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Abstract  

Delicately designed metal–organic framework (MOF)-derived nanostructured 

electrocatalysts are essential for improving the reaction kinetics of the oxygen evolution 

reaction and tuning the selectivity of small organic molecule oxidation reactions. 

Herein, novel oxalate-modified hollow CoFe-based layered double hydroxide 

nanocages (h-CoFe-LDH NCs) and yolk–shell ZIF@CoFe-LDH nanocages (ys-

ZIF@CoFe-LDH NCs) are developed through an etching–doping reconstruction 

strategy from a Co-based MOF precursor (ZIF-67). The distinctive nanostructures, 

along with the incorporation of the secondary metal element and intercalated oxalate 



 
groups, enable h-CoFe-LDH NCs and ys-ZIF@CoFe-LDH NCs to expose more active 

sites with high intrinsic activity. The resultant h-CoFe-LDH NCs exhibit outstanding 

OER activity with an overpotential of only 278 mV to deliver a current density of 50 

mA cm−2. Additionally, controlling the reconstruction degree enables the formation of 

ys-ZIF@CoFe-LDH NCs with a yolk–shell nanocage nanostructure, which show 

outstanding electrocatalytic performance for the selective ethylene glycol oxidation 

reaction (EGOR) toward formate, with a Faradaic efficiency of up to 91%. 

Consequently, a hybrid water electrolysis system integrating the EGOR and the 

hydrogen evolution reaction using Pt/C||ys-ZIF@CoFe-LDH NCs is explored for 

energy-saving hydrogen production, requiring a cell voltage 127 mV lower than water 

electrolysis to achieve a current density of 50 mA cm−2. This work demonstrates a 

feasible way to design advanced MOF-derived electrocatalysts toward enhanced 

electrocatalytic reactions.  

Keywords: Metal–organic frameworks; LDH nanocages; Yolk–shell structure; Oxygen 

evolution; Ethylene glycol oxidation 

 

1. Introduction 

Structural engineering is regarded as an effective path to improve the 

electrochemical performance of electrode materials [1]. Hollow and yolk–shell 

nanostructures have demonstrated advantages as functional materials for 

electrocatalysis owing to their unique configurations and inherent physical and 

chemical properties, such as large surface areas, rich cavities, low mass density, and 

reduced diffusion distances for mass and charge transport [2, 3]. Yolk–shell 

nanostructures in particular possess hollow shells and interior cores featuring multiple 

structural merits that make them incredibly attractive for electrocatalysis. As a result, 



 
numerous synthetic strategies have been developed to fabricate hollow frame-like and 

yolk–shell nanoarchitectures based on various precursors [4-7]. For instance, the most 

efficient approach for preparing such nanostructures is the template-assisted method, in 

which sacrificial templates can be transformed into various target products through 

careful etching and/or pyrolysis [8, 9]. Because metal−organic frameworks have 

accessible porous crystalline structures that enable high mass transport, they often serve 

as the starting sacrificial templates for synthesizing high-performance hollow and yolk–

shell nanostructured electrocatalysts [10]. Most pristine MOFs cannot be used in 

practical energy conversion and storage applications because of their intrinsically low 

electrical conductivity and poor structural stability [11, 12]. This limitation can be 

overcome through converting MOFs to diverse derivatives (e.g., layered double 

hydroxides (LDHs), carbonaceous materials, metal oxides, and metal sulfides) that 

have more beneficial properties and nanostructures while retaining high porosities [13-

15].  

MOF-derived LDHs, particularly Co-LDHs, have proven to be efficient 

electrocatalysts for the oxygen evolution reaction (OER) [16, 17]. However, the 

performance is still far from satisfactory for practical water electrolysis, due to poor 

intrinsic activity and insufficient active sites [18]. Previous studies have shown that the 

introduction of foreign metal atoms into Co-LDHs can enhance the OER performance, 

since the synergistic interactions between Co and foreign metals can tune the local 

coordination environment and electronic structure of Co sites, thereby boosting the 

intrinsic activity [19-23]. For example, Wang’s research group reported that 

incorporating Zn2+ ions into CoOOH can give rise to oxygen non-bonding states with 

different local configurations and change the OER routes. Zn0.2Co0.8OOH with a Zn–

O2–Co–O2–Zn configuration showed much better catalytic activity than the 



 
corresponding monometallic component [23]. However, obtaining MOF-derived 

hollow and yolk–shell LDH catalysts with optimized compositions is still challenging 

due to complex synthetic procedures and differences between the precipitation kinetics 

of divalent and trivalent metal cations [24]. 

It is well known that the sluggish kinetics of the anodic OER make it a bottleneck 

reaction in water electrolysis [25, 26]. Therefore, the OER is an energy-intensive 

process and only produces a low-value product (i.e., O2). Alternatively, replacing the 

OER with thermodynamically favorable small organic molecule oxidation reactions is 

attractive to reduce energy input while simultaneously producing value-added products, 

as verified by previous studies [27-32]. Notably, Co-based LDH electrocatalysts have 

shown high activity for the electro-reforming of some organic fuels. For example, with 

cobalt hydroxide@hydroxysulfide nanosheets on carbon paper (Co(OH)2@HOS/CP) 

as the working electrode, methanol can be selectively converted into formate with a 

Faradaic efficiency (FE) as high as ~100% [33]. Replacing the OER with the methanol 

oxidation reaction (MOR) in a hybrid water electrolysis system enables the 

simultaneous production of H2 and formate with less energy input. In light of these 

encouraging findings, it is desirable to construct MOF-derived Co-based LDHs with 

delicately controlled compositions and morphologies as bifunctional electrocatalysts 

for water oxidation and selective ethylene glycol (EG) reformation for enhanced H2 

production. 

Herein, an etching-doping reconstruction strategy was developed to synthesize 

oxalate-decorated hierarchical nanostructured CoFe-LDHs by using a Co-based MOF 

(ZIF-67) as the precursor. Through deliberately adjusting the reconstruction degree 

under various conditions, hollow CoFe-LDH nanosheets (NSs) assembled into 

nanocages (h-CoFe-LDH NCs) and yolk–shell ZIF@CoFe-LDH nanocages (ys-



 
ZIF@CoFe-LDH NCs) were readily synthesized. Control experiments revealed that the 

strong affinity between oxalate groups and Co2+/Fe3+ ions is the key to the formation of 

the unique hierarchical nanostructures. Owing to the strong synergistic interactions 

between Co and Fe sites, as well as enlargement of the LDH layer spacing by the oxalate 

groups, the as-prepared h-CoFe-LDH NCs and ys-ZIF@CoFe-LDH NCs exhibited 

excellent electrochemical performance for the OER and the ethylene glycol oxidation 

reaction (EGOR), respectively. Assembling ys-ZIF@CoFe-LDH NCs as the anode in 

an EGOR-coupled hybrid water electrolysis system not only reduced the energy input 

but also produced formate with high Faradaic efficiency. 

2. Materials and methods 

2.1 Chemicals and materials 

Cobalt (Ⅱ) nitrate hexahydrate (Co(NO3)2·6H2O, AR, 98%), potassium hydroxide 

(KOH, GR, 85%), iron (Ⅲ) nitrate nonahydrate (Fe(NO3)3·9H2O, AR, 98.5%), iron (Ⅲ) 

chloride hexahydrate (FeCl3·6H2O, AR, 99%), sodium hydroxide (NaOH, AR, 96%), 

sodium carbonate (Na2CO3, AR, 99.8%), anhydrous methanol, anhydrous ethylene 

glycol, anhydrous ethanol, and N,Nʹ-dimethylformamide (DMF) were purchased from 

Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Potassium trioxalatoferrate 

(III) trihydrate (K3[Fe(C2O4)3], 99%) was purchased from Macklin Biochemical 

Technology Co. Ltd. (Shanghai, China). Nafion solution (5 wt%) and 2-

methylimidazole were bought from Aladdin Reagent. Carbon paper was bought from 

Shanghai He Sen Electric Co. Ltd. Deionized H2O was used during all experiments. 

2.2 Synthesis 

2.2.1 Synthesis of ZIF-67 nanocrystals 

Co-based MOF precursor (ZIF-67) was prepared via the solvothermal assembly of 

Co2+ and 2-methylimidazole ligand. Typically, 2.91 g of Co(NO3)2·6H2O and 3.28 g of 



 
2-methylimidazole were each dissolved in 200 mL of methanol. Then, the solution of 

2-methylimidazole was rapidly poured into the solution of Co(NO3)2·6H2O under 

vigorous stirring. After reacting at room temperature for 24 h, the resulting purple 

precipitate was collected by centrifugation, washed 3 times with methanol, and 

vacuum-dried at 60℃ overnight.  

2.2.2 Synthesis of hollow h-CoFe-LDH NCs and yolk–shell ys-ZIF@CoFe-LDH 

NCs 

Oxalate-modified hollow h-CoFe-LDHs NCs were synthesized by using the 

previously prepared ZIF-67 as the template. Typically, 100 mg of ZIF-67 was first 

ultrasonically dispersed in 20 mL of ethanol. Then 20 mL of K3[Fe(C2O4)3] aqueous 

solution (1.5 mg mL−1) was slowly added. The mixture was then refluxed at 85℃ for 

60 min. After cooling to room temperature, the product was collected by centrifugation, 

washed with ethanol 3 times, and dried at 60℃ for 10 hours. To obtain the oxalate-

modified yolk–shell ys-ZIF@CoFe-LDH NCs, the reaction was aged at room 

temperature for 30 min. Finally, the product was collected by centrifugation, washed 

with ethanol several times, and dried at 60℃ overnight. 

2.2.3 Synthesis of typical CoFe-LDH NSs 

Typical CoFe-LDH nanosheets (t-CoFe-LDH NSs) were prepared as follows. 5.25 

mmol of Co(NO3)2·6H2O and 0.75 mmol of Fe(NO3)3·9H2O were dissolved in 40 mL 

of deionized water to form solution A. 3 mmol of Na2CO3 and 21 mmol of NaOH were 

dissolved in 40 mL of deionized water to form solution B. Then, solutions A and B were 

simultaneously added dropwise into a beaker containing 80 mL of deionized water until 

the pH of the final solution reached 8.5. After 24 h of stirring, the precipitates were 

collected and dried at 60℃ overnight. 

2.2.4 Synthesis of hollow h-Co-LDH NCs 



 
Hollow h-Co-LDH NCs were prepared similarly to h-CoFe-LDH NCs. Typically, 

100 mg of ZIF-67 was dispersed in 25 mL of ethanol containing 180 mg of 

Co(NO3)2·6H2O. Then the mixture was refluxed at 85℃ for 60 min. Finally, the 

collected product was washed with ethanol several times and dried at 60℃ overnight. 

2.3 Physical characterizations 

Powder X-ray diffraction (PXRD) patterns of the samples were collected on a 

Rigaku-Miniflex 600 diffractometer with Cu Kα radiation (step size = 0.02, scan rate = 

2° min−1). Scanning electron microscope (SEM) characterization was performed on a 

Carl Zeiss Sigma 300 microscope. Transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) images of the samples were obtained using a Talos-F200X 

microscope. X-ray photoelectron spectroscopy (XPS) spectra were collected on an 

ESCALAB 250Xi with monochromatic Al Kα radiation (E = 1486.2 eV), and the 

binding energies were calibrated by the C 1s peak at 284.8 eV. Fourier transform 

infrared (FTIR) spectra were recorded on a FTIR spectrometer (Vertex70). Raman 

spectra were recorded using a LabRAM HR Raman microscope with a 532 nm laser. 

After treatment under vacuum at 120℃ for 12 h, the N2 sorption isotherms were 

measured using a BELSORP Max analyzer at liquid nitrogen temperature (77 K). 

2.4 Electrochemical characterizations 

OER and EGOR measurements were performed in a three-electrode cell connected 

to an electrochemical workstation (CHI 660E), where carbon rod and saturated 

Ag/AgCl electrode were used as the counter electrode and reference electrode, 

respectively. 1.0 M KOH with or without 0.5 M ethylene glycol was used as the 

electrolyte. The catalyst ink was prepared by dispersing 10 mg of catalyst in a mixture 

of H2O (200 μL), EtOH (700 μL), DMF (50 μL), and Nafion solution (50 μL, 5 wt%), 

followed by ultrasonication for 1 h to form a homogeneous suspension. Then, 200 μL 



 
of the catalyst ink was deposited on a 1.0 × 1.0 cm2 piece of carbon paper substrate to 

obtain a loading of 2 mg cm−2. The linear sweep voltammetry (LSV) polarization curves 

were recorded at a scan rate of 5 mV s−1 with 90% iR-compensation. All measured 

potentials in this work were calibrated to the reversible hydrogen electrode (RHE): ERHE 

= EAg/AgCl + 0.059 × pH + 0.197 (V). The overpotential (η) of the OER was calculated 

according to the following formula: η = ERHE − 1.23 V. Electrochemical impedance 

spectroscopy (EIS) spectra were recorded with the frequency ranging from 0.01 to 105 

Hz at an AC amplitude of 5 mV. 

2.5 Product analysis 

The liquid products (formate) during the EGOR were quantified and analyzed by 

1H nuclear magnetic resonance (NMR) spectroscopy. In a typical analysis, a mixture of 

0.5 mL of the electrolyte and 0.1 mL of 10 mM DMSO (as internal standard) D2O 

solution was used as the measured sample. The 1H NMR spectra were obtained by using 

a pre-saturation method to suppress the water peak. The chemical formula for the 

EGOR to produce formate is as follows: C2H6O2 + 8OH− → 2HCOO− + 6H2O + 6e−.  

The FE of formate was calculated by the equation FE= nNF/Q, where n is the mole 

of product, N is 3 for formate of the EGOR, F is the Faradaic constant (96,485 C mol−1), 

and Q is the total charge passed through the working electrode. 

3. Results and discussion 



 

 

Fig. 1. Schematic illustration of the fabrication of h-CoFe-LDH NCs and ys-

ZIF@CoFe-LDH NCs. 

As shown in Fig. 1, hierarchical CoFe-LDH-based nanocages with two different 

nanostructures can be prepared by using an etching–doping reconstruction strategy, 

starting from Co-MOF (ZIF-67) precursor. ZIF-67 nanocrystals with a rhombic 

dodecahedral morphology were first synthesized as sacrificial templates via the 

assembly of Co2+ and 2-methylimidazole ligands under ambient conditions (Fig. S1). 

After the reaction between K3[Fe(C2O4)3] and ZIF-67 in an ethanol–water solution, 

hollow h-CoFe-LDH NCs and yolk–shell ys-ZIF@CoFe-LDH NCs were obtained 

under refluxing and ambient conditions, respectively. We speculate that during the 

reconstruction process, the ZIF-67 template was gradually etched by the H+ generated 

from the hydrolysis of [Fe(C2O4)3]3−; meanwhile, the released Fe3+ and Co2+ 

coprecipitated with OH−/C2O4
2− to form a thin CoFe-LDH NSs shell [14]. Since 

K3[Fe(C2O4)3] is insoluble in ethanol, an ethanol–water solution with the correct ratio 

was essential for reconstructing ZIF-67. Moreover, the reconstruction degree could be 

readily controlled by adjusting the reaction temperature. Specifically, low temperature 

slowed down the etching of ZIF-67, leading to the formation of yolk–shell ys-



 
ZIF@CoFe-LDH NCs, whereas refluxing at high temperature led to faster hydrolysis 

and consequently hollow h-CoFe-LDH NCs. 

 

Fig. 2. (a) PXRD patterns of h-CoFe-LDH NCs and typical CoFe-LDH NSs (t-CoFe-

LDH NSs); SEM and TEM images of (b–d) h-CoFe-LDH NCs and (e, f) ys-

ZIF@CoFe-LDH NCs; HAADF-STEM and the corresponding EDX elemental 

mapping images of (g) h-CoFe-LDH NCs and (h) ys-ZIF@CoFe-LDH NCs. 

 

For h-CoFe-LDH NCs, the diffraction peaks corresponding to ZIF-67 disappeared 

after reflux treatment (Figs. 2a). Instead, new diffraction peaks located at 8.8, 17.9, and 

33.8° were observed, which can be assigned to the typical LDH phase (labelled as t-



 
CoFe-LDH NSs, JCPDS No. 50-0235) but with a certain shift, indicating a complete 

conversion of ZIF to the LDH phase (Fig. S2). Compared to t-CoFe-LDH NSs with 

CO3
2− as the intercalated anions, the diffraction peaks of h-CoFe-LDH NCs indexed as 

(003) and (006) shifted to lower 2θ values. This was caused by the intercalation of larger 

C2O4
2− anions, which led to interlayer expansion in the derived CoFe-LDH [34, 35]. In 

contrast, the PXRD pattern of the ys-ZIF@CoFe-LDH NCs was similar to that of 

pristine ZIF-67 but with weaker peak intensity (Fig. S3), implying that only part of the 

ZIF-67 was converted into CoFe-LDH, which has poor crystallinity. SEM and TEM 

images show that the as-prepared h-CoFe-LDH NCs inherited the dodecahedral 

morphology of ZIF-67 and displayed an ingenious hollow nanocage morphology, while 

the smooth surfaces of ZIF-67 turned into a rough shell composed of randomly oriented 

nanosheets (Figs. 2b, c). A lattice spacing of 0.267 nm in the HRTEM image can be 

indexed to the (012) plane of LDH (Fig. 2d, inset). SEM energy-dispersive X-ray (EDX) 

analysis indicated the presence of C, Fe, Co, and O in the h-CoFe-LDH NCs, with a 

Co:Fe atomic ratio of ~7.15 (Fig. S4), which is close to the value of 6.7 obtained from 

inductively coupled plasma optical emission spectrometry (ICP-OES) analysis. High-

angle annular dark-field scanning TEM (HAADF-STEM) imaging and the 

corresponding elemental mapping images show a uniform distribution of C, Co, Fe, and 

O throughout the hollow nanocages (Fig. 2g). Comparatively, the ys-ZIF@CoFe-LDH 

NCs exhibited an intriguing yolk–shell structure consisting of a CoFe-LDH nanosheet-

based shell ~40 nm in thickness and a maternal ZIF-67 core ~250 nm in diameter (Figs. 

2e, f). The CoFe-LDH shells of the ys-ZIF@CoFe-LDH NCs were similar to those of 

the h-CoFe-LDH NCs. The representative EDX elemental mapping analysis confirmed 

that the inner core consisted of only C, N, and Co, while the outer shell contained 

primarily Co, Fe, and O (Fig. 2h), further verifying the CoFe-LDH shell and ZIF-67 



 
core in the ys-ZIF@CoFe-LDH NCs. For comparison, t-CoFe-LDH NSs with the same 

Co:Fe ratio and hollow Co-LDH NCs (h-Co-LDH NCs) were also prepared (Figs. S5–

6). 

 

Fig. 3. (a) N2 sorption isotherms of ZIF-67, h-CoFe-LDH NC, ys-ZIF@CoFe-LDH 

NCs, t-CoFe-LDH NSs, and h-Co-LDH NCs. (b) FTIR spectra of ZIF-67, h-CoFe-LDH 

NCs, ys-ZIF@CoFe-LDH NCs, and K3[Fe(C2O4)3]. (c) Raman spectra of h-CoFe-LDH 

NCs and ys-CoFe-LDH NCs. High-resolution XPS spectra of (d) C 1s, (e) Co 2p, and 

(f) Fe 2p for h-CoFe-LDH NCs and t-CoFe-LDH NSs. 

The textural properties of h-CoFe-LDH NCs, ys-ZIF@CoFe-LDH NCs, t-CoFe-

LDH NSs, and h-Co-LDH NCs were further analyzed by N2 adsorption–desorption 

isotherms. As shown in Fig. 3a, the h-CoFe-LDH NCs and h-Co-LDH NCs displayed 

type-II isotherms with BET surface areas of 109 and 104 m2 g−1, respectively, higher 

than that of t-CoFe-LDH NSs (65 m2 g−1), indicating the formation of a hollow 

hierarchical structure with a higher surface area that provided more accessible active 

sites for electrochemical reaction. In contrast, the ys-ZIF@CoFe-LDH NCs showed a 

type-I isotherm similar to pristine ZIF-67, with a BET surface area of 759 m2 g−1, 



 
suggesting that part of the ZIF-67 was preserved. 

To understand the formation of the nanocage morphology of h-CoFe-LDH NCs 

and ys-ZIF@CoFe-LDH NCs, the reconstruction-induced agent K3[Fe(C2O4)3] was 

replaced by other Fe salts, such as FeCl3·6H2O and Fe(NO3)3·9H2O. In contrast, only 

polyhedral particles with smooth surfaces and cracked particles were obtained (Fig. S7), 

proving that the oxalate group was crucial for the formation of the distinctive 

morphologies in the h-CoFe-LDH NCs and ys-ZIF@CoFe-LDH NCs. According to 

coordination chemistry theory, the leached Co2+ was able to coordinate with C2O4
2− to 

form a stable coordination complex around ZIF-67 particles during the etching process 

[36]. Hence, the strong affinity between the etchant and the ZIF-67 template enabled 

the fabrication of hierarchical nanocages [4]. In contrast, the coordination ability of Cl− 

and NO3
− was too weak to form an exterior hierarchical LDH shell that mimicked the 

ZIF-67 template geometry. The amount of K3[Fe(C2O4)3] added was also important in 

determining the final morphology. As shown in Fig. S8, a very small amount of 

K3[Fe(C2O4)3] could not induce the formation of hollow structures (Figs. S8a, b), while 

too much K3[Fe(C2O4)3] led to over-etching of the ZIF-67 framework, causing the 

collapse of the polyhedra (Figs. S8g, h). 

Analysis of the FTIR spectra showed that compared with pristine ZIF-67 and h-

Co-LDH NCs (Figs. 3b and S9), a new strong band at around 1610 cm−1 was observed 

in the h-CoFe-LDH NCs and ys-ZIF@CoFe-LDH NCs, which is assigned to the 

asymmetric C=O stretching vibration [37], indicating that the oxalate groups were 

intercalated into the CoFe-LDH NSs. According to previous work, the presence of the 

hydrophilic oxalate group can enhance the adsorption of water molecules on the catalyst 

surface and modify the electron structure of active sites, thereby improving 

electrochemical performance [38]. Raman spectra were also collected to gain more 



 
information on the bonding and chemical structure. As shown in Fig. 3c, the h-CoFe-

LDH NCs displayed two peaks at about 455 and 517 cm−1, attributed to Co-OH and 

Co-O bonds, respectively [39]. In comparison with the h-Co-LDH NCs (Fig. S10), the 

peaks corresponding to Co-O bonds in the h-CoFe-LDH NCs and t-CoFe-LDH NSs 

were red-shifted, indicating the elongation of Co-O bonds, likely caused by the strong 

interaction between the Co and Fe sites [40]. 

The surface compositions and chemical states of the samples were further 

investigated by XPS. As shown in Fig. S11, the survey spectra of the h-CoFe-LDH NCs, 

ys-ZIF@CoFe-LDH NCs, and t-CoFe-LDH NSs revealed the existence of C, Co, Fe, 

and O, whereas Fe was not detected in the h-Co-LDH NCs. Notably, the signal of N in 

the ys-ZIF@CoFe-LDH NCs is ascribed to the existence of the 2-methylimidazole 

ligand in the ZIF-67 cores. As observed in Fig. 3d, the C 1s XPS spectrum of the h-

CoFe-LDH NCs can be deconvoluted into three peaks at 284.8, 285.9, and 288.7 eV, 

indexed to C-C, C-O, and O-C=O bonds [41], respectively, indicating the presence of 

oxalate, which is consistent with the PXRD and FTIR results. In the Co 2p XPS spectra 

(Fig. 3e), the deconvoluted peaks at 780.7 and 782.2 eV are attributed to Co3+ and Co2+, 

respectively [42]. In comparison with the h-Co-LDH NCs (Fig. S12), the peaks of Co 

2p in the h-CoFe-LDH NCs and ys-ZIF@CoFe-LDH NCs had shifted to a higher energy, 

demonstrating interactions between Co and Fe sites, which is consistent with Raman 

spectra results. The Fe 2p XPS spectra of the samples can be deconvoluted into two 

broad peaks at 725.3 and 713.2 eV, assigned to Fe 2p1/2 and Fe 2p3/2 signals, respectively, 

confirming that the Fe species in the CoFe-LDH phase are mostly in the +3 oxidation 

state [24] (Fig. 3f).  



 

 

Fig. 4. OER performance of the catalysts: (a) LSV curves; (b) comparison of 

overpotential η at current density j = 50 mA cm−2, and j at η = 300 mV; (c) capacitive 

Δj (= ja – jc) against scan rates; (d) Tafel plots; (e) EIS plots; (f) long-term stability test 

for h-CoFe-LDH NCs at j = 10 mA cm−2. All the tests were conducted in 1.0 M KOH. 

Inset in (f) is a SEM image of h-CoFe-LDH NCs after the stability test. 

 

The electrocatalytic OER performance of the as-prepared catalysts was 

investigated in 1.0 M KOH. Commercial RuO2 was used as the reference. All 

electrocatalysts were loaded on a piece of carbon paper (CP) with a working area of 1.0 

cm2. As shown in Fig. 4a, ZIF-67-derived electrocatalysts displayed an oxidation peak 

of Co2+ to Co3+ at around 1.1 V. According to previous work, high-valence Co species 

(i.e., Co3+) are the active sites for the OER in Co-based electrocatalysts [43]. Based on 

the relationship between the anodic/cathodic current densities and the scan rates (Figs. 

S13d–f) [44], the surface coverage of the Co2+/Co3+ redox couple was estimated to be 

3.04 × 10−7 for the h-CoFe-LDH NCs, which was 1.05 and 2.09 times those of the ys-

ZIF@CoFe-LDH NCs (2.90 × 10−7) and h-Co-LDH NCs (1.45 × 10−7), respectively. 

Moreover, the anodic and cathodic peak current densities for all the as-prepared 



 
catalysts were in proportion to the square root of the scan rates (Figs. S13g–i), 

suggesting that Co2+/Co3+ redox is a proton diffusion-controlled process [45]. Notably, 

the calculated proton diffusion coefficient (D) value for the h-CoFe-LDH NCs (5.93 × 

10−7) was larger than for the ys-ZIF@CoFe-LDH NCs (5.37 × 10−7) and h-Co-LDH 

NCs (1.21 × 10−7) [46]. It is generally accepted that a larger D value induces a lower 

oxidation onset potential, which is beneficial for generating more Co3+ species. 

Consequently, the higher surface coverage of the Co2+/Co3+ redox couple and faster 

proton diffusivity of the h-CoFe-LDH NCs should promote OER performance. This 

was indeed the case, as shown in Figs. 4a, b and S14, since the h-CoFe-LDH NCs 

required an overpotential (η) of only 278 mV to deliver a current density of 50 mA cm−2; 

this was much lower than for the ys-ZIF@CoFe-LDH NCs (308 mV), t-CoFe-LDH 

NSs (336 mV), and h-Co-LDH NCs (348 mV), and even for commercial RuO2 catalyst 

(352 mV), as well as many recently reported Co-based electrocatalysts (Table S1). 

More impressively, the h-CoFe-LDH NCs delivered a current density of about 202 mA 

cm−2 at η = 300 mV, which was much higher than the ys-ZIF@CoFe-LDH NCs (38 mA 

cm−2), t-CoFe-LDH NSs (13 mA cm−2), h-Co-LDH NCs (14 mA cm−2), and RuO2 (21 

mA cm−2), once again demonstrating its excellent OER activity.  

To further investigate OER performance, the electrochemically active surface areas 

(ECSAs) of the as-prepared electrocatalysts, which are generally proportional to the 

double layer capacitances (Cdl), were measured based on CV curves at different scan 

rates (Fig. S15). As shown in Fig. 4c, the measured Cdl of the h-CoFe-LDH NCs was 

1.38 mF cm−2, while the values were only 0.82, 0.81, and 0.29 mF cm−2 for the ys-

ZIF@CoFe-LDH NCs, t-CoFe-LDH NSs, and h-Co-LDH NCs, respectively. Moreover, 

the h-CoFe-LDH NCs also exhibited the highest current density normalized by ECSA 

among all the samples (Fig. S16). This outstanding performance is likely due to the 



 
synergistic effect arising from the distinctive micromorphology, the intercalation of 

oxalate species, and the bimetallic interactions. 

The corresponding Tafel plots of the as-prepared electrocatalysts were then 

obtained to study the reaction kinetics. As shown in Fig. 4d, the h-CoFe-LDH NCs 

exhibited the smallest Tafel slope of 50 mV dec−1, compared with the ys-ZIF@CoFe-

LDH NCs (55 mV dec−1), t-CoFe-LDH NSs (68 mV dec−1), h-Co-LDH NCs (79 mV 

dec−1), and RuO2 (83 mV dec−1), demonstrating the enhanced OER kinetics. EIS plots 

of the samples were collected to gain insight into the charge transfer resistance during 

the OER. As displayed in Fig. 4e, the h-CoFe-LDH NCs possessed the smallest charge-

transfer resistance compared with the ys-ZIF@CoFe-LDH NCs, t-CoFe-LDH NSs, h-

Co-LDH NCs, and RuO2, which would enhance the charge transfer kinetics, thereby 

promoting the OER activity. 

The h-CoFe-LDH NCs also displayed good stability during long-term electrolysis. 

The chronoamperometric curve shows that the potential experienced negligible change 

while maintaining 10 mA cm−2 for more than 16 h (Fig. 4f). Meanwhile, SEM (Fig. 4f, 

inset) and TEM images (Fig. S17) show that the morphology of the h-CoFe-LDH NCs 

remained the same after the long-term durability test. However, totally different PXRD 

patterns (Fig. S18) and Raman spectra (Fig. S19) demonstrate the structural 

reconstruction of the catalyst during the OER process. XPS measurement of the h-

CoFe-LDH NCs after the stability test showed some predictable changes (Fig. S20); 

namely, the high-resolution XPS of O 1s suggested the formation of oxyhydroxide 

(MOOH, 535 eV) [47]. Based upon the Raman and XPS results, we believe that the 

CoFe-LDH phase transformed into metal oxyhydroxide, which has been widely 

accepted as the real active species for the OER [43, 48]. 



 

 

Fig. 5. (a–d) EGOR performance of the catalysts: (a) LSV curves; (b) 1H NMR spectra 

of the electrolyte before and after electrolysis; (c) correlation between potential and 

FEformate; (d) multi-step chronopotentiometry curves from 10 to 100 mA cm−2 without 

iR-compensation; (e) schematic illustration and (f) LSV curves of the HER||OER and 

HER||EGOR based on the Pt/C||ys-ZIF@CoFe-LDH NCs pair. 

 

As mentioned above, replacing the OER with the thermodynamically favorable 

ethylene glycol (EG, a hydrolysate of polyethylene terephthalate (PET) plastic) 

oxidation reaction can simultaneously reduce energy input and upcycle PET plastic 

waste to produce value-added products. As a proof of concept, the electrocatalytic 

performance of the as-obtained catalysts toward the EGOR was also investigated. Fig. 

5a shows that the h-CoFe-LDH NCs exhibited a much higher activity than the h-Co-

LDH NCs. This is consistent with the literature identifying Co species (e.g., Co3+) as 

the real active species for the EGOR, whose activity can be further enhanced via 

moderate Fe doping [49]. Unlike for the OER, the ys-ZIF@CoFe-LDH NCs exhibited 

better EGOR activity than the h-CoFe-LDH NCs, possibly due to synergistic 



 
cooperation between the ZIF-67 cores and the CoFe-LDH shells. Specifically, the inner 

ZIF-67 core, with its high porosity and large surface area, could contribute to the 

enhanced absorption of EG molecules. The unique yolk–shell structure thus would 

enable EG enrichment within the voids during the electrocatalytic process and 

subsequently enhance the EGOR performance. Specifically, the ys-ZIF@CoFe-LDH 

NCs needed only 1.39 V to reach 50 mA cm−2, which was 20 and 150 mV lower than 

for the h-CoFe-LDH NCs and h-Co-LDH NCs, respectively. The voltage was 144 mV 

lower than what was required to deliver the same current density for the OER (Fig. 5a, 

inset), demonstrating the potential of replacing the OER with the EGOR to reduce 

energy input for water electrolysis. 

The oxidation products during the EGOR were quantitatively analyzed using 1H 

nuclear magnetic resonance (NMR) spectroscopy. Notably, formate was the only 

detectable liquid product during constant potential electrolysis (Figs. 5b and S21). The 

ys-ZIF@CoFe-LDH NCs yielded the highest Faradaic efficiencies for formate 

generation (FEformate) (Fig. 5c) at all applied potentials compared with the h-CoFe-LDH 

NCs and h-Co-LDH NCs. The maximum FEformate of the ys-ZIF@CoFe-LDH NCs was 

91%, compared with only 67% and 51% for the h-CoFe-LDH NCs and h-Co-LDH NCs, 

respectively. The ys-ZIF@CoFe-LDH NCs also provided the highest formate partial 

current density (jformate) compared with the other two samples (Fig. S22), further 

indicating its excellent EGOR performance. Moreover, the ys-ZIF@CoFe-LDH NCs 

showed excellent long-term stability toward the EGOR, with negligible potential 

changes during multi-step and constant chronopotentiometry measurements (Figs. 5d 

and S23–24). It is worth noting that the slight increase in potential was caused by the 

continuous consumption of ethylene glycol during the electrolysis process. 

Encouraged by the excellent EGOR performance of the ys-ZIF@CoFe-LDH NCs, 



 
we assembled an HER||EGOR hybrid system to generate H2 and formate 

simultaneously, with commercial Pt/C and ys-ZIF@CoFe-LDH NCs serving as the 

cathode and anode, respectively (Fig. 5e). As shown in Fig. 5f, a cell voltage of 1.47 V 

was needed to deliver a current density of 50 mA cm−2 for the HER and EGOR 

concurrently, which was 127 mV lower than for the HER||OER. Pt/C||ys-ZIF@CoFe-

LDH NCs also exhibited better HER||EGOR performance than Pt/C||h-CoFe-LDH NCs, 

Pt/C||h-Co-LDH NCs, and even Pt/C||RuO2 (Figs. S25–26). Notably, the HER||EGOR 

performance of Pt/C||ys-ZIF@CoFe-LDH NCs was better than for most of the recently 

reported transition metal-based electrocatalysts (Table S2). The produced formate was 

quantitatively analyzed. As shown in Fig. S27, despite similar Faradaic efficiencies for 

H2 generation (FEH2), the FEformate values over Pt/C||ys-ZIF@CoFe-LDH NCs were the 

highest among all the electrode pairs. 

4. Conclusion 

In summary, we developed a facile etching–reconstruction strategy to prepare 

hollow h-CoFe-LDH NCs and yolk-shell ys-ZIF@CoFe-LDH NCs by using ZIF-67 

nanocrystals as the template. Oxalate anions are crucial for forming such a distinctive 

morphology, which not only exposes abundant accessible active sites with enhanced 

intrinsic activity, but also facilitates charge and mass transport, thereby promoting 

electrochemical performance. Specifically, h-CoFe-LDH NCs exhibited outstanding 

OER performance, with an overpotential of only 278 mV to achieve a current density 

of 50 mA cm−2, superior to commercial RuO2 catalyst and Co-based electrocatalysts 

reported to date. The ys-ZIF@CoFe-LDH NCs also selectively electro-oxidized 

ethylene glycol to formate with a Faradaic efficiency as high as 91%. Assembly of ys-

ZIF@CoFe-LDH NCs and commercial Pt/C catalyst into a HER||EGOR hybrid 

electrolysis system enabled efficient simultaneous production of H2 and formate with 



 
less energy input. Our work sheds light on the development of efficient MOF-derived 

catalysts for desirable electrochemical reactions. 
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