 s. 
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Thereafter, the current density was increased, and durability was maintained, when the 

overpotential was applied from 240 mV to 295 mV. Moreover, the rotating ring-disk electrode 

(RRDE) experiments exihibited a high Faradaic efficiency of nearly 96%, confirming that the 

catalytic current densities indeed originated from the OER (Figure S46).[14,69] The durability 

tests of as-prepared catalysts toward OER were performed at constant overpotential as shown 

in Figure S47. These results demonstrated that R-NiFe-CPs exhibit an impressive OER 

durability, which can hold up at an overpotential of 225 mV for 10000 s without any obvious 

current drops. Moreover, the R-NiFe-CPs maintained near-identical CVs to the pristine curve 

after 1000 CV cycles (inset in Figure 4d). As for the practical application potential, the catalyst 

was supported on Ni foam electrodes for extended long-time electrochemical durability 

measurements. We found that the real-time current density of R-NiFe-CPs showed only 

negligible changes after 120 h (Figure 4e), underscoring its robust stability. In addition, the 

OER activity of R-NiFe-CPs is comparable and the overpotential and Tafel slope value are 

substantially lower than that of most reported state-of-the-art NiFe-based and ultra-thin OER 

electrocatalysts (Figure 4f and Tables S9, S10).72-73  

The post-electrocatalytic properties of the newly synthesized NiFe-CPs compared to R-NiFe-

CPs were further investigated by TEM and XAS spectroscopy (Figures S48 and S49). For NiFe-

CPs, both the Ni K-edge and Fe K-edge XANES spectra of the post-catalytic samples were 

different from those of their pristine counterparts (Figures S49a and S49c). Moreover, 

evaluations of the FT-EXAFS data (Figures S49b and S49d) revealed that all the corresponding 

peaks were similar to those of the reference oxide/hydroxides, indicating that the NiFe-CPs 

underwent a structural transformation during the OER, and that the in-situ formed 

oxide/hydroxides species served as the real active species. These observations are also 

consistent with recently reported studies on the underlying structural instability and phase 

transformation of transition metal-based CPs during OER.[13,42,74,75] In contrast, the rising-edge 
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of the XANES spectra for post-catalytic R-NiFe-CPs only showed a slight positive shift as 

compared to the pristine sample (Figure S50) while the basic pristine structure was maintained. 

This strongly suggests that the metal ions in the pristine samples were oxidized to high valence 

states, and these in-situ formed highly oxidized species can be regarded as the real active species 

for OER.[23, 43,75, 76]  

2.5. Computational analysis of structural deficiencies 

 

Figure 5. (a) Computed partial density of states (pDOS) of Ni-OH, NiFe-LDH (Ni8Fe2), and R-NiFe-CPs (Ni8Fe2). 

(b) Calculated Ni 3d, Fe 3d, and O 2p-band centers of three catalysts. (c) Pourbaix diagram of Ni-OH, NiFe-LDH, 

and R-NiFe-LDH, formal redox potentials vs. pH values.  (d) Free energies of OER steps on Ni and Fe sites for 

the three catalysts at zero potential. (e) ks value of metal redox behaviors for Ni-OH, Ni9Fe1-LDH, and R-Ni9Fe1-

CPs. 

To gain insight into the origins of catalytic performance in R-NiFe-CPs, DFT simulations were 

performed to fundamentally understand the correlations between the structural deficiencies and 
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the OER activity. Calculations of the partial density of states (pDOS) and total DOS were 

performed on the (110) surfaces of the starting model structures of Ni hydroxide (refered to Ni-

OH), NiFe-LDH, and R-NiFe-CPs (see DFT calculations in the SI, Figure 5a and Figures S51-

54).[47,48] As shown in Figure 5a, the valence band is spread over a range around 6 eV and the 

lowest conduction band position with a bandgap around 1.8 eV is displayed in Ni-OH. 

Conversely, NiFe-LDH clearly shows an increased pDOS for the occupied states near the Fermi 

level and furthermore a very small bandgap of about 0.3 eV compared to Ni-OH. The enhanced 

DOS could promote the charge transfer and facilitate the adsorption/desorption properties of 

intermediates on the metal centers, thereby reducing the energy barriers for OER.[48,53,62,68] The 

low-crystalline and ultra-thin R-NiFe-CPs displayed a continuous enhancement of the pDOS 

above the Fermi level, suggesting that further enhancement of electron transfer properties can 

be accomplished by the insertion of structural deficiencies. This conclusion is consistent with 

EIS results in Figure S46, in which R-NiFe-CPs exhibited the smallest charge transfer resistance. 

The metal-oxygen covalency, which is determined by calculating the energy difference between 

the metal 3d and O 2p band centers, has been widely used as intrinsic factor correlated to the 

OER performance.[2,19,68,77-79] Compared to Ni-OH, the energy difference between Ni 3d and O 

2p band centers of NiFe-LDH is clearly lower (Figure 5b), suggesting that enhanced Ni-O 

covalency was obtained in NiFe-LDH. For R-NiFe-CPs, a similar Ni-O covalency is observed, 

but an increased Fe-O covalency was found compared to NiFe-LDH. This demonstrated that 

the Fe-O covalency plays a vital role in R-NiFe-CPs. The enhanced metal-oxygen covalency, 

which results from synergistic effects between Fe insertion and structural deficiencies, can 

promote the electron mobility between the metal cations and intermediate anions (e.g., O2- and 

O2
2-), thereby improving the OER kinetic properties.[68,77-79] 

Additionally, it was reported that the OER reaction mechanism would change from a PCET to 

a PT/ET pathway with increasing metal-oxygen covalency. Morever, catalysts based on PT/ET 
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were suggested to provide much better OER activity than based on PCET.[65,68,69,79-81] Therefore, 

pH-dependent experiments for Ni9Fe1-LDH and R-Ni9Fe1-CPs, based on the fact that their 

electrocatalytic behavior is similar to Ni8Fe2-LDH and R-Ni8Fe2-CPs (Figure S55), were 

carried out to examine possible OER reaction mechanism in this study. As shown in Figure 5c, 

it was apparent that the catalytic activities of all those three catalysts exhibited strong pH 

dependence. The pH-induced shift of Ni-OH was 56.54 mV/pH (near-Nernstian 59 mV/pH), 

which was in line with a PCET reaction mechanism. In contrast to the Nernstian behavior as 

shown by Ni-OH, both NiFe-LDH and R-NiFe-CPs proceed via a super-Nernstian behavior 

with a pH-induced shift of 81.42 and 85.15 mV/pH, respectively, which is representative for 

the PT/ET pathway.[65,68,81,82] When the PT/ET pathway is dominant in a catalyst, the proton 

abstraction is changed from on the sluggish single metal site to the bridging metal sites, which 

would considerably decrease the theoretical overpotential for overcoming the OER kinetic 

barriers.[65,68,81]  

The Gibbs free energies of oxygen-containing intermediates (ΔGM*) were further calculated to 

analyze the intrinsic catalytic activity of R-NiFe-CPs. ΔGM* (M = OH, O, and OOH) was 

calculated on the surface of Ni-OH (110), NiFe-LDH (110), and of the low-crystalline R-NiFe-

CPs (110).[47,48] The free energy profiles at zero potential, equilibrium potential, and minimum 

potentials for which all steps become downhill are summarized in Figure 5d and Figures S56-

58. The computational results reveal that the rate-determining step (RDS) for Ni-OH is the 

formation of the OH* intermediate, which results in an overpotential of 2.67 V. When 

introducing Fe into the crystal structure, NiFe-LDH is shown to be more favorable for the 

formation of OH*, and the RDS changes to form OOH* and OH* intermediates with 

overpotentials of 2.04 V and 1.25 V on Ni and Fe sites, respectively. In contrast, the 

overpotentials of deficiencies-rich R-NiFe-CPs are reduced to 0.60 V and 0.93 V on the Ni and 

Fe sites, and the RDS was mainly arising from the formation of the OOH* intermediate. The 
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above calculations indicate that the generation of OH* and OOH*, which are related to the 

adsorption of OH- ions on the metal sites, are the energy barriers for Ni-OH, NiFe-LDH, and 

R-NiFe-CPs.  

Therefore, the adsorption of OH- ions at the metal sites was investigated based on the Randles-

Sevcik and Laviron equations (Figures S59-61).[65,81,83] R-Ni9Fe1-CPs possessed the highest 

diffusion constant of (D=5.92×10-7 cm2/s) compared to Ni9Fe1-LDH (D=6.08×10-8 cm2/s) and 

Ni-OH (D=1.23×10-8 cm2/s). The higher D value reflects the stronger adsorption properties of 

OH- ions for R-NiFe-CPs. These investigations are consistent with the ΔGM* calculations, 

where R-NiFe-CPs exhibit the smallest energy barrier of OH* and OOH* intermediates. 

Furthermore, the rate constant of metal center redox (ks), which is regarded as an effective 

approach to elucidate the underlying metal adsorption sites for the OER process, was 

determined by the Laviron method.[81, 83] The results (Figures S59-61) corroborated that the ks 

value of  R-Ni9Fe1-CPs (3.78×10-2 s-1) was smaller than that of  Ni9Fe1-LDH (4.88×10-2 s-1) and 

of Ni-OH (6.16×10-2 s-1). The relatively high D and low ks value of  R-Ni9Fe1-CPs indicated 

that the coupling of ions with single metal sites was slower than that of  Ni9Fe1-LDH and Ni-

OH, and the dominant adsorption sites for OH- ions were the bridging metal sites (Ni-O-Fe).[81] 

Combining these diffusion studies and the above DFT simulations, we conclude that the 

incorporation of structural deficiencies in NiFe-CPs can productively tune the electronic 

structure, enhance the metal-oxygen covalency, facilitate the adsorption of OER intermediates 

towards more active bridging metal sites (Ni-O-Fe), and thereby give rise to the observed high 

OER activity.   
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Figure 6. (a, b) Variation of Ni and Fe site coordination numbers (CN) of the investigated samples. (c) CV curves 

of as-prepared R-NiFe-CPs with 0.3, 1.0, and 3.0 M of NaBH4. (d) Comparison of current densities based on 

geometric areas at 1.53 V vs. RHE. (e) Tafel plots for the three catalysts. (f) Nyquist plots for the three catalysts. 

2.6. Modulation of the structural deficiencies 

According to the above experimental and computational investigations, the low-crystalline and 

ultra-thin R-NiFe-CPs present a good OER performance. We found that the presence of 

structural deficiencies played a vital role in the modulation of the electronic structure and OER 

performance of R-NiFe-CPs. Consequently, the modulation of structural deficiencies was 

further investigated by treating NiFe-CPs with different concentrations of NaBH4. The as-

prepared catalysts were comprehensively characterized by PXRD, SEM, TEM, XAS, and EPR 

techniques (Figures S62-S68). From the EXAFS fitting results (Figures 6a,b and Figures S66, 

S67 and Tables S7, S8), it is observed that the R-NiFe-CPs (0.3 M) only show the absence of O 

atoms mainly around the Ni sites. The formation of Ni deficiencies was also observed when 

applying a high concentration of NaBH4 as demonstrated by the decreased CN of Ni-O-Ni and 
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Fe-O-Ni shells. This phonemenon suggests that the O deficiencies were first formed, followed 

by the introduction of Ni deficiencies during the synthesis process. Moreover, the EPR signal 

intensities (Figure S68) showed an increasing trend as a function of the NaBH4 concentrations, 

implying that more structural deficiencies are formed in R-NiFe-CPs with a higher 

concentration of NaBH4. Next, the electrocatalytic OER performance was tested by employing 

R-NiFe-CPs obtained with different concentrations of NaBH4 (0.3, 1.0, and 3.0 M) as anodic 

materials. As shown in Figures 6c-f, the R-NiFe-CPs (1.0 M) displayed the best OER 

performance with a low overpotential value of 225 mV at 10 mA/cmgeometric
2,  a small Tafel 

value of  27.78 mV/dec, and fast electron transfer. Upon further introduction of more O and Ni 

deficiencies, the R-NiFe-CPs (3.0 M) showed an inferior OER performance with a higher charge 

transfer resistance. This is mainly due to a strong relationship between ΔGM* and structural 

deficiencies (Figure 5d), where the energy barriers of different OER intermediates can be 

modulated by the structural deficiencies.[47,58,83] Optimal catalysts should have neither too high 

nor too low adsorption or deprotonation energies, along the lines of Sabatier’s principle.[53,84-

86].   

3. Conclusions 

Low-crystalline and ultra-thin R-NiFe-CP nanosheets with tunable and high degrees of 

structural deficiencies were synthesized for the first time via a facile room-temperature 

reduction strategy. The optimized ultra-thin R-NiFe-CP nanosheets exhibit a superior OER 

performance with a very low overpotential of 225 mV at a current density of 10 mA/cm2 and 

robust electrochemical durability at extended long-time operation over 120 h. They outperform 

commercial RuO2 and most of the NiFe-based state-art-of electrocatalysts reported to date.  

This remarkable electrocatalytic performance of R-NiFe-CPs has mainly been achieved through 

tuning the following factors: (1) The ultra-thin (sub-2 nm) layered morphologies enable 
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enhanced access to active sites, fast electron transfer, and predominately exposed crystal facets. 

(2) The partial substitution of Ni atoms by Fe generates Ni-O-Fe bridging metal sites with 

enhanced stability, thereby promoting a switch of OH− ion adsorption from the single metal 

sites to the Ni-O-Fe motifs. (3) Tuning of electronic structure, metal-oxygen covalency, and 

adsorption (deprotonation) energies of oxygen-intermediates through the incorporation of O 

and Ni deficiencies further enhances the electrocatalytic activity of R-NiFe-CPs. Investigations 

into the reaction mechanism revealed the presence of a PT/ET pathway in R-NiFe-CPs and 

showed that the RDS is mainly dependent on the adsorption of OH- at the dual bridging metal 

sites (Ni-O-Fe), which are identified as the catalytically active sites.  

Due to their flexibility, convenience, and upscaling options in combination with the high 

performance, as achieved in the present study, coordination polymers emerge as highly 

promising materials to achieve higher surface areas with more exposed active metal sites 

through their layered structural properties. However, their current studies still face many 

challenges, especially with respect to productivity and efficiency. We demonstrate that the 

development of efficient and environmentally-friendly approaches in future works has high 

potential to generate reliable catalysts with large active surface areas and stable chemical 

structures during catalytic operation. This work paves the way to improve the rational design 

of CP-based electrocatalysts and opens up this vast compound class for low cost energy storage 

and conversion materials. 

   

Supporting Information  

Details on the synthesis, analytical characterizations, and electrocatalytic measurements can be 
found in the Supporting Information, together with additional XRD, SEM, EDX, EPR, ICP-
MS, XPS and XAS data as well as the electrochemical properties. 
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We developed a highly efficient and robust oxygen-evolving electrocatalyst based on 
deficiency-rich and ultra-thin (sub 2 nm) NiFe coordination polymer derivatives. Experimental 
and theoretical studies corroborated that the high activity and stability of the investigated 
catalysts arose from dual bridging metal sites (Ni-O-Fe) in the tailor-made defective layered 
matrix. 
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