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Abstract A simple and effective method for preparing a non-metallic ion-doped nickel-supported

catalyst is reported. Using economical and recyclable fibre raw materials as carriers, nickel-

supported catalysts were prepared by adsorption and reduction at room temperature. The nanopar-

ticles dispersed and anchored on a rational support, efficiently inhibiting their aggregation and thus

enhancing the catalytic activity. For the model catalytic hydrogenation of 4-nitrophenol by NaBH4,

the N-B-NiP/steam-exploded poplar (SEP) and N-B-Ni5Fe5P/SEP catalysts exhibited much better

catalytic performances than the other recently reported catalysts in terms of the catalytic activity

(the reaction was completed within 10 min for both aforementioned catalysts), reaction rate con-

stant (0.19 and 0.344 min�1, respectively) and the activity factor K (19 and 34.4 min�1�g�1, respec-

tively). The catalysts showed activities for electrocatalytic hydrogen evolution reaction (HER) and

oxygen evolution reaction (OER) under ambient conditions. In general, the reported preparation

method of nickel-supported catalysts is convenient, economical and environment-friendly, and is

agreement with many green chemistry and sustainable development principles; further, it employs

widely available starting materials.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

To tackle the problems of energy crisis and environmental pol-

lution, clean and renewable energy sources are required to
replace the fossil fuels widely used to generate electricity. As
an alternative energy sources, hydrogen is becoming an impor-

tant part of the future energy system because of its high energy
density and environment-friendliness. In recent years,
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hydrogen production by hydrolysis has garnered attention
worldwide as an economic and feasible method. At present,
the development of catalysts with high hydrolysis efficiency

is an unresolved issue; various rare-earth-rich non-precious
metal catalysts containing transition metal compounds such
as sulfides, phosphates, carbides, nitrides, oxides and selenides

have been developed (Chang et al., 2016). The addition of non-
metallic elements (O, S or N) to the transition metal-based
electrocatalyst can also adjust the kinetics of the reaction

and improve the catalytic activity (Xu et al., 2017; Hao
et al., 2017; Anjum et al., 2018).

As yet, nickel-supported catalysts were used for hydrogena-
tion, oxygen reduction and olefin oxidation of nitrobenzene

and nitrophenol; these catalysts have attracted interest because
of their low cost and excellent catalytic performance. To facil-
itate catalysts recovery, nickel particles are usually dispersed in

a solid matrix. Recently, much efforts were made to prepare
heterogeneous nickel catalysts using various materials such
as silica (Mitchell et al., 2021), alumina, graphene/amorphous

carbon (Sung et al., 2018), zirconia (Wojciech Gac, et al.,
2020), titanium dioxide (Jiang, et al., 2017.), magnesia
(Yusuf et al., 2021) and carbon. Among them, porous carbon

is the most commonly used economic carrier, and carbon-
based carriers such as cellulose paper with metallic nickel par-
ticles chemically deposited on the surface (Sahasrabudhe et al.,
2018), nickel based mesoporous carbons (Yang et al., 2014),

in situ prepared of Ru nanoclusters and porous carbon
(Ding R et al., 2020b) have many advantages over other carri-
ers because of their chemical inertia and stability. Compared

with other carbon materials, the advantages of carbonised
fibre obtained from biomass include easier availability, easier
regeneration and lower cost (Lai et al., 2019).

Meanwhile, the gradual shift of technology towards green
synthetic strategy has necessitated the use of nontoxic, renew-
able and environmentally benign chemicals (Zhou et al., 2018;

Kuo et al., 2019). Hence, designing high-value products with
long life, reusability, cost-effectiveness and high efficiency
has become an urgent need. Unfortunately, the products of
agricultural, industrial or forestry wastes are complex and dif-

ficult to separate. Therefore, one of the great challenges in the
preparation of biological carriers is to transform them into
specific products with specific properties and complexity.

Other complex factors include excessive accumulation of
chemicals during the use of the product, natural ageing, the
recycling process itself and the flow of materials and products

associated with it (Kümmerer et al., 2020). However, these bio-
mass catalysts are mostly powders with small particle size. To
solve the problem of small particle size of carbon-based solids,
nickel-supported catalysts were prepared from poplar with the

original skeleton structure. Carbonised wood has the potential
to be used as catalyst carrier owing to its good microstructure.
Poplar wood has the advantages of low weight, long fibres,

high content and easy processing, and hence, it is widely used
in housing and as pulp and plywood. Poplar is widely grown
because of its fast-growing nature and huge carbon emission

reduction potential. It is regarded an important industrial
raw material in many countries and its use as an energy crop
for biomass or biofuel is gaining interest.

Steam explosion is an optional and mature pretreatment
technology in the field of biomass conversion. The effect of this
technology on hardwood is second only to that on gramineous
plants. Since most gramineous plants are a part of crop waste,
and the sampling time is greatly affected by seasons, research-
ers focused on poplar among the perennial broad-leaved trees.
The particle sizes of different types of biological raw materials

differ after steam blasting. In the process of the steam explo-
sion treatment of biomass raw materials, a large amount of
water vapour permeates into raw biomass materials, resulting

in the formation of hydrogen bonds with some hydroxyl
groups on the cellulose molecular chain. In addition, high tem-
perature and high pressure exacerbate the fracture of the

hydrogen bond in cellulose and cause the release of new hydro-
xyl groups; the specific surface area of cellulose increases and
the adsorption capacity of blasting products is improved.
Because lignocellulose is renewable and rich in hydroxyl

groups, it is an ideal carbon source for preparing carbon car-
riers. During the preparation process, embedding the nickel
nanoparticles directly into carbon materials is crucial for

preparing ‘embedded’ catalysts.
Herein, we report a simple and effective method for prepar-

ing a non-metallic ion-doped nickel-supported catalyst using

economical and recyclable fibre raw materials as carriers.
The nickel-supported catalysts were prepared by adsorption
and reduction at room temperature; among the catalysts,

non-metallic ions and Ni-Fe metal particles are highly dis-
persed. The nanoparticles dispersed and anchored on a
rational support can efficiently inhibit the aggregation and
thus enhance the catalytic activity (Fu et al., 2019a). Non-

metallic ion-doped nickel-supported catalysts exhibited cat-
alytic activity and durability, and can be used in various cat-
alytic reactions, such as electrochemical reactions, 4-

nitrophenol (4-NP) reduction and so on. In general, the
reported preparation method of the nickel-supported catalyst
is convenient, economic and environment-friendly, which is

in line with many green chemistry and sustainable develop-
ment principles and employs widely available starting
materials.

2. Experimental materials

Poplar was steam exploded at 213 �C for 5 min. A composi-

tional analysis of steam exploded poplar (SEP) on a dry basis
was performed. Analytical grade hydrogen sodium borohy-
dride (NaBH4) and 4-NP were procured from Sigma-Aldrich
(Shanghai, China). Nickel nitrate hexahydrate, iron nitrate

nonahydrate and ethanol were analytical grade and procured
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All chemicals were used without further purification.

3. Nickel supported catalyst preparation

SEP was prepared at 213 �C for 5 min by steam explosion.

First, 2 g SEP and Nickel nitrate hexahydrate (5 mmol) were
dispersed in 100 mL of deionised water for 15 min under ultra-
sonic treatment, and stirred for 40 min to completely dissolve.

After Ni2+ was completely adsorbed by the SEP, 5 mL of
NaBH4 (0.5 mol/L) solution was added, and the boron-
containing metal oxide was grown vertically in situ in the

SEP at room temperature. The resulting product was collected
by centrifugation and washing with deionised water and etha-
nol, and then dried overnight in vacuo. The obtained carbon
material is hereafter referred to as N-B-Ni/SEP. Thereafter,

the obtained product was used to pyrolyse the feedstock as fol-



Facile fabrication of steam-exploded poplar loaded with non-metal-doped Ni-Fe nanoparticles 3
lows: the precursor and 200 mg NaH2PO2 will be prepared at
both ends of the alumina crucible. Temperature was increased
at a rate of 5 �C/min in a nitrogen atmosphere, and the N-B-

Ni/SEP was held for 1.5 h at 350 �C, followed by cooling to
room temperature inside the furnace. The carbon material
obtained thus is hereinafter referred to as N-B-NiP/SEP. N-

B-Ni5Fe5P/SEP was prepared by adding nickel nitrate hexahy-
drate (5 mmol) and iron nitrate nonahydrate (5 mmol), under
identical conditions as described in the previous sentences.
4. Characterization

A Fourier transform infrared (FT-IR) spectrometer (Karlsrue-

brook, Germany) using KBr pellet technology was employed
to measure FT-IR. A Zeiss Merlin instrument was used for
scanning electron microscopy (SEM) under 10 kV voltage.

Energy dispersive spectroscopy (EDS) was performed to deter-
mine the elemental composition. The crystal structure of the
sample was analyzed by using an Ultima IV X-ray diffrac-
tometer. The working voltage of the X-ray diffractometer

was 40 kV, and the current density was 30 mA. X-ray photo-
electron spectroscopy (XPS) analysis was carried out by using
an ESCALAB 250 analyzer (Thermo Science) and a

monochromatic Al Ka X-ray source. Raman spectroscopy
(Horiba evolution) measurements were employed to study
the physical properties of the samples. The adsorption–desorp-

tion isotherms of nitrogen were determined using a
BELSORP-mini II instrument and the Brunauer-Emmett-
Teller (BET) method. The ultraviolet (UV)- visible (vis)
absorption spectra were recorded via a UV-2900 spectropho-

tometer (Hitachi, Japan). Inductive coupling plasma emission
spectroscopy (ICP-OES) was performed using a PerkinElmer
8300 analyzer.

5. Catalytic reduction of 4-NP

The reduction of 4-NP was performed in a quartz cuvette and

monitored by performing UV–vis spectroscopy (Hitachi UV-
2900) at room temperature. For comparison, an aqueous 4-
NP solution (0.01 M) was prepared and measured prior to

monitoring the change in absorption. Then, a total of 25 ll
of aqueous 4-NP solution was mixed with 2.5 mL of fresh
NaBH4 (0.01 M) solution. Subsequently, a fixed amount of

nickel catalyst was added to start the reaction, and UV spec-
trometry was employed to monitor the reduction in situ by
measuring the absorbance of the solution at 400 nm over time.

6. Electrochemical characterization

The electrochemical measurement was carried out at room
temperature using a three-electrode device using CHI760E

electrochemical workstation. A glassy carbon electrode was
the working electrode (opposite electrode), and the Ag/AgCl
electrode was the reference electrode. The linear sweep voltam-

mogram (LSV) was recorded at a scanning rate of 5 mV/s in
1.0 M KOH electrolyte for OER, and in 0.5 M H2SO4 for
HER. The scanning range was 1.0–1.8 vs. reversible hydrogen

electrode (RHE). The LSV curve was obtained at a scanning
rate of 5 mV/s, and the LSV curve was corrected by 90% IR
compensation method. Using the Nernst equation
(ERHE = EAg/AgCl + 0.059�pH + 0.197), the measured poten-
tial was converted into the corresponding RHE potential. The
current density (J) was normalized to the geometric surface

area, and the measured potential EAppl (vs. Ag/AgCl) was con-
verted into the RHE. The overpotential (g) of OER when the
current density was 10 mA/cm2 was calculated by using the

equation g = ERHE-1.23 V. The overpotential (g) of the
HER when the current density was 10 mA/cm2 was calculated
using the equation (g = ERHE). According to the Tafel equa-

tion (g = a + b�log (J) to calculate the Tafel slope (b), the
Tafel slope was obtained by fitting the linear part of the Tafel
curve (Cao et al., 2020; Lan et al., 2019).

7. Results and discussion characterizations

The FT-IR analyzer was used to identify the functional groups

on the catalyst samples and SEP surface, as shown in Fig. 1.
The FT-IR spectra showed strong absorption at 3421 cm�1,
which is attributed to the stretching of the phenolic and alipha-
tic hydroxyl groups. The peaks at around 2921 cm�1 that were

related to the C-H functional group changed after the nickel-
supported catalyst samples were prepared by the SEP. The
results showed that chemical interactions and ion changes

occurred between OH, C–H, C=O and heavy metal ions in
the nickel bio-adsorption process (Foroutan et al., 2019b).
The FT-IR spectra of N-B-NiP/SEP, N-B-Ni5Fe5P/SEP and

N-B-Ni5Fe5P/SEP-1 confirmed the existence of NO3
� and

OH� group in the nickel–iron loaded catalyst (Fig. 2). The
bands at 1596, 1363 and 777 cm�1 were the characteristic
vibrations for H2O, –NO3

�and Metal-O (M–O) (Lee et al.

2019; Yang et al. 2019), respectively, thereby showing again
that Ni-Fe formed on SEP. Compared with the blank SEP,
the change in the absorption peak at 777 cm�1 indicated that

metal particles were attached to the surface of SEP. In con-
trast, the weak peaks at 1112 cm�1 are characteristic of the
C-N stretching mode (Coates 2006). The absorption peaks of

the repeatedly used catalysts at 777 cm�1 did not diminish,
indicating that the catalytic process did not affect the transi-
tion metal particles on the carrier surface.

The morphology and microstructural information of the N-
B-Ni5Fe5P/SEP and N, B-NiP/SEP were systematically stud-
ied using electron microscopy techniques (Xiao et al., 2016).
The closely packed Ni-Fe coating deposited at room tempera-

ture did not change the fibre structure of the SEP (Fig. 3a-b).
The nickel-plated iron or nickel SEM contain a large number
of voids in the bracket. SEM images (Fig. 3a-b) show that the

growth of the Ni-Fe layer with vertically arranged nano-thin
sheets, with interconnected macroporous morphology, will
not hinder the underlying macroporous structure. This inter-

esting morphology is beneficial for electrocatalysis because it
provides a large number of exposed catalytic active sites and
enables electrons to travel rapidly along vertical nanoflakes.
Energy dispersive X-ray (EDX) spectroscopy was performed

to further characterize the elemental composition and distribu-
tion of the N-B-Ni5Fe5P/SEP sample by performing EDS sur-
face scans (Fig. 3d-g). The results show that Ni, Fe, P, B and N

are uniformly distributed in the sample, and that the atomic
ratio is 1.28 (Ni): 1.21 (Fe). Further, B and N atoms were con-
firmed to have successfully entered the SEP. The above results

further prove that the N-B-Ni5Fe5P/SEP was successfully real-
ized by introducing zero-valent N and B atoms.



Fig. 1 Schematic representation for the prepared process of N-B-NiP/SEP and N-B-Ni5Fe5P/SEP.

Fig. 2 FT-IR spectra of SEP, N-B-NiP/SEP, N-B-Ni5Fe5P/SEP

and N-B-Ni5Fe5P/SEP-1.
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The detailed structural features of the obtained sample were
first investigated by an X-ray diffraction (XRD) study. All the

diffraction peaks were ascribed to the hexagonal NiP (JCPDS
card No. 03-065-1989) without any peaks for impurities, sug-
gesting that the N-B-NiP/SEP precursor was successfully con-

verted into nickel phosphide/SEP. (Pinilla et al., 2016; Sun
et al., 2020). The diffraction pattern for PC has a broad peak
at 26�, which is a characteristic of the (002) plane of graphitic
carbon (Fig. 4).

Compared with N-B-NiP/SEP, the four diffraction peaks of
NiP in the XRD spectrum of the Fe-doped catalyst (N-B-
Ni5Fe5P/SEP) shifted to a larger diffraction angle with Fe dop-

ing, indicating that Fe atoms enter the Ni lattice to form an Fe-
Ni alloy. The intensity of the diffraction peaks of 111, 201, 210
and 300 of Ni decreases with Fe doping, indicating that Fe

doping affects the crystallinity of the alloy particles.
The average crystallite size was determined to be about

10.78 nm for N-B-Ni5Fe5P/SEP, and 17.97 nm for N-B-NiP/
SEP from the (111) reflection by utilizing Scherrer’s equation
that relates the coherently scattering domains with Bragg peak

widths: D = kk/B cos(h), where k = 0.89 for spherical parti-
cles, and B is the full angular width at half-maximum of the
peak in radians. Combined with the aforementioned energy

spectrum (Fig. 3d-g), it can be seen that the Ni-Fe elements
are uniformly distributed on the carrier surface. From these
results, we come to the conclusion that the metal particles
are well dispersed on the fibre surface, and Fe doping affects

the crystallinity of the alloy particles. The above results show
that the addition of Ni can effectively promote the miniatur-
ization of Fe grains (Mansouriieh et al., 2016). The XRD pat-

tern of Ni5Fe5/Ni-P electrode (Fig. 4) further confirms the
amorphous nature of Ni-Fe catalyst layer as no new peaks
are observed besides those corresponding to the catalyst. In

fact, it has been proposed that amorphous Ni-Fe electrocata-
lysts are much more active than their crystalline counterparts
because the amorphous electrocatalysts have good structural
flexibility and high density of co-ordinatively unsaturated sites

that help in the adsorption of oxidized intermediates.
The XPS survey scan spectrum (Fig. 5a) clearly confirmed

that Ni, Fe, B, P, N, O, and C elements were present in the

samples. According to the XPS analysis, the Ni and Fe con-
tents in N-B-Ni5Fe5P/SEP were 11.14 and 14.84 wt% (Table 1),
respectively. The molar ratio and actual total loading content

of Fe and Ni in the N-B-Ni5Fe5P/SEP and N-B-NiP/SEP cat-
alysts were further determined by ICP-MS, as listed in Table 1.
The results are in good agreement with the theoretical molar

ratio, indicating that the Ni and Fe metal particles are uni-
formly dispersed on the SEP carrier. Note that the Ni and
Fe loading of N-B-Ni5Fe5P/SEP from ICP-OES (17.19 and
15.58 wt%, respectively) analysis were much higher than the

outmost surface Ni and Fe content (11.14 and 14.84 wt%,
respectively) as measured by XPS. Hence, we conclude that
the tiny Ni and Fe particles are embedded in the carbon fibre

instead of being anchored on the surface (Ding et al., 2020).
This phenomenon is more obvious in the nickel content of
the N-B-NiP/SEP.

The high-resolution spectra of the Ni 2p region showed two
peaks, 2p3/2 (856.82 eV) and 2p1/2 (874.47 eV) corresponding
to the Ni2+ derived from the oxidation of the NiP surface

(with the corresponding shakeup satellite peaks at 862.26



Fig. 3 Morphology, structure and chemical composition analyses of N-B-Ni5Fe5P/SEP and N, B-NiP/SEP. (a) SEM images of N-B-

Ni5Fe5P/SEP, inset is a low-magnification image, (b) SEM images of N, B-NiP/SEP, (c-j) EDS of N-B-Ni5Fe5P/SEP.

Fig. 4 XRD spectra of N-B-Ni5Fe5P/SEP and N-B-NiP/SEP.

Facile fabrication of steam-exploded poplar loaded with non-metal-doped Ni-Fe nanoparticles 5
and 880.03 eV, respectively) (Ding et al., 2020). The Fe 2p
spectrum (Fig. 5h) was fitted into two separate peaks at
711.76 and 724.68 eV corresponding to the spin–orbit states

of Fe 2p3/2and Fe 2p1/2, respectively. This finding also con-
firms that the Fe predominantly exists in the Fe3+state. As
shown in Fig. 5g, compared with the N-B-NiP/SEP, the nega-
tive shift of NiP indicates a decrease in the number of electrons

at Fe site and the accumulation of electrons around the Ni site
(Jiao et al., 2019). These changes in electron accumulation
cause changes in the distribution of electrons, thus changing

the local electronic structure of the metal position.
The XPS spectrum (Fig. 5c) for O 1s of samples can be
deconvoluted into two peaks at binding energies of 531.08
and 532.08 eV, which were attributed to the surface-

adsorbed water (–OH) and C-O species (oxygen vacancies),
respectively. The oxygen vacancies indicate a defect site with
low oxygen coordination, which decrease the barrier for the

adsorption of OH� and promotes OER. In particular, N-B-
Ni5Fe5P/SEP and N-B-NiP/SEP show a clear difference in
the area of oxygen vacancies because of the presence of Fe
metal ions (29.49 %: 51.62 %) (Xu et al., 2018; Kim et al.,

2020).
As shown in Fig. 5b, the four components of C1s spectrum

(284.77, 286.36, 288.49 and 291.54 eV) were attributed to sp2

C-C, sp3 C-C, C-O and carboxylic groups, respectively. In
the high-resolution XPS spectra, P 2p exhibits three contribu-
tions, P 2p3/2 and P 2p1/2, located at 129.49 and 130.46 eV

(Fig. 5e), respectively, which are assigned to NiP, and the peak
at 133.72 eV that is attributed to the oxidized P species.

The B 1s spectrum (Fig. 5f) clearly evidences the presence of

three chemical environments for phosphorus atoms (B-O, B-C,
and B-Ni). The existence of B3+ in N-B-Ni5Fe5P/SEP and N-
B-NiP/SEP catalyst is evidenced by the peak at 191.60 eV
(Fig. 5f), which can be attributed to the surface oxidation of

the borate species. Compared with N-B-NiP/SEP, the peak
intensity at 190.59 eV of N-B-Ni5Fe5P/SEP that corresponds
to B-C bonds was higher, indicating that some C atoms in

the carbon fibre were replaced by B atoms. Pleasantly, the
peak at 187.33 eV can be attributed to B(0) in the Ni-B bonds,
which matches well with the literature. This result suggests that

there are abundant zero-valent B atoms in the N-B-Ni5Fe5P/
SEP and N-B-NiP/SEP after N2 treatment.

In the high-resolution N 1s spectrum, in addition to the
characteristics related to pyrrolic-N (402.07 eV) and



Fig. 5 (a) XPS survey spectrum and (b-h) high-resolution XPS spectra of C1s, O1s, N1s, P2p, B1s, Ni2p, Fe2p of N-B-Ni5Fe5P/SEP and

N-B-NiP/SEP.

6 C. Pan et al.



Table 1 Catalysts composition determined by ICP-MS and XPS.

Catalysts Fe loading

(wt%)

Ni loading

(wt%)

Fe:Ni

(molar ratio)

FeNi loading

(wt%)

N-B-Ni5Fe5P/SEP (1:1) 15.58 17.19 1:1.05 32.77 ICP-MS

N-B-NiP/SEP / 27.71 / 27.71

N-B-Ni5Fe5P/SEP (1:1) 14.84 11.14 1:0.75 25.98 XPS

N-B-NiP/SEP / 13.88 / 13.88

Facile fabrication of steam-exploded poplar loaded with non-metal-doped Ni-Fe nanoparticles 7
pyridinic-N (400.00 eV), a characteristic peak with a 397.10 eV
binding energy is observed in the N regions. It is attributed to

metal-nitrogen bonds, indicating the presence of zero-valent N
(0) atoms in the N-B-Ni5Fe5P/SEP and N, B-NiP/ SEP
(Fig. 5d). The presence of N dopant in the sample will inher-

ently improve the interaction ability with the reactants and
produce a higher positive charge density on its adjacent carbon
atoms, which may also contribute to the high activity of the

sample (Sun et al., 2020). Therefore, the above results indicate
that the zero-valent N and B atoms were successfully doped
into N, B-NiP/SEP and N-B-Ni5Fe5P/SEP.

The crystallization and graphitization degree of the car-

bonized SEP support on the Ni-supported catalyst and Ni-
Fe bimetallic catalyst were studied by Raman spectroscopy.
In general, an ID/IG ratio less than one is ideal. As shown in

Fig. 6, the carbon fibre carriers have high quality and crys-
tallinity, and the peak intensity ratio (ID/IG) is less than one,
and the spectra of carbon samples show two distinct bands.

The first band is the well-known D band, located at
1363 cm�1, attributed to the disorder in the carbon structure,
such as defects in the carbon structure or amorphous carbon
(Msda et al., 2002; Awadallah et al., 2013). The vibration of

sp2 carbon atoms in the graphitization region forms the G
band located at 1589 cm�1 (Ali et al., 2017; Allaedini et al.,
2015). Generally, the ratio of the D-band strength to G-band

strength ID/IG is used to reflect the degree of graphitization.
The ID/IG ratio of N-B-Ni5Fe5P/SEP is 0.89, which indicates
that a large number of defects and irregular structures were

introduced into the carbon fiber carrier. The ID/IG ratio fur-
ther increased to 0.95 for N-B-NiP/SEP, indicating the
Fig. 6 Raman spectra of N-B-Ni5Fe5P/SEP and N-B-NiP/SEP.
enhanced number of structural defects, increased localized
sp3 defects in sp2 framework and high electrical conductivity.

The specific surface area and porosity of the obtained mate-
rials were investigated by N2 adsorption–desorption experi-
ments. In the curves of N-B-Ni5Fe5P/SEP and N-B-NiP/SEP

(Fig. 7a), the type IV adsorption branches corresponded to
the mesoporous structure. According to IUPAC classification,
the isotherms (Fig. 7) of the mixed oxides were classified as

type IV with an H3 hysteresis loop, suggesting the existence
of mesoporous materials with an incision-like pore geometry.
The specific surface area of N-B-Ni5Fe5P/SEP and N-B-NiP/
SEP were calculated to be 55.44 and 57.18 m2/g, respectively.

The pore size distributions are shown in Fig. 7b. The average
pore size of N-B-Ni5Fe5P/SEP was about 11.86 nm, while
those of N-B-NiP/SEP was around 8.42 nm. It was clear that

N-B-Ni5Fe5P/SEP and N-B-NiP/SEP were mainly composed
of micropores and mesopores of size around 10 nm. As shown
in Fig. 7d, the average pore widths of two samples follow the

order of N-B-Ni5Fe5P/SEP > N-B-NiP/SEP and the pore vol-
umes of N-B-Ni5Fe5P/SEP and N-B-NiP/SEP were 0.19 and
0.11 cm3/g, respectively. The pore structure of materials play
an important and even decisive role in determining many mate-

rial properties. When using carbon materials as carriers, their
porous properties are conducive to the diffusion of substrates
and products and can lead to the exposure of more active sites,

thus improving the overall activity of the catalyst.

8. Catalytic performance

8.1. Oxygen evolution reaction

The electrocatalytic OER performance of N-B-Ni5Fe5P/SEP
and N-B-NiP/SEP were studied in O2-saturated 1 M KOH.
The LSV data (Fig. 8a-b) were recorded with the scan rate

of 5 mV/s. For N-B-NiP/SEP, the Ni2+/Ni3+ was oxidized
in the potential range of 1.35–1.5 V (all potentials were versus
the RHE) (Fig. 8b). The presence of the oxidation peak indi-

cated that because of insufficient oxidation, a fully protected
NiO shell may not be formed outside the Ni nanoparticles,
leading to corrosion of metal Ni and the formation of NiOOH
during OER in the alkaline solution (Sivanantham et al.,

2016). The curves of polarization (Fig. 8a-b) showed that the
N-B-Ni5Fe5P/SEP exhibited excellent OER performance with
an overpotential of 395 mV at 10 mA/cm2 and 488 mV at

30 mA/cm2 current density, compared to N-B-NiP/SEP (431
and 579 mV, respectively).

In addition, to investigate the kinetics of these catalysts, the

Tafel slopes obtained from the LSV polarization curves are
shown in Fig. 8c. The Tafel slope of N-B-Ni5Fe5P/SEP
(101 mV/dec) was considerably smaller than that of N-B-
NiP/SEP (151 mV/dec), confirming the faster OER kinetics



Fig. 7 N2 adsorption-desorption curves (a), pore distribution curve (b), specific surface area (c), Pore volume and pore diameter (d) of

N-B-Ni5Fe5P/SEP and N-B-NiP/SEP.
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of the former. Our research results indicate that the synergetic
effect of the Ni-Fe bimetal loading and carbon carrier played
an important role in facilitating the OER kinetics (Li et al.,
2020; Jiang et al., 2018; Yue et al., 2019).

8.2. Hydrogen evolution reaction

To assess the electrocatalytic HER activity of the N-B-

Ni5Fe5P/SEP and N-B-NiP/SEP, the related electrochemical
measurements were performed using a three-electrode system.
Fig. 8d shows the polarization curves of the N-B-Ni5Fe5P/SEP

and N-B-NiP/SEP in N2-saturated 0.5 M H2SO4 solution.
While the N-B-NiP/SEP, which has a g10 value of 397 mV,
the N-B-Ni5Fe5P/SEP requires 392 mV to reach 10 mA/cm2,

implying that the Fe trace in N-B-Ni5Fe5P/SEP does not con-
tribute to the electrochemical activities and remains a mere
spectator species. Tafel slopes were drawn to evaluate HER
kinetics (Fig. 8e). The Tafel slope is 122 mV/dec for N-B-

Ni5Fe5P/SEP, which is much smaller than that of the N-B-
NiP/SEP (119 mV/dec). In the study of the mechanism of elec-
trocatalytic hydrogen evolution in acidic media, it is generally

believed that the reaction process is divided into the following
three steps: the first step is the electrochemical reaction pro-
cess; the second step is the electrochemical desorption process;
the third step is the compound desorption process. The general
HER mechanism includes at least an electrochemical process

and a desorption process, and hence, it can be divided into
the Volmer-Heyrovsky mechanism or Volmer-Tafel mecha-
nism according to the different rate steps. As seen from

Fig. 8c and e, the Tafel slopes of the N-B-Ni5Fe5P/SEP and
N-B-NiP/SEP are 122 and 119 mV/dec, respectively. So the
hydrogen evolution process of the catalyst in acidic medium

is a slow discharge mechanism, and the Volmer reaction pro-
cess has a rate-control step, which is the Volmer-Heyrovsky
mechanism (Conway and Tilak, 2002; Li et al., 2014; Li
et al., 2011).

8.3. Catalytic activity for 4-NP hydrogenation as a model

reaction

The removal of 4-NP from wastewater is of significant impor-
tance from the perspective of environment protection as 4-NP
is a prevalent contaminant produced in industry and agricul-

ture (Choi and Oh, 2019; Ding et al., 2020). It is known that



Fig. 8 Electrochemical performance in acid and basic solution. (a) polarization curves for OER. (b) polarization curves (1.3–1.5 V) for

OER. (c) Tafel plots for OER. (d) polarization curves for HER. (e) Tafel plots for HER. (f) Overpotential for HER and OER.
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4-aminophenol (4-AP) is very useful and important in many

applications, and it is used in analgesic and antipyretic drugs,
photographic developer, corrosion inhibitors and anticorro-
sion lubricants. The reduction of 4-NP to 4-AP has been exten-
sively used as a benchmark system to evaluate the catalytic

activity of metal NPs (Chang et al., 2012; Yang et al., 2014).
Therefore, the reduction of 4-NP toward 4-AP in the pres-

ence of NaBH4 was selected as a model reaction to further con-



Fig. 9 (a) UV–vis spectra of 4-nitrophenol before and after adding NaBH4 solution, (b) the relationship between ln(Ct/C0) and reaction

time (t), (c) the reduction of 4-nitrophenol in aqueous solution recorded with time using 3.0 mg N-B-Ni5Fe5P/SEP and N-B-NiP/SEP.
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firm the generality of the N-B-Ni5Fe5P/SEP and N-B-NiP/

SEP. As shown in Fig. 9a, the adsorption peak of 4-NP was
red-shifted from 317 to 400 nm immediately upon the addition
of NaBH4 solution which corresponds to a colour change from

light yellow to yellow green because of the formation of the 4-
nitrophenolate ion under alkaline conditions. When the cata-
lyst was added, the intensity of the characteristic peak at
400 nm rapidly declined. The reduction of 4-NP was completed

within 10 min over 10 mg N-B-NiP/SEP and N-B-Ni5Fe5P/
SEP (Fig. 9c). Considering that the reductant concentration
is much higher than that of 4-NP (CNaBH4/C4-NP = 100) in

the reaction mixture, the pseudo-first-order rate kinetics with
respect to 4-NP concentration could be used to evaluate the
catalytic rate. The reaction kinetics can be described as � ln

(Ct/C0) = kt, where k is the rate constant at a given tempera-
ture and t is the reaction time. C0 and Ct are the 4-NP concen-
tration at the beginning and at time t, respectively. As

expected, a good linear correlation of ln(Ct/C0) vs. reaction
time t was obtained (Fig. 9b), and the kinetic rate constant k
was estimated as 0.19 (R2 = 0.99) and 0.344 (R2 = 0.99)
min�1 for N-B-NiP/SEP and N-B-Ni5Fe5P/SEP, respectively.

To compare different catalysts, we calculated the ratio of rate
constant K over the total weight of the nickel catalyst, where
K = k/m. Thus the activity factor K was calculated as 19

and 34.4 min�1�g�1 for N-B-NiP/SEP and N-B-Ni5Fe5P/
SEP, respectively. It is clear that N-B-Ni5Fe5P/SEP clearly
had the largest activity factor, compared with other precious

metal catalysts such as Ru/C (0.034 min�1) and Ru/PC-IM
(0.198 min�1) (Ding et al., 2020). With an increase in the num-
ber of cycles, the conversion of 4-NP decreased slightly, possi-
bly because of the partial loss of active surface area caused by

the partial loss of catalyst during recovery.
The excellent catalytic performances of N-B-Ni5Fe5P/

SEP for 4-NP reduction lead to the following advantages.

From the point of view of catalysis, SEP is an ideal sub-
strate for the growth of an active catalyst layer. Because
there are abundant coordination hydroxyl groups and epoxy

functional groups on the cellulose microfiber, the ultra-fine
and clean metal nanoparticles formed in situ are uniformly
dispersed on the surface of the carrier rather than being

embedded in the carrier. Together, these two functions
can lead to stronger binding and faster mass transfer
kinetics.
9. Conclusions

In summary, using economical and recyclable fiber raw mate-
rials as carriers, nickel-supported catalysts were prepared by
adsorption and reduction at room temperature. For the model
catalytic hydrogenation of 4-NP by NaBH4, the N-B-NiP/SEP

and N-B-Ni5Fe5P/SEP catalysts exhibited much better cat-
alytic performances than the other catalysts recently reported
in terms of the catalytic activity (with the proposed catalysts,

the reaction was completed within 10 min) and reaction rate
constant (0.19 and 0.344 min�1 for N-B-NiP/SEP and N-B-
Ni5Fe5P/SEP catalysts, respectively). The catalyst showed

activities for electrocatalytic HER and OER under ambient
conditions. In general, the reported preparation method of
nickel-supported catalyst is convenient, economical and

environment-friendly, which is in agreement with many green
chemistry and sustainable development principles, and the
method employs widely available starting materials.
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