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Transition metal oxides (TMOs), especially nickel oxide (NiO), are environmentally benign

and cost-effective materials, and have recently emerged as potential hydrogen evolution

reaction (HER) electrocatalysts for future industrial scale water splitting in alkaline envi-

ronment. However, their applications in HER electrocatalysts remain challenging because

of poor electronic conductivity and unsatisfactory activity. Besides, the disposal of eggshell

waste is also an environmentally and economically challenging problem as a result of food

industry. Here, we report the synthesis of NiO nanoparticles (NPs) encapsulated in the

carbonization of eggshell membrane via a green and facile approach for HER application.

Noteworthy to mention here that the active carbon was made from the waste, eggshell

membrane (ESM), meanwhile, the eggshell was used as a micro-reactor for preparation of

electrocatalyst, NiO/C nanocomposite. Then, the as-prepared NiO/C nanocomposite was

characterized by scanning electron microscopy (SEM), transmission electron microscopy

(TEM), X-ray diffraction (XRD) and energy dispersive x-ray spectroscopy (EDS). The SEM,

EDS and TEM images reveal that NiO nanoparticles distributed on the carbon support, and

XRD patterns confirm the presence of the nanoparticles are NiO and C hybrids. The cata-

lytic activity and durability of NiO/C nanocomposite was examined for HER in 1 M KOH

solution. It has been observed that NiO/C nanocomposite showed the better catalytic ac-

tivity with the smallest Tafel slope of 77.8 mV dec�1 than single component's result, NiO

particles (112.6 mV dec�1) and carbonization of ESM (94.4 mV dec�1). It indicates that the

HER performance of electrocatalyst can be enhanced by synergistic effect between NiO

particles and carbonization of ESM, with better durability after 500 CV cycles. Furthermore,

such design principle for developing interfaces between TMOs and C by a green and facile

method can offer a new approach for preparing more efficient electrocatalysts.
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Introduction

Hydrogen (H2) with high gravimetric energy density and

environmental friendliness, has made H2 as an ideal energy

carrier alternative to the diminishing fossil fuels [1e3].

Hydrogen evolution reaction (HER) from electrolysis of alka-

line water is generally regarded as amore promising approach

due to alkaline water splitting is more practical for industry

than the traditional steam-reforming route (CH4 þ H2O /

H2 þ CO), which suffers from expensive cost and low purity

[4,5]. Generally, multiple elemental reactions result in the

accumulation of energy barriers and further decrease the

electrochemical kinetic of the key half reaction of HER during

alkaline water splitting. In addition, HER process in alkaline,

the so-called Volmer step, the water dissociation, is identified

as the rate-determining step (RDS). However, its sluggish re-

action kinetics and hinders the overall HER process. To date,

Pt-basedmaterials are still the benchmark electrocatalysts for

HER both in acidic and alkaline medium [6e8]. However, their

scarcity and high cost aremajor drawbacks in their large-scale

commercialization. Therefore, it is mandatory to develop a

cost-effective, non-noble HER electrocatalyst in alkaline

environment with better performance [9,10].

In recent years, transition metal oxides (TMOs), especially

nickel oxide (NiO), have shown high electrocatalytic activity

towards HER application [4,10]. NiO, an important p-type

semi-conductive transition metal oxide, has attracted wide-

spread interest as electrode material in various applications

[11], such as supercapacitors [12], Li-ion batteries [13] and

fuel cell electrodes [14], due to its high theoretical capacity

(2584 F g�1) and cost-effectiveness [12]. Just like most of the

transition metal oxides, they could be also used as HER

electrocatalysts [15]. However, the application of NiO as HER

catalyst has been hindered due to its large onset potential,

which in turn results from its internal weakness, (I) electric

conductivity and (II) accessible surface area. Many efforts

have been tried to solve these issues, for instance, Yu et al.

[12]prepared hierarchical flower-like NiO/NCHS composite

(NCHS means N-doped carbon hollow spheres) for super-

capacitor. This strategy not only provides conductive matrix

with fast electron/ion transportation, but also increases

more electrochemical active surface area for the as-prepared

supercapacitor. Chinnappan et al. [16]fabricated C@NiO/Ni

nanofibers via a simple electrospinning approach and

examined their HER performance. Yang et al. [17]prepared

NiO/C nanofibers composites derived from metal-organic

framework compound as electrode materials for super-

capacitors. We can easily found that metal foam and carbon

materials are often used as common conductive matrixes,

which could improve the conductivity as well as increase the

structural stability in electrochemical fields [10,12]. Syner-

gistic effect also is an important strategy to improve HER

performance of composites. For example, Yu et al. [18]re-

ported that Ni/NiO nanohybrids anchored on CoSe2 nano-

belts or carbon nanotube (CNT) sidewalls have shown

superior HER performances as a result of the synergistic ef-

fect between metallic nickel and NiO. According to the above

examples, it has been observed that NiO has an excellent

performance as an electrocatalyst and is considered one of
the most promising candidates in several experimental

conditions.

The disposal of eggshell waste also attracted much atten-

tion due to its environmental and economical challenging

problems [19e22]. ‘Trash to Treasure’ also becomes an inter-

esting and important topic for those wastes, especially for

eggshell and eggshell membrane (ESM) [19,23,24]. Deng et al.

[19]demonstrated a novel application of waste eggshell as a

multifunctional reaction system for the preparation of Co9S8
nanorod arrays on carbon fibers and put forward a new

strategy of making use of eggshell to achieve in situ carbon-

ization and sulfurization. Besides, numerous NiO/ESM-based

materials with novel structures have been investigated and

reported in the literature, such as NiO-Ni nanowires on

carbonized eggshell membrane (Li-ion batteries) [25], porous

C@CoFe2O4 nanocomposites derived from eggshell membrane

(microwave absorption) [26], and SnO2@ESM(energy storage)

[27]. It has been observed that eggshell membrane plays vital

important roles in energy storage and conversion according to

the above examples [28,29]. Additionally, it is important to

find that more active sites are easily found to absorb, activate

and convert reactants at the interfaces [30]. However, few HER

investigations of NiO/C composite derived from Ni(OH)2/ESM

have been reported in the literature.

In the present work, eggshell membrane was selected as

the carbon source for the construction of NiO/C nano-

composite to achieve integrated use of eggshell waste as a

micro-reactor, and eggshell membrane as functional bio-

template. This kind of structure not only enhances the con-

ductivity of composites, but also can provide robust support

for functional group. Herein, NiO/C nanocomposites were

prepared via a facile and green approach. Ni(OH)2/ESM was

obtained through self-assembly of Ni(OH)2 grown on the ESM

surface in an alkaline solution (urea þ H2O / CO2 þ 2NH3). By

subsequent, the NiO/C nanocomposite was successfully con-

structed with large surface area after carbonization under N2

atmosphere. To our best of our knowledge, there is no article

on the electrocatalyst for HER application of NiO/C nano-

composites prepared using eggshell membrane. The as-

prepared NiO/C nanocomposite as HER electrocatalyst

exhibited better performance than pure NiO particles and

carbonization of ESM. The novel design outlined in this paper

provides new utility for eggshell waste while also creating in

situ functional nanocomposites.
Experimental

Materials

Nickel (II) nitrate hexahydrate [Ni(NO3)2 6H2O] and urea

(CH4N2O) were purchased fromACROS organics™. Nafion (5%)

was obtained from Alfa Aesar Co., Ltd. Commercial activated

carbon was gotten from Fisher Scientific Co., Ltd. Eggshell

waste both eggshell and eggshell membrane (ESM) was ob-

tained from fresh hen eggs purchased from Walmart by

removing the liquid content of yolk and white via a hole cut in

the eggshell. The eggshell waste with its membrane was

washed by deionized water (DIW). DIW (>18.4 MU cm�1) was

used for preparation of aqueous solution, and all the
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chemicals used in this investigationwere analytical grade and

were used without further purification.

Preparation of the NiO/C nanocomposites

In a typical procedure, NiO/C nanocomposites were obtained

using a two-step method with minor revision [31,32]. To the

eggshell “container”, a 25 mL water solution of 0.4 M Ni(NO3)2
6H2Owas added (inside), then the eggshell reactorwas partially

immersed in a 40 mL solution with 0.4 M urea inside a beaker,

and the two solutions were separated by an eggshell with its

membrane. The reactor was transferred into oven and main-

tained at 70 �C for 6 h. The as-coated eggshellmembrane pieces

were peel off from eggshell and washed with water thoroughly

and dried in a vacuum oven (60 �C for 4 h). The color changed

from the white bare ESM to a light green when coated with

Ni(OH)2. Secondly, the as-coated ESM was then heated at a

ramp rate of 15 �C/min to 300 �C and kept at the set tempera-

ture for 1 h under N2 protection, then continued heated at a

ramp rate of 10 �C/min to 500 �C. Finally, the product (NiO/C)

was then cooled to room temperaturewithN2 protection. Aside

from, the compared samples, NiO powders and carbonization

of ESM, were prepared with same procedures, respectively.

Fabrication of working electrodes

Initially, a glassy carbon electrode (GCE) was polished to

remove any form of contaminants from the surface. The as-

prepared catalyst (4 mg) was dispersed in water/ethanol so-

lution with a volume ratio of 1:1 (with the total volume of

2 mL). The mixture was kept under continuous sonication at

(frequency of sonicator) for (time of sonication) to obtain a

homogenous catalyst ink. 6 mL of this ink (2 mg/mL) was

coated onto the surface of a polished GCE with a diameter of

4 mm, then 6 mL nation solution was dropped on the modified

GCE in order to keep the catalyst ink stable and enhance its

conductivity. It was dried under ambient environment to

obtain a uniform catalyst film with geometric surface area of

0.1256 cm2 and themass loading of activematerials was about

~0.09 mg/cm2. The modified electrodes containing NiO/C

nanocomposites, NiO powders, carbonization of ESM were

named as NiO/C@GCE, NiO/GCE and C/GCE respectively.

Characterization

The crystalline information andmorphology of those samples

were characterized by X-ray diffraction (XRD) with Cu Ka

irradiation (l ¼ 1.54056 �A), Scanning electron microscopy

(SEM, FEI Siri200), Transmission electron microscopy (TEM,

JEOL 2100F) under an acceleration voltage of 200 kV and

element mapping on a Philips Tecnai G2 microscope. All the

electrochemical tests were performed on an electrochemical

workstation (BioLogic SP-150, France). The electrochemical

impedance (EIS) study was performed within frequency range

of 100 kHz to 0.1 Hz with an AC amplitude of 10 mV.

Electrochemical measurements

All the electrochemical measurements were performed on a

BioLogic potentiostat/galvanostat/EIS analyzer (SP-150,
France) in a typical three-electrode system consisting of the

working electrode (WE), counter electrode (CE) and reference

electrode (RE). Herein, the glassy carbon electrode (GCE,

F ¼ 4 mm) coated with the as-prepared catalyst loading was

used as the WE, the Pt wire and the saturated Ag/AgCl elec-

trode as the CE and RE, respectively. The mass loading of

active materials was about 0.03 mg/cm2. The HER perfor-

mance was investigated by cyclic voltammetry (CV) and linear

sweep voltammetry (LSV) which conducted from �0.8 to

�1.8 V with a scan rate of 5 mV/s in 1 M KOH. EIS measure-

ments were performed inside the three-electrode electro-

chemical cell. The Nyquist plot was carried out with over-

potential of 135 mV and over a frequency range of

0.1e106 Hz. An equivalent Randles circuit model was used to

fit the data to calculate the charge transfer resistance Rct for

each catalyst system. All potentials were referenced to the

reversible hydrogen electrode (RHE) scale according to the

Nernst equation. (ERHE ¼ EAg/AgCl þ 0.059*pH þ 0.21 V, 25 �C).
The collected data were IR-corrected for an ohmic drop of

~10 U in 1 M KOH. All the tests were carried out at room

temperature (~25 �C).
Results and discussion

� Characterizations of the as-prepared samples

The successful synthesis of NiO/C nanocomposites by the

procedure outlined in Fig. 1. The NiO/C nanocomposites were

fabricated via a green chemical route which combined hy-

drothermal method and pyrolysis. The surface morphologies

of carbonization of ESM, NiO particles and NiO/C nano-

composites were observed by SEM and TEM. The SEM images

of the above samples can be seen in Fig. 2. As shown in Fig. 2a-

b, it exhibits uniformly structure and high surface porosity

with smooth surface after carbonization of ESM. And the

carbonized sample seemed to easily provide more open space

for anchoring nanoparticles [33]. Then NiO particles, were

used simple method that combined hydrothermal approach

and pyrolysis, is presented in Fig. 2c-d. It can be clearly seen

that most of the particles were aggregated and with different

sizes (~4 ± 1 mm). And it can be said that the structural

morphology of the NiO particles is the result of two factors:

the formation of Ni(OH)2 happened in liquid environment

without dispersed protection and the particles easily aggre-

gated during pyrolysis. The carbonization of ESM and NiO

particles were also confirmed by using EDS technique (Fig. 1S

in Supporting information). However, there was a morpho-

logical difference observed from the single component, that

NiO particles and carbonization of ESM, with the hybrid

nanocomposites. In Fig. 2e-f, the NiO nanoparticles are ho-

mogeneously distributed on the curly surface of the carbon-

ized nanosheet. There are two possibly reasons for this

phenomenon, (1) Ni(II) ions were absorbed on the surface of

ESM, then Ni(OH)2 would grew on the surface of ESM uni-

formly after OH� was introduced into eggshell reactor. (2)

Ni(OH)2/ESMwas carbonized into NiO/C nanocomposites after

high temperature procedures [25], therefore the carbonized

ESM keep the positions of Ni(II) stable in the process, as shown

in Fig. 1. Finally, the successful synthesis of NiO/C
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https://doi.org/10.1016/j.ijhydene.2019.04.191


Fig. 1 e Schematic diagram for the formation of NiO/C nanocomposites.

Fig. 2 e SEM images of: (aeb) carbonization of ESM, (ced) NiO powders, (eef) NiO/C nanocomposites. (g) EDS elemental

mapping images of the NiO/C nanocomposites.
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Fig. 3 e TEM images for NiO/C nanocomposites with different magnifications, (a) 200 nm and (b) 100 nm.

Fig. 4 e The XRD patterns of carbonization of ESM (black

line), NiO/C (red line) and NiO's JCPDS card (blue line).

(For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version

of this article.)
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nanocomposites were also confirmed by corresponding Ni, O

and C elemental mapping (Fig. 2g).

Themorphological structure of NiO/C nanocomposites were

further investigated by TEM images. Fig. 3a-b shows the

different magnification of NiO/C nanocomposites. It reveals

that there are a large number of nanoparticles anchored on the

surface of carbonization of ESM without any appearance of

particle agglomeration. From the histogram shown insert

Fig. 3b, it can be calculated that the average size of NiO inNiO/C

nanocomposites is approximately 5 ± 1 nm (Fig. 2S). The NiO

particles in the eggshell reactor formed at smaller diameters (5

± 1 nm) compared to the control (4 ± 1 nmÞ. This difference is

possibly due to the protection of the eggshell membrane,

avoiding the directly contact between Ni(II) ions and OH� in

solution [34]. The carbonized ESM provided more conductive

media for NiOnanoparticles [28], simultaneously, the density of

NiO nanoparticles increased due to shrink of ESM during

carbonization [21]. This change may also bring the enhance-

ment of catalytic performance toward the hydrogen evolution.

Therefore, carbonization of ESM plays an important role in

passivating thenanoparticles from further growth andprovides

a narrow particle size distribution of the NiO nanoparticles.
To further investigate the phase purity and crystalline

structure, the as-prepared samples were examined by X-ray

diffraction (XRD). As shown in Fig. 4, it displays the XRD pat-

terns of the comparison sample (activated carbon) and the as-

obtained NiO/C nanocomposites which synthesized by the

two-step approach. There are five well-defined diffraction

peaks at 37.2, 43.2, 62.8, 75.4 and 79.4� (2theta), which are well

indexed to (111), (200), (220), (311), and (222) crystal planes

indicated that the formation of NiO nanoparticles from the

intermediated, Ni(OH)2. The nature and positions of the above

XRD result are in good agreement with standard XRD data

(JCPDS No. 47-1049) and other previously reported researches

[16], and NiO nanoparticles shows the cubic (fcc) phase. In

addition, the diffraction angle (2theta) around 24� is amor-

phous carbon (JCPDS No. 41-1487). It also proved that this as-

prepared activated carbon is made of amorphous carbon. No

peaks from other impurities such as Ni(OH)2 were observed.

Furthermore, the as-obtained nanocomposites are confirmed

the existence of NiO nanoparticles and amorphous carbon

and without any detectable impurities. The co-existence of

NiO nanoparticles and amorphous carbon peaks in XRD

pattern confirms that the NiO/C nanocomposites are synthe-

sized well. The XRD and SEM characterization results are in

line with TEM observation and EDS results (Figs. 2, 4 and 1S).

Formation mechanism

From the observed SEM, EDS, TEM and XRD results, the

possible pathway for the formation of the NiO/C nano-

composites was proposed. The whole process mainly un-

dergoes the following three steps as presented in Fig. 5. At

first, urea acts as the hydrolysis agent which decomposes to

formOH� ion in aqueous conditions as Ni(NO3)2 6H2O solution

was added into the empty eggshell, Ni2þ ions were gradually

absorbed on the surface of ESM through the pore of ESM (blue

layer). Then, the ESM served as bio-template to provide a

reactor for Ni2þ ion and OH� ion to form Ni(OH)2. The relative

reactions are presented as follows [31,35]:

CO(NH2)2 þ H2O / CO2[ þ 2NH3[ (1)

NH3 þ H2O / NH4
þ þ OH� (2)

Ni2þ þ 2OHe / Ni(OH)2Y (3)

https://doi.org/10.1016/j.ijhydene.2019.04.191
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Fig. 5 e Schematic illustration of proposed formation mechanism of NiO/C nanocomposites.
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After this process, the resultant Ni(OH)2/ESM hybrids had a

morphology very similar to the ESM template. Finally,

Ni(OH)2/ESM hybrids were transformed into NiO/C nano-

composites after carbonization. The Ni(OH)2 formed-

nanoparticles, rather than aggregated powders or particles

because the ESM provides specific porous sites for Ni2þ ions,

and prevents aggregation of Ni(OH)2 during drying and

carbonization. Therefore, NiO/C nanocomposites were suc-

cessfully constructed via a hydrothermal and pyrolysis

approach by using ESM as the carbon source.

HER performance of the NiO/C nanocomposite

The HER performance of NiO/C nanocomposites was tested by

linear sweep voltammetry technique (LSV) by sweeping the

potential from 0.05 V to negative potentials in 1.0 M KOH so-

lution with a scan rate of 5 mV/s. Fig. 6a exhibits that the

polarization curve for NiO/C nanocomposites modified elec-

trode (red line), named NiO/C@GCE. For comparison, we also

investigated bare GCE, carbonization of ESM modified elec-

trode and NiO particles modified electrode, called GCE (black

line), C@GCE (pink line) and NiO/GCE (blue line), respectively,

as presented in Fig. 6a. The overpotential of NiO@GCE to reach

at �10 mA/cm2 and -30 mA/cm2 were 670 mV and 753 mV

respectively. Additionally, the open circuit potential (Eoc) of
Fig. 6 e (a) Comparison of the polarization curves of GCE, NiO@G

of HER process; (b) Tafel plots of GCE, NiO@GCE, C@GCE and NiO
NiO@GCE is obviously lower than ideal NiO vs. 0.132 VRHE [36].

It may due to the structure of NiO (Fig. 2c-d) and aggregation of

NiO particles reducing the number of active sites, decreasing

electron transfer rate during the HER process, compared with

NiO nanoparticles in Fig. 2e-f. In another comparison of

carbonization of ESM, C@GCE, it has better performance with

values of 617 mV and 688 mV at �10 mA/cm2 and -30 mA/cm2

respectively, than NiO@GCE did. The overpotential of the re-

ported current density of�10mA/cm2 and -30mA/cm2 of NiO/

C@GCE is 565 mV and 644 mV, respectively. This HER activity

is better than pure NiO and carbonization of ESM, indicating

that NiO/C@GCE can reach higher current density than

NiO@GCE and C@GCE under the same testing conditions. It is

also easier found the hydrogen bubble released during NiO/

C@GCE’LSV test (inset of Fig. 6a). Here, carbonization of ESM

played a support for NiO nanoparticles to reduce aggregation

[37,38], as can be seen from TEM images. This is due to the

coupling effect of carbon with NiO nanoparticles, which

greatly improves the conductivity of nanocomposites and

electron transfer rate [16,39].

The HER kinetics of the catalysts were further studied by

corresponding Tafel slopes. Actually, the Tafel slope derived

from the polarization curves by fitting into the Tafel equation:

h ¼ a þ b*log[-current density]
CE, C@GCE and NiO/C@GCE, scan rate: 5 mV/s, inset: image

/C@GCE in an N2-saturated 1M KOH solution.

https://doi.org/10.1016/j.ijhydene.2019.04.191
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Table 1 e Comparison of Tafel slope value of various electrocatalysts.

Catalyst Tafel slope/mV dec�1 Overpotential/mV@10 mA cm�2 Medium Reference

C@NiO/Ni nanofibers 152 ~425 Alkaline [16]

Ni/NiO 244 N/A Alkaline [9]

CoNi2S4 85 255 Alkaline [41]

NiCo2O4/CuS carbon fiber paper 41 72.3 Acidic [42]

Ni/NiO/C 44 102 Acidic [43]

NiO/C nanocomposites 77.8 565 Alkaline this work

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 1 6 1 4 4e1 6 1 5 316150
where, b is the Tafel slope, as presented in Fig. 6b.

The NiO/C@GCE shows smaller Tafel slope (77.8 mV

dec�1) as compared to NiO@GCE's Tafel slope (112.6 mV

dec�1) and C@GCE's Tafel slope (94.4 mV dec�1) respectively.

This result also supported the enhanced HER activity of NiO/

C@GCE via coupling effect between the HER performances of

NiO@GCE and C@GCE. Normally, HER process often includes

three typical reactions (I) Volmer reaction, (II) Heyrovsky

reaction and (III) Tafel reaction, corresponding the different

Tafel slopes of 120, 40 and 30 mV dec�1, respectively, as

shown in Equations (4)e(6). However, there are two possible

pathways in alkaline solution: they have same start pro-

cedure producing H adsorbed (Hads), which H2O molecule
Fig. 7 e (a) EIS plots of C@GCE, AC-comm@GCE, NiO@GCE and N

Current density differences plotted as a function of the potential

GCE, blue for C@GCE and red for NiO/C@GCE; (c) Polarization cu

Durability testing of NiO/C@GCE by cycling the electrode betwee

interpretation of the references to colour in this figure legend, t
was adsorbed on the surface of electrode via molecule

interaction and electrochemical reduction (Equation 4). Then

for the (1) pathway, the next step is H2O molecule is reacted

with Hads in order to obtain H2 (Equation 5). But for the (2)

pathway, the continued step is that different Hads reacted

each other generating H2 directly (Equation 6). Consequently,

the experimentally measured Tafel slope of 77.8 mV dec�1

for NiO/C@GCE indicates that the HER occurred by Volmer-

Heyrovsky mechanism [18,40]. The comparison list of Tafel

slope of the various electrocatalysts is reported in Table 1.

NiO/C nanocomposites showed higher Tafel slope value as

compared with the other metal oxides-based catalyst re-

ported in the literatures.
iO/C@GCE at 0.10 V vs. RHE, Inset: equivalent circuit; (b)

scan rate (the slope for Cdl) pink plots for GCE, black for NiO/

rves of NiO/C nanocomposites at different scan rates. (d)

n 0.25 and 0.55 V in an N2-saturated 1M KOH solution. (For

he reader is referred to the Web version of this article.)
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H2O þ e� / Hads þ OH� Volmer (4)

H2O þ Hads / H2 þ OH� Heyrovsky (5)

Hads þ Hads / H2 Tafel (6)

To probe the reasons for the enhanced electrocatalytic

performances of the NiO/C nanocomposites, the electro-

chemical impedance spectroscopy (EIS), the CV and LSV

techniques were also employed. The EIS test was employed to

evaluate the transport kinetics for electrochemical reaction

process. Fig. 7a shows that the Nyquist plots of NiO/C and

activated carbon (Commercial product, as comparison), it is

obviously observed that the Nyquist plot of NiO/C is almost

linear, while that of the carbonization of ESM and activated

carbon with similar trend which consists of a quasi-

semicircular arch at high frequencies and an oblique line at

low frequencies. It is well established that a larger semicircle

means a larger charge transfer resistance (Rct) and a steeper

slope represents a lower resistance of electrolyte ions (War-

burg impendence, Zw). According to the Nyquist plot fitted by

the equivalent circuit (inset of Fig. 7a), the Rct of NiO/C nano-

composites, carbonization of ESM, activated carbon and NiO

particles are 0.68, 1.04, 0.97 and 1.06 U, respectively. Thus, it is

obvious that the NiO/C composite has a smaller Rct than the

carbonization of ESM andNiO particles. This indicates that the

as-prepared nanocomposites has a faster electron transfer

process due to the coupling effect between carbonization of

ESM and NiO nanoparticles. In additional, the double-layer

capacitances (Cdl) which is linearly proportional to the effec-

tive electrochemical active surface area, were also calculated

(Fig. 3S). We found that the Cdl of NiO/C was significantly

higher 1.5 times than NiO's, though the Cdl of NiO is only

0.48 mF cm�2 (Fig. 7b). We believe that this larger effective

active surface area is due to more uniform distribution of NiO

nanoparticles on the surface of carbonization of ESM, as can

be found from the TEM images. Besides, we found the

carbonization of ESM and activated carbon has similar elec-

trochemical properties in terms of Rct and Cdl, it also

confirmed the performance of carbonization of ESM can

replace commercial activated carbon. Overall, the smaller Rct

and the larger Cdl suggest achievement of synergistically

electronic and structural modulations for HER performance

between the carbonization of ESM and the NiO nanoparticles.

The influence of scan rate was also tested by conducting

LSV curves with a NiO/C@GCE. According to the LSV curves

(Fig. 7c), the current density increases at the same potential

with increasing scan rate. Because larger scan rate induces

larger reaction current and electric double layer charging

current [44]. As a result, more hydrogen were generated and

easily diffused from the surface of the working electrode. All

these factors should contribute to the enhanced catalytic

performance of the NiO/C nanocomposites. Finally, the sta-

bility of the NiO/C nanocomposite was also evaluated by

conducting CV test between 0.25 V and 0.55 V in 1 M KOH

solution. As can be seen from Fig. 7d, after 500 cycles, change

of the current density at certain overpotential is small.

Although metal oxides are not shown good performance on
HER, the as-prepared NiO/C nanocomposites showed a good

durability [4,10].
Conclusion

In summary, NiO/C nanocomposite derived fromNi(OH)2/ESM

composite was successfully prepared by a facile and green

approach that combined simple hydrothermal and pyrolysis

method. Here, the waste eggshell was regard as an useful

resource for the as-synthesized sample, it not only provides

ESM for the adsorbed Ni(II) ions, but onlyworks as a reactor for

this preparation. Consequently, it has been observed that NiO

nanoparticles distributed on the surface of ESM uniformly.

The as-prepared NiO/C nanocomposite showed stable elec-

trocatalytic and high activity towards HER in alkaline solution,

it also needs lower overpotential of 565 mV to drive

�10 mA cm�2 with Tafel slope of 77.8 mV dec�1 than the

compared samples. Moreover, the preparation approach

addressed a facile, economic and green strategy for the

preparation of other metal oxides with carbon support and

provided an important example for the strategy to enhance

their electrical conductivity and improve their HER perfor-

mance in alkaline solution.
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