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a b s t r a c t

Hydrogenation reactions play crucial roles on chemical synthesis and pollutant elimination. The improve-

ment of the ability to activate reactants and increase of the contact probability between the catalysts

and reactants are positive to improve the catalytic performance. Herein, we have reported the design of

two-dimensional porous Ni-Ni3N-NiMoN heterojunction sheets (2D Mo-Ni based nanosheets) for efficient

catalytic hydrogenation of the aromatic nitro-compounds. The heterojunction interfaces provide plentiful

active sites to improve the activating ability of the catalyst on the reactants. Additionally, the 2D porous

structure facilitates not only the contact of catalytic sites with reactants but also mass transfer and dif-

fusion, both of which are favorable to accelerating the hydrogenation process. As a result, the optimized

sample of 2D Mo-Ni sheet exhibits good activity for the hydrogenation of aromatic nitro-compounds by

converting 0.2mmol/L (30mL) of p-nitrophenol to p-aminophenol within 45 s with good recyclability. The

activation energy and the reaction rate at 25 oC is 31.11 kJ/mol and 0.0796 s-1, respectively, both of which

surpass most of reported non-noble metal catalysts and rivals with most noble metal-based catalysts.

The combination of late and early transition metals provides an innovative way to obtain outstanding

catalysts for the hydrogenation.

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

Medica, Chinese Academy of Medical Sciences.

Though the technological and industrial development brings

many positive effects, it also accompanies unprecedented dam-

age to the environment [1–3]. Therefore, it is necessary and ur-

gent to exploit efficient strategy to reduce the environmental dam-

age or to take remedial actions for sustainable development [4–

6]. The hydrogenation reactions are important processes for the

synthesis of chemicals and elimination of environmental pollu-

tion [7,8]. As known, some chemicals with -NO2 groups are main

raw materials for the synthesis of dyes and other chemicals [9,10].

However, these chemicals are chemically stable, hardly degrad-

able, and strongly toxic, being potentially dangerous to human

and aquatic organisms [11,12]. Therefore, it is a great demand to

converse or eliminate aromatic nitro-compounds for the sustain-

able development [13,14]. Among the existing researches, convert-
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ing environment-polluting nitrophenol into highly medicinal-value

aminophenol (hydrogenation of nitrophenol) is proved to be an ef-

ficient methodology [15,16]. Besides, the conversion reaction (hy-

drogenation of p-nitrophenol) is also an important model for eval-

uating the potential ability of catalysts in hydrogenation reactions

[17–19]. Therefore, the design of effective catalysts is the key to

promoting the reaction, due to the high energy barrier of the reac-

tion under the normal condition.

Noble metals (Pt, Pd) are state-of-the-art catalysts for the hy-

drogenation reaction due to the strong ability to release active

H species due to the unique and proper electronic configuration

[20,21]. However, the expensive and rare characterization limit the

wide use of the noble metal-based catalysts [22,23]. Remarkably,

the Ni element is a promising candidate to replace the noble met-

als Pt and Pd, because Ni locates the same group as Pt and Pd, but

much cheaper than them. Moreover, the valence electron d orbits

of Ni are considered as the catalytic activity center according to

the d-band center theory [24–27]. However, the single-component

Ni catalysts exhibit unsatisfactory performance for hydrogenation

https://doi.org/10.1016/j.cclet.2022.108128
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Scheme 1. Schematic illustration of the preparation of 2D porous Ni-Ni3N-NiMoN

heterojunction nanosheets.

of p-nitrophenol [28]. This results from that the two unpaired elec-

trons in the d orbital of Ni (3d84s2), which is different from that

of Pt (5d96s1) [29–32]. To address this disadvantage, a series of

strategy have been developed to tune the electron structure by the

construction of the heterojunction, alloying (Ni-Pt, Ni-Cu, Ni-Mo)

and modification, thereby enhancing the intrinsic activity [33–35].

Especially, a combination of Ni with Mo components can give op-

timized electronic structure similar to Pt. For instance, Duan et al.

have synthesized 2D nickel-molybdenum nanosheets with tetrago-

nal MoNi4 phase for efficient catalytic cracking of HOR in alkaline

electrolytes [36]. Our group have also reported the electronic tun-

ing between Ni and Mo species anchored on SAPO-11 (Ni-Mo/S-11)

for the hydroisomerization of n-alkanes with performance close to

the commercial Pt/S-11 [37]. However, the rational combination of

Ni and Mo for the hydrogenation of p-nitrophenol reaction has not

yet been studied.

Here, we have reported the design of two-dimensional

porous Ni-Ni3N-NiMoN heterojunction sheets (2D Mo-Ni-based

nanosheets). The construction of heterostructures was benefit for

modulating the surface electronic structure, inducing synergis-

tic effect among different components, and expose more active

sites. Therefore, the charge density around Ni-components was in-

creased, being closer to that of Pt by the electrons transfer from

Mo to Ni component. Thus, the activation ability of Ni to the re-

actants can be improved [38,39]. Based on this, the 2D Ni-Ni3N-

NiMoN heterojunction sheets were utilized to evaluate the perfor-

mance of the hydrogenation of aromatic nitro-compounds. The re-

lating mechanism has also been systematically investigated. The

study would be promising to design outstanding catalysts for hy-

drogenation by rationally combining late and early transition met-

als.

It is difficult to directly synthesize the metallic Ni-based 2D

sheets. Fortunately, the Ni(OH)2, which is a suitable precursor to-

ward Ni-based materials, can be facilely synthesized with 2D mor-

phology. So, the 2D Mo-modified Ni(OH)2 precursors were firstly

synthesized through solvothermal reaction of Ni(NO3)2·6H2O and

(NH4)6Mo7O24·4H2O in an NH3·H2O/ethylene glycol/H2O mixture

solution. Then, the precursor was calcined in a muffle furnace and

then reduced in a tube furnace under an NH3 atmosphere, thereby

obtaining the Ni-Ni3N-MoNiN nanosheets (Scheme 1 and Table S1

in Supporting information). The X-ray diffraction (XRD) pattern

(Fig. 1a) of the precursor showed four peaks located at 33.67°,
35.20°, 41.20° and 59.60°, assigned to the (110), (111), (103) and

(300) planes of Ni(OH)2·2H2O (JCPDS No. 22-0444), respectively.

The peaks corresponding to the Mo species were indiscernible, as-

cribing to the low amount of Mo during the synthesis. The scan-

Fig. 1. (a) XRD pattern, (b, c) typical SEM images, (d, e) TEM images, (f) STEM and

corresponding EDS elemental mapping images of Mo-modified 2D Ni(OH)2 precur-

sor.

ning electron microscopy (SEM) image clearly showed the forma-

tion of 2D thin sheets with obvious stacking (Fig. 1b). A magnifying

image in Fig. 1c revealed a less than 10nm thichness for the pre-

pared sheets. Furthermore, the transmission electron microscopy

(TEM) image showed that the precursor was large-scaled sheets

with curved surface (Fig. 1d) [40]. From the high-resolution TEM

image in Fig. 1e, we can observe many “black wires” which should

be folded edge of the sheets. From this, the thickness of the sheets

was estimated to be below 10nm, which was consistent with that

of SEM images. In addition, the STEM images further showed the

formation of thin 2D sheets. The Energy dispersive spectroscopy

(EDS) mapping (Fig. 1f) demonstrated the uniform distribution of

the Mo, Ni, and O elements throughout the sheets. The atom ratio

of Mo from quantitative analysis of EDS was about 10.93% which

is close to the atomic ratio of Ni-Mo shown by inductively cou-

pled plasma (ICP), and also consistent with the theoretical ratio

of feeding during the synthesis process (Fig. S1 and Table S2 in

Supporting information). The presence of Mo verified the forma-

tion of Mo-modified 2D Ni(OH)2 sheets. In the synthesis process,

the ratio of ammonium molybdate to nickel nitrate was the key

to the formation of sheet precursors. The precursors synthesized

without ammonium molybdate or with a small amount of am-

monium molybdate were irregular sheet structures (Figs. S2 and

S3 in Supporting information). The precursors synthesized with-

out Ni(NO3)2·6H2O was an irregular sphere (Fig. S4 in Supporting

information). When the molar ratio of ammonium molybdate to

nickel nitrate was 1:50, the precursor obtained is a regular thin 2D

sheets structure. When the molar ratio of ammonium molybdate

to nickel nitrate was 1:10, the precursor was block-structure (Fig.

S5 in Supporting information). Therefore, the appropriate ratio of

ammonium molybdate to nickel nitrate was very important for the

preparation of regular thin sheet precursors.

Based on our previous studies, the oxides were easier to be re-

duced by NH3 to form corresponding metals or nitrides. Therefore,

the Mo-modified Ni(OH)2 precursor was first calcined in a muf-

fle furnace at a low temperature to convert into corresponding ox-

ides. After the operation, the Ni(OH)2 can be converted into the

NiO by the loss of H2O, and the Mo-modified 2D Ni(OH)2 precur-

sor was transformed into Mo-modified 2D NiO. The color of solid

powders changed from original green to yellow, indicating the for-

mation of the oxides. The XRD pattern of the sample showed the

broad diffraction peaks at 37.25°, 43.30° and 62.90°, ascribing to

(101), (012) and (104) planes of the NiO phase (JCPDS No. 44-1159)

(Fig. 2a), implying the conversion of Ni(OH)2 to NiO by pyrolysis.

Similar to the case of the precursor, there was no diffraction peak

of Mo-related species, ascribing to the low amount of Mo and their

modification on NiO. In addition, the position of all three diffrac-
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Fig. 2. (a) XRD pattern, (b, c) typical SEM images, (d, e) TEM images, (f) STEM and

corresponding EDS elemental mapping images of Mo-NiO.

tion peaks of Mo-NiO slightly shifts to lower angles in compari-

son with that shown in the standard card. The result can be as-

cribed to the doping Mo in NiO crystal lattice. The morphology of

2D Mo-modified NiO was further studied by SEM and TEM images.

The SEM image showed the presence of sheets with raised edges,

agreeable with the precursor both in the morphology and thick-

ness (Figs. 2b and c). The TEM images (Fig. 2d) further showed

that the morphology of Mo-modified NiO was similar to the pre-

cursor with folded thin-sheet structure (Fig. 1d). However, the en-

larged image (Fig. 2e) shows that the sheets were composed of

many particles with sizes of about 3nm, being obviously different

from the precursor sheets (Fig. 1e). Also, there are many pores be-

tween the particles, which is favorable for the mass transfer and

diffusion during the reaction. The formation of pores and parti-

cles should be related with the decomposition and release of H2O

during the calcination. The STEM images showed the maintenance

of the sheet-like structure after calcination in the air atmosphere.

The EDS mapping (Fig. 2f) indicated that Mo, Ni, and O elements

were uniformly distributed throughout the sheets. The atomic per-

centage of Mo was about 3.34% based on the quantitative analy-

sis of EDS (Fig. S6 in Supporting information) and the molar ratio

of Ni:Mo was approximate 6.25:1 (Table S3 in Supporting infor-

mation). The result indicated the successful formation of 2D Mo-

modified NiO which can be used for the synthesis of Ni-based cat-

alysts.

As known, the NH3 can act as N source and reduction agent

during the synthesis, being helpful to form Ni-based catalysts. Fol-

lowed the calcination under air, the 2D Mo-modified NiO was fur-

ther treated under NH3 atmosphere. The resulting product was de-

tected by XRD to disclose the phase components in Fig. 3a. The

intensive diffraction peaks located at 38.94°, 42.11° and 44.48° co-
incided well with (110), (002) and (111) planes of Ni3N (JCPDS

No. 10-0280). The diffraction peaks at 44.50°, 51.85° and 76.38°
arised from (111), (200), and (220) planes of metallic Ni (JCPDS No.

65-2865). It was noteworthy that the low intensity peaks corre-

spond to Ni0.2Mo0.8N (JCPDS No. 29–0931) indicated the successful

formation of Ni-Ni3N-NiMoN compound. The SEM and TEM were

used to further study the morphology of Ni-Ni3N-NiMoN sam-

ple. The SEM image (Fig. 3b) illustrated the as-prepared Ni-Ni3N-

NiMoN sample inherited the thin sheets morphology of the orig-

inal Mo-Ni(OH)2 precursor. Moreover, unlike the Mo-Ni(OH)2 and

Mo-NiO samples with smooth surfaces, many “bright dots” can be

observed on the Ni-Ni3N-NiMoN sheets. The observation was re-

lated to the formation of small Ni particles. The emergency “bright

dots” was ascribed to the good conductivity of the metallic Ni.

The TEM (Fig. 3c) image gave the direct observation of the forma-

tion of 2D sheets composed of small particles. As shown in Fig.

Fig. 3. (a) XRD pattern, (b) typical SEM images, (c–e) TEM images, (f–j) STEM and

corresponding EDS elemental mapping images of Ni-Ni3N-NiMoN.

S7 (Supporting information), the average particle size is 19.6 nm

for Ni-Ni3N-NiMoN catalysts. It can be seen that the thickness of

nanosheet is less than 10nm based on the folds of the edge. The

size of particles and pores was slightly larger than that composed

of 2D Mo-NiO sheets, which was related to the quick decompo-

sition of Mo-modified NiO under reduction conditions accompa-

nied with a slight particles agglomeration (Fig. 3d). As shown in

Fig. S8 (Supporting information), the N2 adsorption-desorption test

shows that the Ni-Ni3N-NiMoN heterostructure catalysts exhibit

well-developed porous structure (adsorption average pore diam-

eter: 13.9 nm) with a Brunauer-Emmett-Teller (BET) surface area

of 162 m2/g. The porous structure was beneficial to the diffu-

sion of reactants and provides more access to inner reactive site

during the catalysis process. The high-resolution TEM (HRTEM)

image showed the two ordered lattice fringes with distances of

0.21nm and 0.18nm, which corresponded to the (111) and (101)

crystal planes of Ni3N and NiMoN (Fig. 3e). Notably, the contact

between two adjacent particles can be observed in the HRTEM im-

age, indicating the formation of intimately contacted heterointer-

faces [41]. As shown in the HRTEM image (Fig. 3e), the heterojunc-

tion consists of two different components. The Ni0.2Mo0.8 N and

Ni3N nanoparticles are interweaved with each other which provide

the formation of intimately contacted heterointerfaces. The close

contacted heterogeneous surface can promote electron transfer, in-

fluence the adsorption/desorption energies of active species in cat-

alytic reactions, and thus regulate catalytic ability in the reductive

hydrogenation reaction. In addition, the TEM images showed the

presence of pores. These open spaces were expected to create more

accessible active sites and provide multiple pathways for fast mass

and electron transport, in favor of the solution-phase catalysis. The

STEM image and corresponding to the EDS mapping indicated that

Mo, Ni, O and N elements were uniformly distributed throughout

the sheets (Figs. 3f–j). Based on the quantitative analysis of EDS,

the atomic percentage of Mo was about 10.27% and the Ni-Mo ra-

tio displayed by ICP was about 6.33 (Fig. S9 and Table S4 in Sup-

porting information). Above tests showed the successful construc-

tion of 2D porous Ni-Ni3N-NiMoN heterostructure nanosheets. For

comparison, the pure Mo-base precursor and pure Ni-base precur-

sor were also pyrolyzed in two-step pyrolysis. The XRD and SEM

results in Fig. S10 (Supporting information) showed that Ni cat-

alyst and MoO2 catalyst with irregular morphology were obtained
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Fig. 4. XPS spectra of the Mo-Ni(OH)2 precursors, Mo-NiO, and Ni-Ni3N-NiMoN: (a)

Wide scan spectrum and the high-resolution spectra of (b) Ni 2p, (c) Mo 3d, (d) O

1s and N 1s-Mo 3p.

after pyrolysis, respectively. It showed that the interaction between

Mo and Ni was favorable for the formation of nitrides. The influ-

ence of pyrolysis temperature on the structure and morphology of

the catalyst was studied by adjusting the calcination temperature

of the catalyst under NH3 atmosphere. From the XRD and SEM re-

sults of samples calcined at different temperatures, it can be seen

that NiO is difficult to be reduced when the pyrolysis temperature

is low (375 °C) (Fig. S11 in Supporting information). When the py-

rolysis temperature rase to 450 °C, the nanoparticles forming the

2D sheets appear agglomeration, and the particles became larger

obviously. (Fig. S12 in Supporting information).

The elemental composition and valence states of the Mo-

Ni(OH)2 precursors, Mo-NiO, and Ni-Ni3N-NiMoN were further in-

vestigated by X-ray photoelectron spectroscopy (XPS). The survey

spectra of samples (Fig. 4a) confirmed the existence of all the el-

ements including Ni, Mo, N and O. In the high-resolution Ni 2p

spectra (Fig. 4b), for Mo-Ni(OH)2 precursors and Mo-NiO, the dou-

blet peaks at 855.6 and 873.2 eV represented the characteristic Ni

2p3/2 and Ni 2p1/2 of divalent Ni from NiO with doublet satellites

at 879.6 and 861.5 eV, respectively [42,43]. For the 2D Ni-Ni3N-

NiMoN sample, the peaks at 871.0 and 852.1 eV were ascribed to

Ni-N from Ni3N, which was consistent with XRD results. Mean-

while, the peaks located at 880.2 and 862.2 eV were ascribed to

Ni satellite peaks.

The Mo 3d spectrum (Fig. 4c) of Mo-Ni(OH)2 precursors and

Mo-NiO sample showed four peaks at 232.1 and 235.2 eV, 233.2 eV

and 237.2 eV, which can be attributed to Mo4+ and Mo6+, respec-
tively, corresponding to oxidized Mo species (Mo-O bond) [44,45].

For the 2D Ni-Ni3N-NiMoN sample, the fitting revealed three ox-

idation states (+3, +4 and +6) for Mo on the surface of NiMoN,

the Mo3+ is from the Mo-N bonds in NiMoN, while Mo4+ and

Mo6+ species were attributed to the surface oxidization of Ni-

Ni3N-NiMoN upon air exposure. In the O 1s XPS spectra shown

in Fig. 4d, the peak centered at 533.0 eV corresponded to the O–H

bond arising from the adsorbed H2O, while the two other peaks

at 531.2 and 530.2 eV can be assigned to the lattice oxygen of O-M

(M=Ni, Mo) bond and oxygen vacancies. It is clearly seen from the

XPS spectra of N 1s for Ni-Ni3N-NiMoN sample that N 1s and Mo

3p have partial overlap. The peak located at 395.3 eV corresponded

to Mo 3p3/2. The peak at 398.1 can be assigned to Ni/Mo-N in

Ni3N/NiMoN, which further indicated the formation of the nitride.

Other N 1s peak at 400.8 eV can be ascribed to N–H groups, which

suggested that there are abundant H species at the surface of the

catalysts. This result indicated that N ions at the surface were able

to strongly interact with H species, and a large number of N–H

moieties should be available to participate in the reduction of aro-

matic nitro compounds.

The 4-nitrophenol (4-NP), which was listed as a priority pol-

lutant by the US Environmental Protection Agency, had carcino-

genicity and genotoxicity to humans and wild animals, and can

lead to many diseases like methemoglobinemia [46,47]. However,

the reduction product aromatic amines were important intermedi-

ates for the manufacturing of various fine chemicals and has lower

toxicity than 4-NP [48–50]. Thus, the reduction of 4-NP into 4-

AP with NaBH4 was used as a model catalytic reaction to eval-

uate the catalytic performance of the 2D Ni-Ni3N-NiMoN hetero-

junction sheets catalyst for demonstrating their structural advan-

tage in the catalysis [51–53]. The 4-NP reduction reaction progress

process was monitored by the UV-vis spectrometer. As shown in

Fig. 5a, the p-nitrophenolate anion solution exhibits a strong ab-

sorption peak at 317nm. After the addition of NaBH4, the absorp-

tion peak occurred a red-shifted to 400nm, accompaning with the

color of the solution changing from light yellow to bright yellow

because of the formation of p-nitrophenolate anion. Notably, the

maximum absorption of the solution can remain for more than

30min in the absence of any catalysts, indicating that the addition

of NaBH4 alone will not trigger 4-NP reduction reaction. Fig. 5b

showed the time-dependent absorption spectra of solution over 2D

Ni-Ni3N-NiMoN sheets catalyst in the presence of excess NaBH4. It

can be seen from the photo in Fig. 5b that the dispersion of the

catalyst had the Tyndall effect, indicating the colloidal dispersity

in an aqueous solution, which was conducive to the exertion of the

catalytic activity of the catalyst. The maximum absorbance peak at

400nm gradually declined as the reduction reaction time proceeds,

while a new absorption peak attributed to 4-aminophenol ions be-

gan to rise as a shoulder at 295nm. The yellow color of the 4-NP

solution discharged in 45 s under continuous stirring signaling the

completion of conversion of 4-NP to 4-AP. However, it took 48 min

for Mo-NiO catalyst to completely convert 4-NP to 4-AP, indicat-

ing that the formed nitrides were beneficial to the catalytic per-

formance of the catalyst (Fig. 5c). The thermodynamic parameters

for the reduction of 4-NP were subsequently investigated by per-

forming the reaction at different temperatures (15, 25, 35 and 45

°C) (Fig. 5d and Fig. S13 in Supporting information). Since the con-

centration of NaBH4 can be considered as a constant because it is

in great excess, the reaction rate was controlled by the adsorption

of 4-nitrophenol on catalysts, following the pseudo-first-order ki-

netics [54,55]. The plot of logarithm of absorption versus reaction

time can be fitted linearly. The slope, i.e., apparent rate constant

values (k), was found to be 0.0722, 0.0796, 0.1396 and 0.2149 s-1

for the reactions in 15, 25, 35 and 45 °C, respectively (Fig. 5e). In

general, the reaction rate increases with the increase of tempera-

ture. The apparent activation energy (Ea) was estimated with the

Arrhenius equations (Eq. 1) [56,57]:

ln kapp = lnA − Ea

RT
(1)

where kapp and R are the reaction rate constant and the molar gas

constant (8.314 J K-1 mol-1) at the reaction temperature T. Ea and A

are the apparent activation energy and pre-exponential factor. The

activation energy shows the effect of temperature on the catalytic

performance.

From the plot of ln(kapp) versus 1000/T, the activation energy

was obtained to be 31.11 kJ/mol, which indicated that the reduction

of 4-NP in the 2D Ni-Ni3N-NiMoN sheets catalytic system meets

the surface catalyzed reaction process. As shown in Fig. S14 (Sup-

porting information), the pure Ni and MoO2 catalysts required 10

4
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Fig. 5. (a) The UV-vis absorption spectra of 4-NP solution with and without NaBH4. (b) Change in the absorbance of solution at 400nm in the presence of NaBH4. (c) UV-vis

absorbance spectra for the reduction of 4-NP in the presence of the Mo-NiO catalyst; Plots of (d) Ct/C0 and (e) ln(Ct/C0) vs. time at different temperature. (f) Work function

comparison of Pt black, Ni-Ni3N-NiMoN, MoO2 and Ni.

and 180min to completely convert 4-NP to 4-AP, respectively, indi-

cating that the interaction between Mo components and Ni com-

ponents was beneficial to the catalytic performance. In order to

study the influence of the presence of metallic Ni generated dur-

ing pyrolysis on the catalytic activity of the catalyst, we soaked

the catalyst with 1mol/L HCl solution to remove metallic Ni. Fig.

S15 (Supporting information) shows that it takes 180 s for Ni3N-

NiMoN catalysts to convert 0.2mmol/L (30mL) of p-nitrophenol

to p-aminophenol, indicating that the presence of metallic Ni is

beneficial to the catalytic activity of the catalyst. In addition, the

work functions (WF) of Pt, pure-Ni, MoO2 and Ni-Ni3N-NiMoN

samples were also measured to evaluate the electron capture abil-

ity by using scanning Kelvin probe (SKP) technology (Fig. 5f). The

work function values of Pt, Ni, MoO2 and Ni-Ni3N-NiMoN were

5.65, 5.07, 5.17 and 5.24 eV, respectively. The WF value of Ni-Ni3N-

NiMoN is close to that of Pt/C catalyst, indicating its strong ability

to capture electrons, being favorable to enhance the catalytic hy-

drogenation activity.

In addition, the pyrolysis temperature (NH3) during the prepa-

ration of the catalyst also affects the catalytic activity of the cat-

alyst. As shown in Fig. 6a, it took a long time (80min) for the

Mo-Ni-375 catalyst to reduce 4-NP to 4-AP, which was consistent

with XRD results that NiO was difficult to be reduced at low py-

rolysis temperature. When the pyrolysis temperature rises to 450

°C, the nanoparticles composed of the sheet material were obvi-

ously agglomerated, so that the catalytic activity of the catalyst

was significantly reduced (Fig. 6b). The slope, i.e., apparent rate

constant values (k), was found to be 0.0001, 0.0796, and 0.0623 s-1

for the reactions using Mo-Ni-375, Ni-Ni3N-NiMoN, and Mo-Ni-450

catalysts, respectively (Figs. 6c and d). The recyclability of cata-

lyst was a very important parameter to evaluate a heterogeneous

catalytic process. Fortunately, the magnetism of as-prepared 2D

Ni-Ni3N-NiMoN sheets catalyst was expected to allow easy sep-

aration from aqueous reaction media, thus allowing facile cata-

lyst reuse (Fig. 6e). The 2D Ni-Ni3N-NiMoN heterojunction cata-

lyst were able to be recycled and reused over at least 10 succes-

sive cycles of catalytic reduction, with high 4-NP reduction effi-

ciencies (90%) achieved within 40 s during each reuse cycle im-

plying the good stability of the catalyst (Fig. 6f). Also, the hot fil-

tration test show that the conversion cannot be happened with

no assistance of Ni-Ni3N-NiMoN, further indicating the excellent

stability and heterogeneous characteristics of Ni-Ni3N-NiMoN cat-

alyst. (Fig. S17 in Supporting information). As shown in Fig. S16

(Supporting information), the diffraction peaks of the sample af-

ter catalytic hydrogenation of 4-NP was similar to that of the orig-

inal Ni-Ni3N-NiMoN catalysts, implying the good stability of the

catalyst. Impressively, compared to the previously reported noble

metal-based nanomaterials, the 2D Ni-Ni3N-NiMoN heterojunction

catalysts showed comparable or even better catalytic activity (Fig.

6g and Table S5 in Supporting information). In order to better com-

pare the catalytic efficiency of the Ni-Ni3N-NiMoN heterojunction

catalyst prepared in this paper with other materials, the Turn over

frequency (TOF) value defined as the molar amount of 4-NP that

1mol active metal site of a catalyst can convert into 4-AP per

unit time for the Ni-Ni3N-NiMoN was calculated to be 0.136mmol

mg-1 min-1, which is comparable or higher than some precious

metal-based catalysts and non-precious metal-based catalysts (Ta-

ble S6 in Supporting information).

Besides 4-NP, many aromatic amines are important intermedi-

ates in the preparation of several nitrogen-containing biologically

active compounds, agrochemicals, pharmaceuticals, etc. Therefore,

it is particularly important to prepare non-noble metal catalysts

with high efficiency for the reduction of various aromatic nitro

compounds. As shown in Fig. S18 (Supporting information), Ni-

Ni3N-NN-NiMoN catalysts only needed 20 and 30 s to reduce o-

nitrophenol and m-nitrophenol to form corresponding aminoben-

zene. Some complex nitrobenzene containing more functional

groups can also be reduced to corresponding aminobenzene within

a short time (Fig. S19 in Supporting information). Therefore, the

prepared porous Ni-Ni3N-NiMoN sheets catalysts have excellent

catalytic hydrogenation activity for many aromatic compounds,

which was beneficial to their practical application.

A possible catalytic mechanism for the reduction of 4-NP by Ni-

Ni3N-NiMoN sheets catalyst has also been proposed in Fig. 7 based

on the experimental results mentioned above. The catalytic reduc-

tion process followed Lambert Beer’s law [58], in where the reac-

tants (4-NP and BH4
-) were adsorbed on the catalyst surface and

electrons/protons are transferred through the catalyst. Firstly, BH−
4
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Fig. 6. UV-vis absorption spectra of 4-NP solution at different contact time with (a) Mo-Ni-375 and (b) Mo-Ni-450. Plots of (c) Ct/C0 and (d) ln(Ct/C0) against contact time

for the reduction of 4-NP reactions catalyzed by Mo-Ni-375, Ni-Ni3N-NiMoN (Mo-Ni-400) and Mo-Ni-450. (e) The magnetic property of Ni-Ni3N-NiMoN. (f) The reusability

of Ni-Ni3N-NiMoN. (g) The comparison of catalytic performance of Ni-Ni3N-NiMoN with recently reported catalysts.

Fig. 7. Proposed mechanism for the hydrogenation of 4-NP over Ni-Ni3N-NiMoN

nanosheets.

ions reacted with H2O to produce BO−
2 and H in the aqueous so-

lution and the produced H instantly combined with 2D Ni-Ni3N-

NiMoN catalyst to formed metal-H species [59,60]. Meanwhile, the

4-NP molecules were also transferred and reversibly absorbed on

the 2D Ni-Ni3N-NiMoN catalyst. Then the surface-hydrogen species

and electron transferred to the 4-NP, which went through several

steps of hydro deoxygenation reactions to yield the final product,

4-AP [61,62]. The free 4-AP molecules were desorbed from the cat-

alyst surface and released into the reaction solution, while the cat-

alysts returned to initial state for the next catalytic cycle [63,64].

By combining a series of experimental and characterization results,

the good catalytic activity of 2D Ni-Ni3N-NiMoN sheets catalyst for

the hydrogenation of nitro compounds was comparable to that of

noble metal-based catalysts. The possible reason was that the elec-

trons transfer from the Mo component to the Ni component, mak-

ing the charge density around the Ni component closer to that of

Pt. In addition, the 2D porous structure and heterojunctional inter-

face facilitated the contact of catalytic sites and reactants, as well

as mass transfer and diffusion.

2D porous Mo-Ni based heterojunction sheets have been suc-

cessfully constructed and exhibited excellent catalytic hydrogena-

tion activity toward aromatic nitro-compounds. The catalysts were

obtained by the first synthesis of Mo-modified Ni(OH)2 nanosheets

followed by heating in air and NH3 atmosphere. The abundant pore

structure and heterogeneous interface of the 2D porous sheets are

favorable for mass transfer and provide more active sites. The re-

sultant 2D porous Ni-Ni3N-NiMoN heterojunction catalysts exhib-

ited excellent catalytic activity for the reduction of the various aro-

matic nitro-compounds with good maintenance of high catalytic

efficiencies even after 10 cycles of reuse. The magnetism of as-

prepared 2D Ni-Ni3N-NiMoN heterojunction catalysts was expected

to allow easy separation from the reaction media. This work pro-

vides an indicative for designing efficient catalysts by combination

of the early and late transition metals.
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