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a b s t r a c t

Exploring highly efficient and non-noble-metal-based electrocatalysts for oxygen evolution reaction (OER)

is of great importance not only for water splitting but also for rechargeable metal-air batteries and

fuel cells. Herein, we describe a simple strategy to prepare hierarchical Ni@Mn-doped NiO hybrids us-

ing flower-like Ni-Mn layered double hydroxides (NiMn-LDHs) as a precursor. After calcination at 400 °C
for an hour under N2 atmosphere, the flower-like NiMn-LDHs transform to porous microspheres consist-

ing of nanoparticles, in which Ni cores are encapsulated by Mn-doped NiO shells (denoted as Ni@Mn-

NiO-400). Benefiting to this unique porous, core-shell structures and element doping, the as-prepared

Ni@Mn-NiO-400 hybrid shows a low overpotential of 178mV at the current density of 10mA/cm2 and

Tafel slope of 52.7mV/dec in 1mol/L KOH solution. More significantly, the Ni@Mn-NiO-400 hybrid also

demonstrates superior stability of 98.6% after 50 h continuously testing, much higher than pristine NiMn-

LDHs and commercial IrO2 catalyst. In addition, theoretical simulation shows that Ni core and Mn doping

greatly affect the electronic states and electronic structure of NiO. As a result, Ni@Mn-doped NiO hybrid

possesses an optimal adsorption activity towards oxygen species than NiO and undoped Ni@NiO hybrid.

Considering the compositional and structural flexibility of LDHs, this work may offer a simple method to

prepare other non-noble metal-based electrocatalysts for OER.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen production via electrocatalytic water splitting is a

renewable and environmentally friendly method of energy stor-

age and conversion [1–3]. The oxygen evolution reaction (OER),

an important half-reaction in electrocatalytic water splitting, in-

volves complex reaction intermediates and is related to the for-

mation of oxygen-oxygen bonds via four proton-coupled electron

transfers [4–6]. So it is kinetically sluggish and usually needs

the assistance of electrocatalysts to accelerate the reaction, re-

duce the overpotential, as well as boost the energy conversion

efficiency [7–9]. Although precious metals and their oxides (for

example, RuO2 and IrO2) exhibit good electrocatalytic capacities,

the high-cost and lack of supply restrict their actual utilization

[10–12]. Therefore, the search for efficient and non-noble-metal-

based electrocatalysts has attracted extensive attention in these

years [13,14]. Until now, plenty of electrocatalysts, such as per-

ovskites oxides [15,16], chalcogenide [17], transition metal ox-
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ides/hydroxides/oxyhydroxides [18,19], and phosphates [20], have

been extensively investigated. Among them, transition metal ox-

ides especially NiO is recognized as prospective candidates for OER

catalysts owing to its enrichment, low cost, good corrosion re-

sistance, and comparatively low overpotential. Nevertheless, the

oxygen-evolving performance of pure NiO is limited since the poor

conductivity and less active sites [21].

To overcome this obstacle, tremendous efforts have been de-

voted in last years. For instance, NiO microspheres or nanocrys-

tals (2.5∼5nm) with core-shell structures, high specific surface ar-

eas, as well as 2D nanosheet-like shells were synthesized [22,23],

which led to the modulation in surface properties and augment

in electrocatalytic active sites. The porous and hierarchical struc-

tures greatly promote charge transport and reduce ion trans-

port pathways. Furthermore, the preparation of NiO on the three-

dimensional (3D) conductive substrates is another way to increase

the conductivity [24,25]. For example, the NiO nanosheets on 3D

interconnected pristine graphene were prepared by an in-situ self-

assembly method [25], which provided facile accesses to the cat-
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Fig. 1. XRD patterns of NiMn-LDHs and its calcined products.

alytically active sites and a fast electron conducting network for

charge transport. In addition, the heterostructures (e.g., Ni/NiO,

NiO/NiS, NiO/Cr2O3 and NiO/CeO2) can also facilitate the charge

separation and electron transfer in the process of electrocatalytic

reaction, and thus improving the catalytic activity [26–30]. Besides,

element doping can also increase the catalytic activities [31–34].

For example, incorporation of Fe into NiO lattice can create the

beneficial active surface phases, resulting in the improved catalytic

activities at a specific potential [31]. As mentioned above, decreas-

ing grain sizes, creating porous and hierarchical structures, involv-

ing core-shell structures, and introducing foreign elements are all

effective strategies for improving the oxygen-evolving performance

of NiO. It is expected that the oxygen-evolving performance can be

further improved once these strategies are adopted simultaneously.

Nevertheless, the synthesis method to achieve this expectation still

remains challenging.

In this work, we describe a simple strategy to synthesize

Ni@Mn-doped NiO microspheres which have porous and core-shell

structures combined with nanocrystals and element doping. To

do it, flower-like NiMn-LDHs are prepared firstly via a facile hy-

drothermal method and subsequently calcined at different temper-

atures under N2 atmosphere. The microstructure and electrocat-

alytic performance for OER of the as-obtained products are system-

atically investigated. For comparison, the undoped Ni@NiO micro-

spheres are also prepared and the effect of Mn doping is also elab-

orated. In addition, the electronic structure and adsorption proper-

ties of the catalysts are studied by first principle calculation based

on density functional theory (DFT). The detailed experimental pro-

cess, material characterization, and calculation parameters are de-

scribed in the supporting information.

Fig. 1 displays the X-ray diffraction (XRD) patterns of as-

prepared NiMn-LDHs and its calcined products. It can be seen that

the principal phases still remain to LDHs as the calcination temper-

atures are increased to 280 °C, even though the diffraction peaks

of (003) plane shift to larger angles, reflecting a reduction in in-

terlayer space. The reason for angular shifts lies in the evaporation

of water between LDHs layers, and which is of consistence within

the thermal gravity (TG) curves of NiMn-LDHs (Fig. S1 in Sup-

porting information). When the calcination temperatures exceed

350 °C, merely pure Ni and NiO phases are existent in the final-

products, which means that the occurrence of the thorough de-

hydration as well as phase decomposition of NiMn-LDHs. Accord-

ing to the relative intensities of diffraction peaks, it can be found

that the obtained products are mainly composed of pure Ni sub-

stance and a small amount of NiO. There are no extra diffraction

peaks detected from all calcined products, demonstrating clearly

that the Mn-based oxides are not generated during calcining pro-

cess. Furthermore, the fourier transform infrared (FTIR) spectra of

Fig. 2. The SEM images of (a) NiMn-LDHs, (b) Ni@Mn-NiO-280, (c) Ni@Mn-NiO-

350, (d) Ni@Mn-NiO-375, (e) Ni@Mn-NiO-400, and (f) Ni@Mn-NiO-450 hybrid.

NiMn-LDHs and the calcined products were also acquired (Fig. S2

in Supporting information), well consistent with the XRD and TG

analysis described above. For the sake of verifying the existence

and the contents of Mn element in NiMn-LDHs and calcined prod-

ucts, the inductively coupled plasma optical emission spectroscopy

(ICP-OES) was conducted. As summarized in Table S1 (Supporting

information), the atomic ratios of Ni/Mn in NiMn-LDHs as well as

calcined products are almost the same (∼10:1). The above results

confirm that the Mn atoms may possibly get into the crystal lat-

tices of Ni and/or NiO in the course of the decomposition of NiMn-

LDHs.

The microstructure of the pristine NiMn-LDHs as well as its

all calcined products are observed utilizing scanning electron mi-

croscopy (SEM). As displayed in Figs. 2a and b, when the cal-

cination temperatures rise to 280 °C, the flower-like morphology

still remains, which means that no decomposition occurs. Nev-

ertheless, tiny nanoparticles appear at the margin of the floral

sheets (Fig. 2c) as the calcination temperatures are increased to

350 °C, indicating that NiMn-LDHs are beginning to decompose.

When the calcination temperatures are increased to 375 °C, the

number of nanoparticles appearing at the edge of the floral sheets

further increases (Fig. 2d). As the calcination temperatures fur-

ther rising, floral sheets vanished step by step, and transformed

into nanoparticles at 400 °C. All findings are of coincidence within

XRD and FTIR analysis. Hence, porous microspheres composed of

nanoparticles are obtained (Fig. 2e). In this case, the Brunauere

Emmette Teller (BET) specific surface of Ni@Mn-NiO-400 hybrid

achieves 65.2 m2/g that is greater than that of other calcined prod-

ucts as compared in Fig. S3a (Supporting information). Besides,

the Barrett-Joyner-Halenda (BJH) pore size distribution curves in

Fig. S3b (Supporting information) demonstrate that Ni@Mn-NiO-

400 hybrid possesses two diverse types of pore sizes, 8–18 and 20–

40nm, respectively. Furthermore, the grain growth takes place as

the calcination temperatures rise to 450 °C, and thus giving rise to

the reduction of the specific surface areas (Fig. 2f and Fig. S3a). The

high-resolution transmission electron microscopy (HRTEM) and en-

ergy dispersive X-ray spectroscopy (EDS) of the calcined samples

are carried out and the images are exhibited in Figs. S4 and S5

(Supporting information). Obviously, the four samples have simi-

lar microstructure and, the elemental EDS mappings reveal that Ni,

Mn, and O exist in the corresponding catalysts. However, the spe-

cific distribution of Ni and NiO phases, as well as the elemental

distribution of Mn atoms are still unclear.

For the sake of providing more sufficient evidence, the Ni@Mn-

NiO-400 hybrid as a representative sample is characterized uti-

lizing aberration-corrected scanning transmission electron mi-

croscopy (Ac-STEM). As shown in Fig. 3a, the aberration-corrected

high angular annular dark-field scanning transmission electron mi-

croscopy (HAADF-STEM) images and corresponding elemental EDS

mappings demonstrate that Ni mainly distributes in the internal

of catalysts, the minority of Mn and O disperses in the external
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Fig. 3. (a) The elemental EDS mappings of Ni@Mn-NiO-400 hybrid: ADF image, fol-

lowed via the separate mappings of Ni, Mn and O, respectively. The EELS spectra

acquisition area is shown by the rectangular boxes in the ADF image of (a). (b)

HAADF-STEM image and the corresponding selective area FFT patterns of Ni@Mn-

NiO-400 hybrid. (c) EELS spectra of acquisition area.

of the nanoparticles, indicative of the possible formation of core-

shell structure. Moreover, the high-resolution HAADF-STEM image

and the corresponding selective area fast-Fourier transform (FFT)

patterns in Fig. 3b show a clear two phases of Ni and NiO, and

the lattice fringe distances of ∼0.171 and ∼0.236nm can be in-

dexed to the Ni (200) and NiO (111) crystal plane, respectively. The

electron energy loss spectrum (EELS) spectra data were acquired

at two positions of Ni@Mn-NiO-400 hybrid as shown in Fig. 3a,

and it shows in Fig. 3c that the major signals of Ni2+ (L2,3 edge:

873.6 and 855.7 eV), Mn3+ (L2,3 edge: 649.7 and 638.5 eV), and O

(K edge: 538.9 eV) can be obtained in periphery of nanoparticles

[35,36], but it appears only the signal of Ni0 (L2,3 edge: 869.3 and

851.5 eV) inside the nanoparticles [37,38], illustrating the forma-

tion of the Ni cores and Mn-doped NiO shells. In comparing with

previous literature [35–38], it should be noted that minor shifts to

higher energy loss are observed in Ni2+ L2,3 whereas Mn3+ L2,3 ex-

hibits slight shifts to lower energy loss, indicative of the existence

of the electron transfer (Ni→Mn), well consistent with the X-ray

photoelectron spectroscopy (XPS) characterization analysis results

(Fig. S6 in Supporting information).

The oxygen-evolving performances of the Ni@Mn-doped NiO

hybrids, NiMn-LDHs precursor, and commercial IrO2 catalyst were

evaluated in O2-saturated 1.0mol/L KOH solution (pH 13.8, RT) uti-

lizing routine three-electrode systems. The Ni@Mn-NiO-400 hybrid

exhibits that only 178mV (overpotential vs. reversible hydrogen

electrode (RHE)) is needed to achieve catalytic current density of

10mA/cm2 (Fig. 4a and Fig. S7a in Supporting information) within

a small Tafel slope of 52.7mV/dec (Fig. 4b); relatively high mass

activity (223.93mA/mg) is reflected at a given potential of 1.50V

vs. RHE (Fig. S7b in Supporting information). These results are su-

perior to other calcined samples, NiMn-LDHs precursor, as well

as commercial IrO2 catalyst, showing the outstanding electrocat-

alytic performance, fast kinetics, and substantial activity of Ni@Mn-

NiO-400 hybrid in the OER process. Meanwhile, the Ni@Mn-NiO-

400 hybrid shows also the minimum overpotential and competi-

tive Tafel slope in comparing with non-noble-metal Ni-based cat-

alysts reported at present (Fig. S7e and Table S2 in Supporting in-

formation). The double layer capacitance (Cdl) calculated from the

cyclic voltammetry (CV) curves (Fig. S8 in Supporting information)

of the Ni@Mn-NiO-400 hybrid was 0.152 mF/cm2, which is larger

than that of other calcined samples, NiMn-LDHs precursor, and

commercial IrO2 catalyst (Fig. S7c and Table S3 in Supporting in-

formation), indicating that the Ni@Mn-NiO-400 hybrid possesses

larger electrochemical surface areas and can expose more active

sites in driving water oxidation. This is supported via the BET spe-

cific surface area of all calcined products (Fig. S3a). The excellent

Fig. 4. The oxygen-evolving performance of pristine NiMn-LDHs, Ni@Mn-doped NiO

hybrids, as well as commercial IrO2 catalyst. (a) OER linear sweep voltammetry

(LSV) curves within iR-corrected, (b) Tafel plots generated from LSV curves in (a),

(c) EIS Nyquist plots, (d) long-term stability estimation of diverse catalysts at given

potential of 1.41, 1.50 and 1.56V vs. RHE, respectively.

electrochemical properties of the Ni@Mn-NiO-400 hybrid are due

most probably to its distinctive core-shell and porous structure, in

which the smaller pores are easy to capture intermediates (OH∗,
O∗ and OOH∗), while the larger pores facilitate the penetration of

electrolyte solution into the whole structure.

The electrochemical impedance spectroscopy (EIS) was also

studied to further understand the electrocatalytic kinetics for OER.

Obviously, the Ni@Mn-NiO-400 hybrid possesses relatively small

charge transfer resistances (Rct, ca. 18.9Ohm) corresponding to

other calcined samples, pristine NiMn-LDHs, and commercial IrO2

catalyst (Fig. 4c and Table S4 in Supporting information), indicative

of the faster electron transportation efficiency, and thus enhanc-

ing the OER performance. To better comprehend the effect of Mn

doping on the oxygen-evolving performances, the catalytic prop-

erties of undoped Ni@NiO hybrid with the similar microstructure

(Fig. S9a in Supporting information), were elaborated. It can be

concluded from Fig. S10 (Supporting information) that the electro-

catalytic capacity towards OER of Ni@NiO hybrid can be enhanced

by Mn doping. Furthermore, the turnover frequency (TOF) value

of Ni@Mn-NiO-400 hybrid is approximately twice that of undoped

Ni@NiO-400 hybrid and 14 times that of commercial IrO2 cata-

lyst, at a given potential 1.56V vs. RHE (Fig. S7d in Supporting in-

formation). Evidently, Ni@Mn-NiO-400 hybrid possesses the faster

reaction rate over those of the undoped Ni@NiO-400 hybrid and

commercial IrO2 catalyst. More importantly, after 50 h of cycle for

stability testing, the current density of the Ni@Mn-NiO-400 hybrid

can be still maintained at 98.6% (Fig. 4d), and the structural mor-

phology is also preserved well (Fig. S11 in Supporting information),

reflecting the great durability.

The above experimental data have revealed that the Ni@Mn-

NiO-400 hybrid has excellent catalytic activities for OER owing

to the distinctive hierarchical structure and Mn doping. In order

to comprehend the intrinsic mechanism deeply, electronic struc-

ture and adsorption activity to oxygen species of NiO, Ni@NiO, and

Ni@Mn-NiO were estimated theoretically utilizing DFT+U method

based on VASP software. The theoretical model of catalysts are

shown in Fig. S12 (Supporting information). Fig. 5a displays the

charge density difference distributions of Ni@Mn-NiO, where the

green and yellow areas stand for electron depletion as well as ac-

cumulation, respectively. Apparent electron accumulation and de-
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Fig. 5. (a) The yellow and green colors describe electron accumulation and deple-

tion, respectively, in the differential charge density distributions of Ni@Mn-NiO. The

isosurface value is set to 0.004 e/bohr3. (b) Curves of total density of states (TDOS)

for NiO, Ni@NiO, and Ni@Mn-NiO, respectively.

pletion are observed on catalysts, showing charge accumulation at

the interface and transfer from NiO to Ni. This electronic config-

uration caused by charge transfer is conducive to electrocatalytic

OER process, especially, the potential barrier of the rate determin-

ing step (RDS) in the OER process can be reduced, which has been

confirmed in our previous work [32].

The electronic structure of pure NiO exhibits semiconductor

characteristics, as shown in total densities of electronic states (Fig.

5b), while a certain number of electronic states are observed near

the Fermi level after combined Ni core and Mn doping, revealing

the enhanced electron mobility as well as a more conductive elec-

tronic structure, which is another significant factor for exceptional

catalytic activity of Ni@Mn-NiO. The width of D-band (Wd) is in-

troduced into the D-band center (εd) as an improved reactivity de-

scriptor (εu) to evaluate the adsorption activity of the catalysts to-

wards oxygen species [39]. The results show that the εu shifted

to −2.44 eV for Ni@Mn-NiO from −3.74 eV of undoped Ni@NiO

and −6.03 eV of NiO, which is closer to the Fermi level. This fur-

ther confirms the Ni core and Mn doping cause the antibonding

state to move and empty above the Fermi level, resulting in the

increase of bond strength [40]. Thus, the theoretical simulations

and experimental studies demonstrate that within unique Ni core

and Mn-doped NiO shell, the charge transportation of Ni@Mn-NiO

can be enhanced and the electronic structure of active metal sites

of the Ni@Mn-NiO are modulated, which optimize significantly

the electrocatalytic kinetics as well as enhance the electrocatalytic

activity.

In brief, utilizing NiMn-LDHs as precursors, we developed a

straightforward strategy for synthesizing Ni@Mn-doped NiO hy-

brids via simply regulating the calcination temperatures. The as-

prepared Ni@Mn-doped NiO hybrids were composed of porous mi-

crospheres consisting of nanoparticles, in which Ni cores are en-

capsulated by Mn-doped NiO shells. It is found that Ni@Mn-NiO-

400 hybrid exhibits better electrocatalytic performance in alkaline

medium, whose overpotential vs. RHE is only 178mV at the current

density of 10mA/cm2 within a Tafel slope of 52.7mV/dec; more

considerably, the current density can be maintained at 98.6% after

50 h of cycle stability testing, indicative of remarkably efficient and

stable OER catalysts. The decent oxygen-evolving performances can

be ascribed to the unique core-shell structures as well as Mn dop-

ing, which improve charge transportation and enlarge catalytically

active sites. Ultimately, the work including the synthetic strategy

and theoretical calculation may provide a new guideline for devel-

oping other non-precious metal-based electrocatalysts for OER.
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