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Synergism of geometric construction and electronic regulation: numerous Ni nanoparticles 
combined with defect-rich ultrathin NiO nanosheets for efficient hydrogenation.
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In situ synthesis of Ni/NiO composites with defect ultrathin 
nanosheets for highly efficient biomass-derivatives selective 
hydrogenation 
Yunan Wang a, Feng Cao*a, Weiwei Lin*b, c, Fengyu Zhao b, c, Jun Zhou a, Song Li *a, Gaowu Qin ad

Herein, Ni/NiO composite catalyst was synthesized by a simple in situ reduction method, and its catalytic hydrogenation 
performance has been verified to be even superior to that of noble metals. In particular, the catalysts can transform 2(5H)-
furanone (HFO) to -butyrolactone (GBL) efficiently under mild conditions, which can achieve the upgradation for biomass-
derivatives. The superior catalytic activity can be attributed to the synergism of geometric construction and electronic 
regulation. Specifically, ultrathin NiO nanosheets contain plenty of surface defects and relatively large mesopores. Those 
defects can be helpful to the activation and dissociation of hydrogen, the adsorption of HFO molecules as well as the 
enhancement of local hydrogen concentration on catalysts, while the pores can be considered as nano-reactors for the 
hydrogenation.  The strong interaction at the interface caused by in situ synthesis can further tune its electronic structures 
and improve the hydrogen adsorption. In addition, the catalyst also displays great catalytic properties for p-nitrophenol 
(PNP) hydrogenation and nonenzymatic glucose sensing, which further supports the promising application potential of 
such catalysts with the unique mesostructures of Ni/NiO heterojunctions with defect ultrathin nanosheets.

Introduction
Biomass is the only candidate for the sustainable carbon 
source to produce necessities for people. 1-3 Consequently, the 
upgradation of biomass-derived intermediate compounds is of 
vital importance to the manufacture of high-value products. 4,5 
In particular, 2(5H)-furanone (HFO) is a common biomass 
derivative, and its molecular structure includes only one more 
C=C bond than -butyrolactone (GBL), making it a potential 
platform compound to produce GBL. 6 GBL is an important 
organic intermediate in the area of fine chemicals synthesis, 
medicines, pesticides and spices.7-9 However, the simultaneous 
hydrogenation of C=O bond and the ring opening via C-O bond 
scission also largely increase the difficulty of HFO selective 
hydrogenation to GBL. 10 Currently, most catalysts used for the 
hydrogenation of HFO to GBL are noble metal-based catalysts 

due to their unique physical and chemical properties. For 
instance, a series of Pt-based composite catalysts have been 
prepared by Li et al. to apply to the hydrogenation of HFO. 11 
However, the high cost and low reserves of noble metals can 
largely block their practical applications. Ni-based catalysts 
have been verified to possess excellent performance in various 
hydrogenation reactions due to their unique d-band structure, 
even comparable to most noble metals. 12-14 The performance 
can be further enhanced through the tuning of heterojunctions 
to metals. Therefore, Ni-based composite catalysts are 
considered to be promising materials for the selective 
hydrogenation of HFO to GBL through the tuning of 
heterojunctions to metals.

Almost all the ingenious tuning can be attributed to the 
geometric construction and electronic regulation. For the 
geometric construction, 2D ultrathin nanosheets have 
attracted increasing interest due to its unique physical and 
chemical properties. 15-17 In addition, the electronic regulation 
mainly includes defect tuning and interface tuning. Numerous 
defects can lead to the decrease of the metal coordination 
numbers of the surface atoms. 18 The smaller the metal 
coordination number is, the smaller the d band width and 
hence the higher the energy of the d band center can achieve, 
causing a stronger adsorption for H2. 19 The strong adsorption 
can facilitate the dissociation and activation of H2. Niu et al. 
have also found that oxygen vacancies can largely improve the 
performance of Fe3O4 in nitroarene hydrogenation by lowering 
the energy barrier of H2 dissociating and activating. 20 

Meanwhile, the strong interaction at the interface of 
heterojunctions is also widely believed to permit tuning of the 
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electronic structures of metals through the transfer of 
electrons at the intimate interface caused by the difference of 
work function. 21 Therefore, it is of great importance to obtain 
low-cost Ni-based composite catalysts to realize efficient HFO 
hydrogenation through the tuning of heterojunctions to metals.

Herein, highly active Ni/NiO composite catalysts with 
numerous Ni nanoparticles closely combined with the defect-
rich and ultrathin NiO nanosheets were successfully prepared 
by a simple in situ reduction method. The catalysts exhibit a 
conversion rate of approximately 95.6% in 1 h and the 
selectivity of approximately 90.5% for HFO hydrogenation to 
GBL, which are superior to most reported catalysts, even noble 
metal catalysts. 

Results and discussion
Properties of Ni/NiO catalysts: Ni(OH)2 pure phase with 3D 
flower-like morphologies was prepared through a simple 
hydrothermal method, as shown in Fig. S1 and S2, the same as 
our previous studies. 22 The as-prepared Ni(OH)2 was then 
calcined at 500 °C for 2 h and further reduced at different 
temperatures for 1 h by H2. The obtained samples were 
characterized by X-ray diffraction patterns (XRD), as shown in 
Fig. 1. It is obvious that the pure NiO phase was achieved after 
calcination. Its low peak intensities indicate its poor 
crystallinity, which might be caused by its mesostructures with 
ultrathin nanosheets and abundant defects. Once reduced by 
H2, the Ni phase appears. For the Ni/NiO-400, Ni/NiO-450 and 
Ni/NiO-500, there are no other phases appearing except for Ni 
and NiO, indicating that Ni/NiO composites were successfully 
synthesized. In addition, the average particle size of metallic Ni 
was calculated to be 11.1, 11.7 and 13.2 nm for Ni/NiO-400, 
Ni/NiO-450 and Ni/NiO-500, respectively, according to the 
Debye–Scherrer equation. Once the reduction temperature 
was increased to 550 °C, the NiO peaks disappeared and pure 
Ni was obtained.

Field emission scanning electron microscopy (FE-SEM) was 
then applied to observe the morphologies of the obtained 
samples after calcination and reduction, which is exhibited in 
Fig. 2. The morphology of pure NiO has not obviously changed 
compared with the Ni(OH)2 precursor. For the Ni/NiO-400, 
Ni/NiO-450 and Ni/NiO-500, the flower-like structure is still 
maintained, without clear damage. However, the morphology 
of Ni/NiO-550 suffered complete destruction, and the reduced 
Ni nanoparticles seriously aggregate. Therefore, it is clear that 
NiO nanosheets can be helpful to protect Ni nanoparticles 
from aggregating at 400-500 ℃.

To further understand the mesostructures of the obtained 
samples, transmission scanning electron microscopy (TEM) 
was employed. As shown in Figs. 3(a) and (b), pure NiO 
contains large amounts of ultrathin nanosheets with a 
thickness of approximately 2.5 nm, which is in agreement with 
the results of TEM shown in Fig. S3, further supported by the 
reports of Fan et al. 24 Once reduced by H2, as shown in Figs. 
3(c-e), Ni nanoparticles appear and form heterojunctions with 
NiO nanosheets. Figs. 3(f-h) show that the average diameter of 
Ni nanoparticles of the samples reduced at 400, 450 and 

Fig. 1 XRD patterns of Ni/NiO composite catalysts reduced at 
different temperatures (400 – 550 ℃) for 1 h by H2. 

500 °C was approximately 11.5, 12 and 13 nm, respectively. 
The good thermal stability of the mesostructure can be 
ascribed to the strong interaction between Ni and NiO, caused 
by the in situ synthesis. 25 Additionally, it can be seen from Figs. 
S4(a) and (b) that Ni particles combined with NiO in the form 
of face to face for both Ni/NiO-450 and Ni/NiO-500, which 
leads to an intimate interface between metal nanoparticles 
and oxides, further verifying the unique advantages of in situ 
synthesis. Meanwhile, for Ni/NiO-500, resolved lattice fringes 
with interplanar distance of 0.202, 0.243 and 0.204 nm are 
observed through high-resolution transmission scanning 
electron microscope (HRTEM) analysis, corresponding to (111) 
planes of Ni as well as (111) and (200) planes of NiO, 
respectively, as shown in Fig. S5.

X-ray photoelectron spectroscopy (XPS) measurements 
were then applied to characterize the as-prepared samples. As 
shown in Fig. 4(a), for NiO, the chemical binding energies at 
approximately 854.8, 873.5, 856.8 and 875.3 eV can be due to 
Ni2+ 2p3/2, Ni2+ 2p1/2, Ni3+ 2p3/2 and Ni3+ 2p1/2 spin-orbit 
peaks, respectively, and the peaks at approximately 862.1 and 
880.6 eV are the satellite shake-ups of the assigned 
components. 26 NiO, as a typical p-type semiconductor, usually 
contains large amounts of Ni2+ vacancies. To maintain a neutral 
charge near the Ni2+ vacancies, some of the neighboring Ni2+ 
ions transferring to Ni3+ through combining with the cation 
hole (h+) left by the original Ni2+, which is only considered as 
local charge balance without breaking the crystalline structure 
of NiO. 27-29 XPS measurements have also universally applied to 
confirm the existence of Ni3+, whose characteristic peaks are 
believed to appear at a higher binding energy than those of 
Ni2+ in NiO.30, 31 Meanwhile, the distribution and chemical 
states of the O element in pure NiO are exhibited in Fig. 4(d) 
and there are three fitted peaks in that spectra, OI, OII and OIII. 
The peak at the lowest binding energy of approximately 530.0 
eV is characteristic of the lattice oxygen of NiO supports (OI). 32 
The peak at 531.5 eV is assigned to a high number of defect  
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Fig. 2 SEM images of Ni/NiO composite catalysts (a) NiO, (b) Ni/NiO-400, (c) Ni/NiO-450, (d) Ni/NiO-500 and (e) Ni/NiO-550.

Fig. 3 TEM images of (a) pure NiO, (c) Ni/NiO-400, (d) Ni/NiO-450 and (e) Ni/NiO-500; (b) Atomic force microscopy (AFM) 
measurement result of thickness of pure NiO nanosheets. Statistical charts of Ni nanoparticles diameters of (f) Ni/NiO-400; (g) 
Ni/NiO-450 and (h) Ni/NiO-500.

 
sites with lower oxygen coordination (OII). 33 The peak at 532.5 
eV is mainly assigned to the surface-adsorbed oxygen species 
(OIII) on oxygen vacancies.34 Furthermore, for Ni/NiO-450 and 

Ni/NiO-500, as shown in Figs. 4(b-c) and (e-f), the metallic 
state Ni0 appears in addition to Ni2+ and Ni3+, and the chemical 
states of O element are the same as those of pure NiO. At the 
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Fig. 4 XPS spectra of Ni 2p of (a) NiO, (b) Ni/NiO-450, (c) Ni/NiO-500 and O 1s of (d) NiO, (e) Ni/NiO-450, (f) Ni/NiO-500.

same time, the intensity ratio of OIII/OII can qualitatively 
estimate the relative abundance of oxygen vacancies, and that 
the ratio clearly increasing with increases temperature. 35 
Therefore, numerous vacancies have been verified to exist in 
the reduced samples.

In addition, the chemical binding energies of Ni2+ 2p3/2 of 
pure NiO, Ni/NiO-450 and Ni/NiO-500 are 854.8, 854.3 and 
853.7 eV, respectively, while those of Ni0 2p3/2 of Ni/NiO-450 
and Ni/NiO-500 are 852.4 and 852.7 eV, respectively. That is, 
the chemical binding energy of Ni2+ shifts towards the higher 
energy direction while that of Ni0 shifts towards the lower 
energy direction as the reduction temperature is increased. 
The lower binding energy of metallic Ni also indicates the 
decline of its electron density, which can lead to its d-band 
center shifting up and hence becoming a stronger adsorption 
for H2. The shift in the opposite direction also indicates the 
strong interaction between Ni and NiO, which verifies the 
unique advantage of the in situ synthesis method. 36 

To determine the concentration of Ni in the obtained 
samples, H2-temperature programmed reduction (TPR) tests 
were carried out. As shown in Fig. 5(a), for the pure NiO, 
hydrogen consumption peaks in the temperature range of 
300–550 °C were observed, corresponding to the reduction of 

NiO to metallic nickel.37 Meanwhile, similar hydrogen 
consumption peaks in the same temperature range were also 
observed for Ni/NiO-400, Ni/NiO-450 and Ni/NiO-500. The 
hydrogen consumption amounts of pure NiO, Ni/NiO-400, 
Ni/NiO-450 and Ni/NiO-500 are calculated to be about 0.63, 
0.41, 0.34 and 0.22 mmol, respectively, according to the 
corresponding hydrogen consumption peak areas. Therefore, 
comparing the corresponding hydrogen consumption amounts 
with those of pure NiO, the Ni mole content of Ni/NiO-400, 
Ni/NiO-450 and Ni/NiO-500 are estimated to be 35%, 46% and 
65%, respectively. To further verify the contents of Ni in each 
sample, temperature programmed oxidation (TPO) 
measurements were subsequently employed. As exhibited in 
Fig. 5(b), oxygen consumption peaks in the temperature range 
of 400-800 °C were observed, corresponding to the oxidation 
of metallic nickel to NiO. The oxygen consumption amounts of 
Ni/NiO-400, Ni/NiO-450 and Ni/NiO-500 are calculated to be 
approximately 0.16, 0.20 and 0.27 mmol while those for pure 
Ni are estimated to be about 0.43 mmol according to chemical 
reaction equations. Therefore, the Ni mole contents of Ni/NiO-
400, Ni/NiO-450 and Ni/NiO-500 are calculated to be 
approximately 37%, 46% and 63% according to oxygen 
consumption amounts, respectively, which are in good 

Page 5 of 10 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 N
ot

tin
gh

am
 T

re
nt

 U
ni

ve
rs

ity
 o

n 
6/

21
/2

01
9 

1:
17

:0
3 

PM
. 

View Article Online
DOI: 10.1039/C9TA04487F

https://doi.org/10.1039/c9ta04487f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

Fig. 5 (a) H2-TPR spectra and (b) TPO spectra of Ni/NiO composite 
catalysts obtained at different reduction temperatures.

accordance with the results of H2-TPR.
The specific surface area has been widely considered to be 

a vital factor to affect the performance of catalysts. Therefore, 
N2 physical adsorption tests were then employed. It is shown 
in Fig. S6 that a typical IV N2 adsorption isotherm with a H3 
hysteresis loop is investigated at all of the profiles of the five 
samples, which is attributed to their mesoporous structures 
caused by the addition of NaBH4 during synthesis producing 
numerous pores and in accordance with the previous reports. 
38, 39 Additionally, the specific surface area of pure NiO is as 
large as approximately 173 m2∙g-1, which benefits from its 
unique mesostructure of ultrathin nanosheets, as shown in 
Table 1. As the reduction temperature increases, the specific 
surface area shows a gradual decline, which is caused by the 
ultrathin and defect NiO that are reduced to Ni nanoparticles. 
The specific surface area of Ni/NiO-400, Ni/NiO-450 and 
Ni/NiO-500 still can be up to 127, 119 and 87 m2∙g-1, 
respectively. However, there is a sharp decline for the Ni/NiO-
550 with the specific surface area of only 0.16 m2∙g-1, which is 
the result of the disappearance of NiO ultrathin nanosheets 
and aggregation of reduced Ni nanoparticles. Furthermore, as 
shown in Fig. S7, the largest weight change of NiO, Ni/NiO-400, 
Ni/NiO-450, Ni/NiO-500 and Ni/NiO-550 in water vapor 

adsorption curves is 30%, 29%, 27%, 26% and 4%, respectively. 
This also indicates that the specific surface area decreased as 
the temperature increased, and there is a sharp decline for 
Ni/NiO-550, which is in accordance with the results of the N2 
physical adsorption tests.40 Meanwhile, the weight change of 
NiO is also larger than most reported materials at the same 
relative humidity, which further confirms its excellent 
adsorption performance with the unique structure of defect 
ultrathin nanosheets. 41   
Catalytic performances of the Ni/NiO catalysts:  The samples 
were then applied to the hydrogenation of biomass platform 
molecule HFO to synthesize GBL. The catalytic performance of 
the as-prepared samples in the hydrogenation of HFO is listed 
in Table 2. Pure NiO exhibited almost no activity in the 
reaction. 

Table 1 Specific surface area and pore structures of the Ni/NiO 
composite catalysts.

Sample Specific surface area

 (m2 g-1)

Pore size

 (nm)

Pore volume 

(cm3 g-1)

NiO 173.16 18.31 0.83

Ni/NiO-400 127.38 20.05 0.70

Ni/NiO-450 119.56 21.50 0.68

Ni/NiO-500 87.31 25.72 0.40

Ni/NiO-550 0.16 — —

Table 2 Catalytic performance of Ni/NiO composite catalysts 
for the hydrogenation of HFO.

Sample Conversion 

(%)

Selectivity 

(%)

Yield 

(%)

NiO — — —

Ni/NiO-400 38.8 81.1 31.5

Ni/NiO-450 45.7 87.8 40.1

Ni/NiO-500 95.6 90.5 86.6

Ni/NiO-550 0.5 — —

NiO-thick nanosheets — — —

Ni/NiO-250-thick nanosheets 2.0 — —

Ni/NiO-300-thick nanosheets 5.7 35.2 2.0

Ni/NiO-400-thick nanosheets 37.9 70.2 26.6

Ni/C — — —
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Fig. 6 (a) Variation in conversion and selectivity with reaction times for the HFO hydrogenation over the Ni/NiO-500 catalyst. (b) 
Recyclability of the Ni/NiO-500 catalyst for the hydrogenation of HFO. (c) SEM image and (d) TEM image of samples reclaimed 
after the fourth recycle.
Reaction conditions: catalysts 2.5 mg, HFO 0.4 g, H2 3MPa, T 80 oC, time 60 min.

For the Ni/NiO-400, the conversion of HFO is 38.8% and the 
selectivity to GBL is 81.1%. For the Ni/NiO-450, the conversion 
and selectivity both increases up to 45.7% and 87.8%, 
respectively. For the Ni/NiO-500, the conversion increases to
95.6% and it has also the highest selectivity compared with the 
other samples. However, for Ni/NiO-550, the conversion 
decreases sharply to 0.5%. Moreover, the catalytic efficiency of 
samples with thick nanosheets was far lower than that of Ni/NiO-
500, though the metallic Ni contents of Ni/NiO-300-thick 
nanosheets and Ni/NiO-400-thick nanosheets were much higher 
than those of Ni/NiO-500 (Fig. S8). The side products of 2(5H)-
furanone (HFO) hydrogenation are mainly polymerization 
products, which cannot be identified through GC curves. 
Meanwhile, the simultaneous hydrogenation of C=O bond and 
the ring opening via C-O bond scission largely increase the 
difficulty of HFO selective hydrogenation to -butyrolactone 
(GBL). The typical GC curve is shown in Fig. S9 and the peaks at 
approximately 1.3, 3.3, 15.1 and 19.1 can be assigned to 
ethanol solvent, n-butanol internal standard, GBL and HFO, 

respectively. Fig. 6(a) shows the variation of HFO conversion 
and GBL selectivity with the reaction time in the 
hydrogenation of HFO for the Ni/NiO-500. The HFO conversion 
increases linearly to 95.6% within 60 min and the selectivity to 
GBL remains above 90.5% during the process. Wang et al. 
reported that Pt-Ni/SiO2 showed both 95% conversion and 83% 
GBL selectivity, similarly Pt-Co/SiO2 showed both 95% 
conversion and 79% GBL selectivity. 42 The catalytic 
performance of the present Ni/NiO-500 is comparable with 
those of Pt-Ni/SiO2 and Pt-Co/SiO2 catalysts reported in the 
literature. Furthermore, the conversion and selectivity 
obtained are similar or better than those bimetal (Pt-Ni, Pt-Co) 
catalysts in the short time periods (1 h). In addition, as shown 
in Figs. 6(b-d), the Ni/NiO-500 catalyst presented here exhibits 
excellent recyclability and stability. The conversion rate can still 
remain above 90% and the selectivity over 88% after the fourth 
cycle, and there is neither obvious damage on the flower-like 
morphologies nor the agglomeration of Ni nanoparticles. 
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Fig. 7 H2-TPD spectra of Ni/NiO composite catalysts obtained 
at different reduction temperatures.

To explore the origin of the superior performance of the 
Ni/NiO composites, H2-temperature programmed desorption 
(TPD) measurements were then applied to observe the active 
sites in the reaction, as shown in Fig. 7. There is only one H2 
desorption peak, which is assigned to Ni for Ni/NiO-400, 
Ni/NiO-450 and Ni/NiO-500. Their H2 desorption amounts 
were calculated to be 0.18, 0.20 and 0.24 mmol/g according to 
their corresponding peak areas, respectively. 43, 44 This 
indicates that the amount of hydrogen desorption increases 
with rising the reduction temperature. It is widely accepted 
that the greater the hydrogen desorption, the higher the 
catalytic activity is obtained. 45 Besides, according to the H2 
chemisorption results, the TOF values of Ni/NiO-400, Ni/NiO-
450 and Ni/NiO-500 are 4105.8, 4352.4 and 7587.3 h-1, 
respectively, indicating the improved performance of Ni/NiO-
500 is led by not only the increasing Ni amounts, but also its 
enhanced intrinsic activities.  

Based on the experimental results and the literature 46-49, 
it can be understood that the hydrogenation of HFO over the 
Ni/NiO composite catalysts involves the following crucial steps 
as shown in Scheme 1. First, hydrogen molecules are activated 
and dissociated by Ni nanoparticles while HFO could be 
captured by oxygen vacancies on the surface of ultrathin NiO 
nanosheets. Then, the active H species continue to react with 
HFO on the surface of pores existing in catalysts, which can be 
considered as nano-reactors for the hydrogenation of HFO. It is 
clear from the proposed mechanism that the activation and 
dissociation of hydrogen molecules as well as the adsorption 
of reactants are two key factors that affect the hydrogenation 
efficiency. Consequently, the extraordinary performance of 
Ni/NiO-500 can be attributed to the following reasons: (1) a 
substantial number of oxygen vacancies can largely reduce the 
energy barrier for the dissociation and activation of hydrogen, 
prompt the adsorption of HFO molecules through receiving 
their O atoms as well as result in high local hydrogen 
concentration on catalysts.50 (2) Numerous Ni nanoparticles 

Scheme 1. The mechanism of the hydrogenation of HFO over 
the Ni/NiO composite catalysts.

can effectively activate and dissociate hydrogen molecules. (3) 
The XPS measurement confirms the lower binding energy of 
metallic Ni, suggesting the decrease of its electron density 
leads to its d-band center shifting up and hence becoming a 
stronger adsorption for H2.

To further verify the unique advantages of Ni/NiO 
heterojunctions with defect-rich ultrathin nanosheets and 
exploit their application areas, the samples were then applied 
to the hydrogenation of p-nitrophenol (PNP) and 
electrocatalytic nonenzymatic glucose sensing. (Details have 
been described in electronic supporting information.) Ni/NiO-
500 also exhibits excellent performances in both reactions, 
which are even superior to most reported most reported noble 
metals. 51-68

Conclusions
In conclusion, highly active Ni/NiO composite catalysts were 
successfully prepared by a simple in situ reduction method. 
The Ni/NiO-500 catalysts exhibit excellent performance in the 
selective hydrogenation of HFO to GBL, which is even superior 
to most reported noble metals. The excellent catalytic activities 
can be attributed to the synergism of geometric construction and 
electronic regulation. In particular, ultrathin NiO nanosheets 
contain plenty of surface defects and relatively large 
mesopores. Abundant defects can be helpful to the activation 
and dissociation of hydrogen, the adsorption of HFO molecules 
as well as the enhancement of local hydrogen concentration 
on catalysts, while the pores can be considered as nano-reactors 
for the hydrogenation. Numerous Ni nanoparticles could 
effectively activate and dissociate hydrogen molecules, which 
can be confirmed by decreasing binding energy of metallic Ni 
in the XPS measurement.  In addition, the catalysts also display 
great performance in the hydrogenation of PNP and 
electrocatalytic properties for nonenzymatic glucose sensing, 
which further supports the promising application potential of 
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such catalysts with the unique mesostructures of Ni/NiO 
heterojunctions with defect-rich ultrathin nanosheets.
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