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Owing to the unique electronic properties, rare-earth modulations in noble-metal 

electrocatalysts emerge as a critical strategy for a broad range of renewable energy solutions 

such as water-splitting and metal-air batteries. Beyond the typical doping strategy that suffers 

from synthesis difficulties and the concentration limitations, the innovative introduction of rare-

earth is highly desired.  Here in this work, we present the novel synthesis strategy by introducing 

CeO2 support for the Nickel-Iron-Chromium hydroxide (NFC) supported to boost the OER 

performance, which achieves an ultra-low overpotential at 10 mA/cm2 of 230.8 mV, the Tafel 
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slope of 32.7 mV/dec as well as the excellent durability in alkaline solution. DFT calculations 

proved the established d-f electronic ladders by the interaction between NFC and CeO2 

evidently boosted the high-speed electron transfer. Meanwhile, the stable valence state in CeO2 

preserves the high electronic reactivity for OER. This work demonstrates a promising approach 

in fabricating the non-precious OER electrocatalyst with facilitation of rare-earth oxides to 

reach both excellent activity and high stability. 

 

Due to global warming and fossil energy shortage issues, significate concerns have been given 

rise to the developing of renewable energy technologies.[1] Water splitting is considered as one 

of the most promising ways to generate hydrogen fuels for clean and sustainable energy demand. 

Oxygen evolution reaction (OER) is regarded as the bottleneck half-reaction for water splitting 

due to its sluggish kinetics compared with the hydrogen evolution reaction (HER), which 

usually requires a high overpotential as the driven force.[2] To overcome such a challenge, great 

effort has been devoted to exploring efficient and robust OER electrocatalysts. Presently, the 

precious metal Ir and Ru based materials have been considered as the benchmark materials for 

OER while the high cost greatly hinders their further commercialization in large-scale 

applications.[3] As alternative selections, the earth-abundant electrocatalysts with prominent 

activity and stability have attracted tremendous attention.[4] Recently the transition metal 

hydroxides are becoming potential candidates for OER due to their extraordinary electroactivity 

to OER as well as the low cost. [5] To further enhance their performance, the design strategies 

of the earth-abundant OER catalysts can be summarized in two aspects: one is tuning the 

catalyst electronic structures to optimize the intrinsic catalytic activity for fast electron 

transfer;[5a,6] the other is the structural engineering to facilitate the kinetics by modifying the 

local environment of catalyst surface.[7] Based on the rational design of nanocomposite catalysts, 

the realization of these two cooperative strategies will be able to achieve due to the unique 

interaction between nanoscale materials. On one hand, the electronic structure of catalyst can 
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be elaborately tuned by substrate species.[8] On the other hand, nanostructures can ameliorate 

the contact angle at gas/solid interfaces or expose more active sites to the electrolyte.[9] Also, 

nanocomposite catalyst can enhance the electrical conductivity by the unique small-size effect 

and nanostructure design.[10] 

 

The structural engineering is playing a pivotal role in affecting the OER process regarding 

supplying more active sites, mechanical stability and oxygen releasement. When the view 

zoomed out at the nanoscale, the diffusion of oxygen species to catalyst becomes one of the 

dominant reasons to control the kinetics of OER due to the chemical equilibrium between 

reactants (oxygen-containing-intermediates) and product (O2). These features will guarantee 

the efficient OER process under high current conditions for industrial applications. Recently, 

Liu’s group reported that generating the lattice strain of NiFe hydroxide can effectively enhance 

the binding strength between NiFe hydroxide and oxygenated intermediates.[11] From another 

side, electronic engineering is also crucial to enhance the electrocatalytic performance. Through 

different doping selections, defect engineering and interfacial coupling effect, the intrinsic 

activity will be improved. Recent works have introduced ceria (CeOx) to tradition catalysts for 

enhanced OER activity, benefiting from its excellent electronic/ionic conductivity and high 

oxygen-storage capacity. Mullins’s group promoted the OER activity of CoOx by introducing 

CeOx and found that Ce promotes effective formation to CoOOH by perturbing the electronic 

structures of surface Co species.[12] Li’s group developed high efficient FeOOH@CeO2 

heterolayered nanotube electrocatalysts for OER, the strong interactions between CeO2 and 

FeOOH obviously lowers energy barriers for adsorptions of intermediates and products.[13] In 

addition, the CeOx layer can also improve the durability of electrocatalysts due to its unique 

permselectivity, which allowing the permeation of OH* and O2 through while preventing the 

diffusion of redox ions between electrolyte and electrode, thus ensure the long-term stability of 

the catalysts.[14] 
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In this work, we demonstrated the synergic design of highly catalytic NiFeCr hydroxide coated 

on oxygen permissive CeO2 hollow nanotube with metallic copper core shows exceptionally 

high activity towards OER. First, we constructed the peapod-like Cu@CeO2 nanotube array on 

Cu foam as the substrate through Ce3+ exchange with different concentration (0.10, 0.25, 0.50 

and 1.00 mM) and subsequent annealing treatment under reducing atmosphere (denoted as 

Cu@CeO2-x, x=0.10, 0.25, 0.50, 1.00). Next, the NiFeCr hydroxide nanosheets were deposited 

on the as-prepared substrate through the chronoamperometry measurement (denoted as 

Cu@CeO2@NFC-x, x=0.10, 0.25, 0.50, 1.00). The introduction of CeO2 substrate will 

simultaneously boost the oxygen ion transportation to the catalytic center and efficiently 

modulate the electronic structure of NiFeCr hydroxide for an energetically favorable state to 

accomplish water oxidation under alkaline environment. The excellent durability of the 

Cu@CeO2@NFC electrocatalyst is also verified. Meanwhile, the copper core in the tubular 

structure offered high electric conductivity, which can benefit the fast electrons transport and 

leading to enhance OER activity. Distinct with conventional the Ce doping, DFT calculations 

confirmed that the CeO2 supported layer supplied a broad range activation of the d-f coupling 

with the NFC that enriched active sites as well as the high charge transfer for O-species 

intermediates in OER. The energetically favorable reaction pathways are proved with an 

overpotential prediction close to the electrochemical tests. The conceptual illustration of 

catalyst design is depicted in Figure 1. 

 

The morphologies of all samples were characterized by transition electron microscope (TEM), 

high-resolution transition electron microscope (HRTEM) and scanning electron microscope 

(SEM). It can be observed that after Ce3+ ion exchange, the Ce: Cu(OH)2 nanorod shows similar 

smooth cylindric morphology to pristine Cu(OH)2 nanorod with a uniform diameter of ~ 200 

nm (Figure S1). The obtained Cu@CeO2-x shows a core-shell structure and still 
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homogeneously grown on the Cu foam after reduction procedure (Figure 2a), while the 

Cu(OH)2 nanorod exhibits a twisted solid cylinder structure after reduction (denoted as Cu NR) 

(Figure S2, S3). The formation of core-shell structure can be ascribed to the nanoscale 

Kirkendall effect.[15] The optimized Cu@CeO2@NFC-0.25 sample was chosen as the 

representation for the following analysis. The TEM image of Cu@CeO2-0.25 shows that the 

closely connected porous Cu core was encapsulated by a mesoporous tube wall constructed by 

CeO2 nanoparticles (Figure 2b). Figure 2c shows the HRTEM image of Cu@CeO2-0.25 

interface. The lattice fringe of 0.21 nm and 0.31 nm are attributed to the (111) crystal plane of 

Cu composites and CeO2 nanoparticles, respectively. The corresponding STEM-EDX elements 

mapping of Cu and Ce elements also confirmed the porous Cu nanocomposites structure and 

uniformly distributed CeO2 shell structure (Figure 2d). 

 

After the NiFeCr hydroxide electrodeposited on Cu@CeO2-0.25 substrate, the double-layered 

core-shell structure was observed (Figure 2e, 2f). The porous structure of the nanoarray 

composite electrode provides a larger active surface area to facilitate the electrolyte penetration 

on both nanoscale and microscale. In addition, the vertical nanoarray structure will benefit the 

fast release of gas bubbles from the electrode surface, thus promoting the electronic transfer 

and leading to enhanced OER activity. [16] The interplanar distance of 0.18 nm, 0.19 nm and 

0.31 nm in the HRTEM images well matched to the (200) crystal plane of Cu nanocomposites, 

(220) and (111) crystal of CeO2 nanoparticles (Figure 2g). Besides, the unapparent lattice 

fringe found in this HRTEM image indicates the low crystallinity of NiFeCr hydroxide, which 

endows their excellent OER activity. It has been widely reported that metal oxides or 

hydroxides with low crystallinity or amorphous structure can provide more active sites due to 

the abundant surface defects and lattice dislocations, thus showing superior OER activity 

compared to their crystalline counterparts.[17] Notably, the obvious lattice junction between 

CeO2 nanoparticles and NiFeCr hydroxide as well as the junction between CeO2 wall and Cu 
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core, indicating their close interaction, which will provide a good charge transfer path to achieve 

the excellent electronic conductivity. The STM-EDX element mapping was also measured to 

demonstrate the uniformed coated CeO2 and NiFeCr hydroxide multilayer structure (Figure 

2h). After the long-time OER test, the Cu@CeO2@NFC-0.25 can still maintain the core-shell 

structure (Figure S4), indicating its excellent morphological stability. The indistinct lattice 

fringe in HRTEM image indicated the subcrystalline structure of NiFeCr hydroxides, which is 

consistent with the results before.  The low crystallinity of NFC can also been confirmed by the 

Raman spectra that no obvious signals was detected (Figure S5). X-ray diffraction (XRD) 

characterization was carried out to measure the structure of the samples. As Figure S6 shows, 

the XRD patterns of Cu NR substrate, Cu@CeO2-0.25 substrate and Cu@CeO2@NFC-0.25 

before and after OER test follows the typical diffraction peaks of Cu. The absence of 

characteristic diffraction peaks of NFC and CeO2 can be ascribed to the low crystallinity of 

NFC and low contents of CeO2 nanoparticles, which match well with the results above.  

 

X-ray photoelectron spectroscopy (XPS) measurements were employed to further investigate 

the surface chemical compositions and valence states of Cu@CeO2@NFC-0.25 before and after 

OER test. As shown in Figure 3a, the Cu@CeO2@NFC-0.25 before OER test shows typical 

Ni 2p peaks at 855.7 eV and 873.3 eV, which is corresponded to Ni 2p3/2 and 2p1/2 of Ni2+, 

respectively.[18] Similarly, the co-existence of Fe and Cr are proved as well. The spectra peaks 

of Fe 2p1/2 and 2p3/2 are located at 711.4 eV and 724.0 eV respectively, which can be indexed 

to Fe3+ of Fe(OH)3 (Figure 3b).[19] The slight separation of Fe 2p1/2 and 2p3/2 peaks after OER 

was possibly due to the local chemical environment change induced by nickel oxidation. This 

result match well with earlier reports about NiFe LDHs materials, confirming the composition 

of NiFe based hydroxide as well as the oxidation state of Ni2+ and Fe3+ in this composite. [20] In 

addition, the Cr 2p spectra located at 576.5 eV and 578.2 eV are related to Cr3+-O and Cr3+-OH 

respectively (Figure 3c). The decrease of relative intensity ration of Cr3+-OH peaks could be a 
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result of strong oxidation condition during the OER measurements changed Cr3+-OH to Cr3+-

O.[21] Moreover, when it comes to O 1s spectra in Figure 3d, the simulated peaks located at 

529.3 eV, 531.0 eV and 532.1 eV were assigned to M-O, M-OH and H2O, respectively.[22] 

Besides, the relative intensity ratio of M-O and H2O peaks increased obviously after long-time 

OER test, which is consistent with the XPS results above. For Ce 3d spectra, there are three sets 

of peaks of Cu@CeO2-0.25 substrate (Figure S7). The peaks located at 882-890 eV and 898-

920 eV were corresponded to Ce 3d3/2 and Ce 3d5/2 respectively, which showed the coexistence 

of Ce3+ and Ce4+, indicating the multivalence property of ceria. It can be seen that Ce 3d signal 

became insignificant after OER process, indicating the leaching of cerium. After the NFC 

deposition, the molar ratio of Ce3+/Ce4+ increased significantly, indicating the close interaction 

between CeO2 and NFC. Furthermore, the slight change of Ce3+/Ce4+ molar ration after long-

time OER test is ascribed to the charge transfer between NFC and CeO2 during the OER process. 

Compared with Cu@CeO2-0.25 substrate, the Ce 3d signal remained unchanged for NFC 

coated samples after OER process. This indicated that NFC coating stablized CeO2 layer during 

strong oxidation conditions. Notably, the similar peak positions of Ni, Fe, Cr and Ce before and 

after long-time OER test indicated the excellent chemical stability of the trimetallic hydroxide 

system during OER measurements. 

 

The electrocatalytic OER performances of Cu@CeO2@NFC electrocatalysts were firstly 

optimized by adjusting the concentration of CeO2. Here, we developed four samples with 

different CeO2 ratio of Cu@CeO2@NFC-x (x=0.1, 0.25, 0.5, 1.0). As shown in Figure S7, the 

Cu@CeO2@NFC-0.25 shows the highest OER activity in terms of the lowest overpotential and 

lowest Tafel slope. When the Ce3+ reaction concentration increases from 0.1 mM to 0.25 mM, 

the overpotential at 10 mA/cm2 decreases from 245.9 to 230.8 mV, with the Tafel slope 

decreases from 50.9 to 32.7 mV/dec simultaneously. The improved OER activity can be 

originated from the enhanced electron transfer and oxygen transfer capability induced by the 
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increased CeO2 concentration. With the further increase of Ce3+ concentration to 0.5 mM and 

1.0 mM, the OER activity gradually decreases. When the Ce3+ concentration reached 1.0 mM, 

the overpotential at 10 mA/cm2 and Tafel slope were 243.9 mV and 54.6 mV/dec, respectively. 

The degradation of OER activities at high concentration of CeO2 could result from the more 

scattered Cu nanocomposites, leading to the reduced electrical conductivity of the Cu@CeO2 

substrate. 

 

To further investigate the structure influence on the OER activity, the Cu foam and the as-

prepared Cu NR were employed as the substrates for NiFeCr hydroxide electrodeposition for 

comparison. The obtained samples were denoted as CNR@NFC and CF@NFC, respectively. 

As the polarization curves are shown in Figure 4a, the bare Cu@CeO2-0.25 substrate shows a 

negligible OER current within the potential range. We can see that Cu@CeO2@NFC-0.25 

exhibits a much lower onset potential and much higher catalytic current density compared with 

other samples. The overpotential (η) at the current density of 10 mA/cm2 of Cu@CeO2@NFC-

0.25 is merely 230.8 mV, which is lower than 233.4 mV of commercial RuO2 and far below 

252.8 mV and 256.1 mV of CNR@NFC and CF@NFC, respectively. The Tafel slopes were 

also calculated by plotting the overpotential against log (j) from corresponding polarization 

curves to get further insight into the OER kinetics (Figure 4b). From the summaries in Figure 

4c, the Tafel slope of Cu@CeO2@NFC is 32.7 mV/dec, which is far below 58.1 mV/dec, 83.0 

mV/dec and 87.4 mV/dec corresponding to CNR@NFC, CF@NFC and commercial RuO2. The 

significantly lower Tafel slope indicates the better OER kinetics of Cu@CeO2@NFC, which 

can be owing to the vertical Cu nanowire array structure on Cu foam, not only enlarge the 

electrochemically active surface but also facilitate the gas bubble release on the electrode 

surface. Moreover, the excellent electronic/ionic conductivity and high oxygen storage capacity 

of CeO2 are also beneficial to the enhancement of the OER reaction kinetics. 
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Moreover, the excellent steady-state activity of Cu@CeO2@NFC was evidenced by the multi-

current step chronopotentiometric measurement in 1 M KOH with the current density increased 

from 10 mA/cm2 to 500 mA/cm2. As Figure 4d shows, the overpotential immediately reached 

232 mV at an initial applied current density of 10 mA/cm2 and almost remained the same in the 

following 1 h with no observation of evident fluctuations. With the increase of current density 

steps, the overpotential increased and maintained an identical level. Mentionable, the 

overpotential shows negligible fluctuation even at 100 mA/cm2 or higher current density, which 

is beneficial from the fast oxygen releasement via the vertical core-shell nanowire structure. In 

addition, the chronopotentiometric test was further conducted at the current density of 10 and 

20 mA/cm2 for a long-time period to characterize the long-term stability of Cu@CeO2@NFC-

0.25 electrocatalyst. Notably, the overpotential was stable at 236 mV for 12 h at 10 mA/cm2. 

Similar results were also detected at the applied current density of 20 mA/cm2 with the 

stabilized overpotential at 276 mV (Figure 4e), indicating the excellent durability of 

Cu@CeO2@NFC-0.25 electrocatalyst in alkaline solution. These results confirmed the 

excellent charge transfer, fast gas releasement and long-term durability of the 

Cu@CeO2@NFC-0.25 hybrid electrocatalyst. 

 

The introduction of CeO2 does not only serve as a fast electron transfer path but also greatly 

affect the structure. The electrochemical surface area (ECSA) was estimated from the double-

layer capacitance (Cdl) of Cu@CeO2@NFC-x, CNR@NFC and CF@NFC by measuring the 

charging current in a potential window free of Faradaic process (Figure S9, S10). As shown in 

Figure 5a, the linear slope of Cu@CeO2@NFC-0.25 was calculated to be 2.74 mF/cm2, which 

is much higher than the value of 1.73 mF/cm2 and 0.62 mF/cm2 corresponding to CNR@NFC 

and CF@NFC, respectively. The much higher Cdl value of Cu@CeO2@NFC-0.25 is attributed 

to the large active surface area due to the porous nanotube array structure, which is in 

accordance with the OER activity. As oxygen anion diffusion rate is an important influential 
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factor on the OER process, better oxygen ion diffusion would significantly improve the 

electrochemical kinetics.[23] In order to study the oxygen ion diffusion behavior of the prepared 

electrodes, chronoamperometric measurements were carried out as to calculate the diffusion 

coefficients D. According to the bounded three-dimensional diffusion model theory,[24] the 

diffusion coefficients D has remarkably increased due to the CeO2 incorporation (Figure 5b, 

S11, Table 1). Compared to the CF@NFC, the ion diffusion coefficient has enlarged more than 

two times, indicating the significant improved ion diffusion speed. Moreover, the ion diffusion 

coefficient has increased as the concentration of CeOx due to the efficient oxygen storage and 

release speed, which further supports our motivation of applying CeOx to facilitate the OER 

performance. 

 

The electrochemical impedance spectroscopy (EIS) matched well with the above measurements 

on diffusion coefficients. As shown in Figure 5c, all the samples exhibited compressed 

semicircles that correlated to the OER kinetics. When applied the corresponding potential at 10 

mA/cm2, the EIS plot Cu@CeO2@NFC showed a much smaller semicircle diameter than 

CNR@NFC and CF@NFC, indicating the superior charge-transfer rate and electronic 

conductivity. Furthermore, EIS at a different applied potential increase from 0.45 to 0.6 V vs. 

Ag/AgCl with an increased range of 0.025 V was shown in Figure 5d and Figure S12. It can 

be observed that all the catalyst electrodes show similar variation tendency of both charge 

transfer resistance (Rct) and solution resistance (Rs). When the applied potential increased 

stepwise to 0.55 V, Cu@CeO2@NFC-0.25 showed less charge transfer resistance than other 

samples, indicating its better charge transfer capability. The gradually decreased Rct with the 

increased applied potential can be related to the intensified OER process. In the meantime, the 

Rs of all the samples show little difference and almost remain the same during this process. 

When the applied potential was larger than 0.55 V, the Rct of all the samples has a slight increase 

while the Rs values increase more rapidly. The larger Rs of Cu@CeO2@NFC can be ascribed 
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to the formation of insulating gas bubble layer within the more drastic OER process, illustrating 

a superior OER activity of Cu@CeO2@NFC. Concurrently, the Rct of Cu@CeO2@NFC at high 

applied potential is stabilized by the fast gas bubbles releasing from the porous nanotube array 

aligned structure. 

 

To unveil the critical role of CeO2 to enhance the OER on pristine Cu@NFC, we have 

performed theoretical calculations from both electronic and energetic perspectives. The 

projected partial density of states (PDOS) of O-2p orbitals in the NFC layer and CeO2 have 

been presented with very distinct electronic behaviours (Figure 6a, b). The NFC layer 

displayed mobile O-2p orbitals, in which the dominant peak of O-2p gradually migrated from 

4 eV below Fermi level (EF) to 6 eV below EF. On the contrary, CeO2 exhibited a pinned 

electronic position of O-2p orbitals that distributed at a higher position between EF-5 eV and 

EF-1 eV during OER that further lead to a stable valence state of Ce in the bottom CeO2 layer. 

With the introduction of CeO2, the electronic orbital distribution near EF has largely enriched. 

The large barriers between the common d-d bands have been alleviated to subtle gaps by both 

the Ce-4f orbitals and 3d orbitals from Fe/Cr dopants (Figure 6c). The widely distributed 

orbitals covered the range from EF-2 eV EF+4 eV, indicating a highly efficient “electron transfer 

expressway” by the formation of d-f electronic ladders. Such d-f electronic ladders still stably 

existed with slight change during the OER (Figure S13). Leveraging on the pinned O-2p 

orbitals in CeO2, Ce-4f orbitals show occupation below EF that remained nearly unchanged, 

supporting the reduced valence state of Ce atoms with high electrocatalytic reactivity. The 3d 

orbitals of Ni, Fe and Cr are well-matched covering a large range, which demonstrated a good 

electron transfer based on solid bonding. The integral migration of 3d orbitals during the OER 

also proved that origins of high reactivity near the “3d-unit” (Ni, Fe and Cr). Moreover, the 

mobile O-2p position of the NFC hydroxide is following the O-2p from O-species adsorbates. 

The weak overlap between the surface [OH] groups and the metal will easily result in the 
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unsaturation of surface bonding to expose more active sites for OER. The similar trend of O-

2p in NFC with the adsorbates O-2p demonstrated a potential “matter exchange” mechanism 

between the surface [OH] groups and the reaction intermediates, which will further enhance the 

OER by the matter-accelerated reactions. Beyond the Ce doping method, the additional CeO2 

layer played a pivotal role in the facilitation of the OER by supplying a high-speed charge 

transfer pathway for electron delocalization. Beneficial from the protection of the pinned O-2p 

orbitals, a stable electronic valence state of Ce also ensured the high electrocatalytic reactivity. 

 

The surface configuration of the important adsorbates during OER are in a good agreement with 

the potential “matter exchange” mechanism (Figure 6d). The highly disordered NFC surface 

demonstrates loose bondings of surface [OH] groups, which expose the active sites with strong 

water-splitting capability, supporting the amorphous structure experimental observations. 

Notably, all the adsorbates have been stabilized near the “3d orbitals triangle”, which is 

consistent with the previous electronic properties. The coupling between Ce-4f and NFC-3d 

units supplied the highly active sites for a fast charge transfer that can proceed with the OER 

process. The advantages of CeO2 are further revealed from the energetic perspectives (Figure 

6e). The initial dissociation of H2O on NFC-CeO2 exhibited evident superior energy of 1.52 eV 

than that of the pristine NFC system with a massive energy barrier of 2.54 eV. Thus, the 

overpotential has been determined as 0.29 V by the largest barrier of the reaction path, which 

is very close to the experiment results. Though the formation of [*O] is energetically favorable 

on NFC, the following energy gap will largely constrain the OER efficiency. Moreover, the 

barrier of the potential rate-determining step in forming [*OOH] during OER has been 

attenuated to 1.17 eV in NFC-CeO2 system while the pure NFC confronted a large energy 

barrier of 2.68 eV. Thus, the benefits of the high electron pathway by the assistance of CeO2 is 

also reflected by the overall energetic pathway of OER. Here in this work, we have proposed 

the significance of CeO2 layer in boosting the OER process by the formation of “d-f electronic 
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ladders” as a charge transfer highway (Figure 6f). Distinct with the normal Ce doping, the O-

2p orbitals from the oxide layer provided good protection for maintaining the low valence state 

of Ce that contributed to the “d-f electronic ladders”. The efficient electron transfer is achieved 

through diving to the Ce-4f orbitals and bounced back to the NFC layer through the acceleration 

of the charge transfer highway based on the strong d-f coupling. Therefore, such 

Cu@CeO2@NFC system is a promising electrocatalyst for the OER process. 

 

In summary, we have demonstrated a novel and highly efficient hybrid electrocatalyst 

composed of NiFeCr hydroxide deposited on porous peapod-like Cu@CeO2 nanotube array. In 

an alkaline environment, the durable Cu@CeO2@NFC-0.25 exhibits excellent OER catalytic 

performance with low overpotential at 10 mA/cm2 of 230.83 mV and Tafel slope of 32.7 

mV/dec. Theoretical calculations confirmed the introduction of CeO2 will significantly enrich 

the electronic distribution near EF, supplying a springboard to largely enhance the electron 

transfer efficiency from local Cu@CeO2@NFC-0.25 to adsorbates. The superior OER 

performance will be ascribed to the synergic optimization of the local structures and electronic 

environments including large ECSA with sufficient active sites, nanoarray structures for quick 

oxygen diffusion and releasement, and the d-f orbital coupling for great promoted electron 

transfer. The obtained Cu@CeO2@NFC catalysts exhibit remarkable OER catalytic activity 

and superior long-term stability compared to the state-of-art RuO2 catalyst, thus providing a 

promising way for the design of highly activity novel noble-metal-free OER catalyst. 
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Table 1. The normalized oxygen diffusion coefficients (D) of different samples. 

Sample 

CF

@ 

NF

C 

CNR 

@NFC 

Cu@CeO2

@NFC-

0.10 

Cu@CeO2

@NFC-

0.25 

Cu@CeO2@

NFC-0.50 

Cu@CeO2

@NFC-

1.00 

Normali

zed D 
1 1.23 1.87 2.18 2.69 2.91 
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Figure 1. Schematic illustration of the design of Cu@CeO2@NFC electrocatalysts. 

 
Figure 2. Structural characterizations of Cu@CeO2@NFC electrocatalysts. (a) SEM 

image; (b) TEM image and (c) HRTEM image of Cu@CeO2-0.25 substrate. (d) Annual dark-

field TEM image of Cu@CeO2-0.25 and corresponding EDX mapping of Ce and Cu elements. 

The scale bar = 100 nm. (e) SEM image; (f) TEM image and (g) HRTEM image of 

Cu@CeO2@NFC-0.25 electrocatalyst; (h) Annual dark-field TEM image of Cu@CeO2@NFC-

0.25 and corresponding EDX mapping of Ni, Fe, Cr, Ce and Cu elements. The scale bar = 100 

nm. 
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Figure 3. High-resolution XPS spectra of Cu@CeO2@NFC-0.25 electrocatalyst before 

and after OER reaction. (a) Ni 2p. (b) Fe 2p. (c)Cr 2p. (d) O 1s.  
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Figure 4. Electrocatalytic OER performances Comparison. (a) Polarization curves and (b) 

corresponding Tafel plots of CF@NFC, CNR@NFC, Cu@CeO2@NFC-0.25 and commercial 

RuO2. (c) Comparison of overpotential and Tafel slope of CNR@NFC, CF@NFC, 

Cu@CeO2@NFC-0.25 and RuO2. (d) Chronopotentiometric measurements of 

Cu@CeO2@NFC-0.25 in 1.0 M KOH at various current densities; (e) Extended 

chronopotentiometric measurements at j = 10 mA cm−2 and j = 20 mA cm−2 for 30 h.  
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Figure 5. Electronic activities of for catalytic activity. (a) Linear fitting of the capacitive 

currents of different samples plotted against scan rate. (b) Chronoamperometric measurements 

of the oxygen diffusion rate. (c) Electrochemical impedance spectra (EIS) of different samples 

with an applied potential of overpotential at 10 mV/cm2, respectively. (d) Rct of different 

samples with applied potential at 0.45-0.6 V vs. Ag/AgCl at a range of 0.025 V. 
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Figure 6. Electronic properties, structure configurations and energetic pathway of NFC-

CeO2 for OER.  (a) The PDOS of O-2p orbitals in NFC-LDH in OER. (b) The PDOS of O-2p 

orbitals in CeO2 in OER. (c) The PDOS of NFC-CeO2. (d) The adsorption behaviours of key 

intermediates [H2O*], [*OH], [*O] and [*OOH] in OER. The surface OH from NFC has been 

omitted for better illustration. Red Balls = O, White Balls= H, Yellow Balls = Ce, Navy Balls 

= Ni, Purple Balls = Fe and Brown Balls = Cr. (e) Energetic pathway of OER on NFC and NFC-

CeO2. (f) Schematic diagram of the d-f electronic ladders by NFC-CeO2 for boosting OER. 
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A novel and highly efficient hybrid electrocatalyst is synthesized by NiFeCr hydroxide 
deposited on porous peapod-like Cu@CeO2 nanotube array. The introduction of CeO2 supplies 
abundant d-f orbital ladders to construct a highly efficient electron transfer expressway, leading 
to the superior alkaline OER performance. 
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