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A B S T R A C T

The reduced form of NiGraf, a newly developed metal organic alloy comprised of graphene oxide entrapped 
within Ni-based nanoparticles subsequently reduced with thiophene (RGO@Ni), shows remarkably stable se-
lective activity in the complete reduction of nitrobenzene to aniline carried out in liquid-phase under ultramild 
conditions (35 ◦C, 10 % excess of hydrazine as reductant). These results are practically relevant because 
molecularly doped metals hold great applicative potential as new-generation solid catalysts, especially when the 
metal used to entrap organic species consists of low-cost and earth-abundant nickel.

1. Introduction

Widely employed by industry as a precursor for dyes, agrochemicals, 
acetaminophen (paracetamol), and methylene diphenyl diisocyanate, an 
intermediate in polyurethane manufacture, aniline (benzenamine) is 
globally manufactured at 7 million t/a rate. Demand is strong and 
production growing at 5.3 % compound annual growth rate [1]. The 
industrial process employs the heterogeneously catalyzed nitrobenzene 
(NB) hydrogenation carried out either in vapor phase or in liquid phase. 
In the vapor phase process NB is fed with hydrogen into a tubular reactor 
containing a supported Cu catalyst at 270–290 ◦C and 1–5 bar in the 
presence of a 9:1 (H2:NB) excess of hydrogen [2]. In the liquid phase 
process, the capability for utilization of reaction heat (more than 
500 kJ mol− 1) is much higher due to higher heat transfer coefficient, and 
supported noble metals (palladium and platinum) are employed [3].

Given the industrial and economic relevance of the process, plentiful 
academic and industrial research is still conducted today to improve the 
existing processes [4]. In 2005, Jackson in collaboration with catalysis 
industry’s researchers demonstrated that the Haber’s three-step reaction 
mechanism (aniline converted to nitrosobenzene, the latter to phenyl-
hydroxylamine, and phenylhydroxylamine to aniline) is wrong [5]. The 
newly suggested reaction mechanism indicates formation of Ph–N(OH) 

as surface intermediate. In said mechanism, Ph–N(OH) either reacts 
with adsorbed hydrogen to form aniline, or Ph–N(OH) reacts with itself 
to eliminate water and produce azoxybenzene [5].

Ideally, hydrogenation of NB to aniline at completion would be 
carried out in liquid-phase at low temperature over a solid catalyst 
employing earth-abundant and low-cost Ni in place of Pt or Pd. So far, to 
the best of our knowledge, no such catalyst has been reported. Recently, 
for example, scholars in China reported a new Pt-loaded Ni@graphene 
magnetically separable catalyst (Pt/Ni@NG) at a Pt weight loading of 
0.3 % exhibiting excellent activity for the hydrogenation of NB to aniline 
achieving a turnover frequency of 27,240 h− 1 at 1 MPa reaction pressure 
and room temperature [6]. Remarkably, the catalyst retained its selec-
tive activity over five consecutive testing cycles. In another attempt, a 
catalyst comprised of 3.7 nm Ni nanoparticles dispersed on silica, 
though more active than Raney Ni, required 90 ◦C because formation of 
aniline only begins when the conversion of the strongly adsorbed 
nitrosobenzene intermediate is higher than 90 % [7].

In the following, we describe the high and stable activity in the NB 
reduction to aniline of the reduced form (RGO@Ni) of NiGraf, a newly 
developed metal organic alloy (MORAL) comprised of graphene oxide 
entrapped within Ni-based jamborite nanoparticles (GO@Ni) [8]. 
Actually consisting of jamborite nanoparticles encapsulating GO 
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platelets [9], this new class of Ni-based catalysts is reproducibly and 
efficiently obtained through the MORAL approach first introduced by 
Avnir [10].

Since then, widely different molecularly doped metals were applied 
as enhanced catalysts to numerous catalytic conversions [11]. Yet, their 
uptake in catalysis science and technology in the subsequent two de-
cades remained surprisingly low, even though metal species (organo-
metallic compounds, nanoparticles and single-atoms) are by far the 
main catalytic species used in catalytic reactions [12]. Following the 
first entrapment of the graphene moiety in a metal lattice reporting the 
entrapment of GO in palladium metal nanoparticles [13], this study is 
the first to report the entrapment of graphene, in the form of RGO, in the 
metal-based nanoparticles by merging Avnir’s route to molecularly 
doped metals [11], with GO reduction carried out with thiophene [14].

2. Experimental section

In detail, a 50 mL two-neck round bottom flask was added with 
25 mL MeOH and 147 mg NiCl2•6H2O. (> 98 % purity, purchased from 
Fluka, Switzerland). Following dissolution of the nickel salt, the solution 
turned into bright green. The mixture was thus added with 0.111 mL of a 
GO aqueous suspension (8 mg/mL) purchased from Nanografi (Nano-
grafi Nano Teknoloji, Istanbul, Turkyie). The mixture was sonicated 
using an ultrasound bath for 30 min. The reaction flask was then filled 
with N2 gas at atmospheric pressure to create an inert atmosphere, fol-
lowed by the addition under N2 flow of 128 mg of NaBH4 (purchased 
from Merck, > 96 % purity) (1:5 stoichiometric ratio). After about 
30 min, the mixture was filtered through a Büchner filter and the filtrate 
extensively washed with Milli-Q water and MeOH. After drying at room 
temperature, a powder consisting of NiGraf (GO@Ni) deeply colored in 
black was obtained.

The material was characterized by Fourier Transform infrared 
spectroscopy (FTIR) using a JASCO FT/IR 4100 spectrometer (Jasco, 
Japan). A small sample of the catalyst was dispersed in highly pure KBr. 
The mixture was pressed under 10 t weight and the resulting pellet used 
to record the spectra in the 4000–400 cm− 1 frequency range. The X-ray 
diffraction (XRD) pattern was measured using a Rigaku Miniflex 600 
spectrometer (Rigaku, Japan) using the Cu Kα (λ = 0.1541 nm) radia-
tion. Data were acquired in the 2θ range 10–80◦. The scanning electron 
microscopy (SEM) photographs were taken using a SEM TM4000 PLUS II 
instrument (NanoVision, Japan) using an acceleration voltage of 15 kV. 
Samples were placed on a conductive carbon adhesive. Transmission 
electron microscopy (TEM) images were acquired on samples deposited 
on copper TEM grid with a carbon sept using a Thalos L120C instrument 
(Thermo Fischer Scientific, Waltham, MA, USA) operated at 120 kV.

RGO@Ni was readily obtained using thiophene (99 % pure, pur-
chased from Sigma Aldrich) to reduce the GO in GO@Ni. After reduc-
tion, the RGO@Ni was extensively washed with methanol to remove 
oligo-olefins formed upon the rupture of the aromatic thiophene het-
erocycle. In detail, a 50 mL round bottom flask was added with 20 mL 
MeOH and 109 mg of GO@Ni under vigorous stirring. Nitrogen was 
fluxed in the flask to remove air, after which the mixture was added with 
1 mL (12.48 mmol) of thiophene. The flask was immersed in a heating 
bath kept at 80 ◦C keeping the flask tightly closed in order to prevent 
solvent evaporation. After 24 h, stirring was stopped and the mixture 
cooled at ambient temperature followed by filtration through a Hirsch 
filter funnel followed by extensive washing with MeOH. Compared to 
GO@Ni, RGO@Ni is an even finer powder. This complicated the mate-
rial recovery. To avoid material losses, thus, the mother liquor was 
filtered to recover any material losses through the filter. The catalyst was 
dried first under vacuum and then in open air at room temperature. The 
structure of the materials obtained was extensively characterized by 
different structural investigation techniques (XRD, SEM, TEM-EDS and 
FTIR).

3. Results and discussion

NiGraf (GO@Ni) was prepared as described elsewhere [8], and 
summarized by Eq. (1) (unbalanced). Its reduced version comprised of 
Ni-based nanoparticles doped with reduced graphene oxide (RGO@Ni), 
was prepared via partial reduction of graphene oxide with thiophene 
(Eq. (2), unbalanced). 

NiCl2⋅6H2O+GO ⟶
NaBH4

r.t, 30 min
GO@Ni (1) 

GO@Ni + C4H4S ⟶
80◦C,24 h

RGO@Ni (2) 

3.1. Structural characterization

First reported by Lee and co-workers in 2013 as better alternative to 
conventional reduction of GO with hydrazine [13], reduction of GO with 
thiophene effectively reduces the oxidizable functions in GO. In the 
process thiophene is converted into oxidized thiophene polymer and 
then to polyhydrocarbon by loss of sulphur atoms. Evidence of suc-
cessful GO reduction is obtained from the FTIR spectra of NiGraf 
(GO@Ni), reduced NiGraf (RGO@Ni) and GO in Fig. 1 In the spectrum of 
RGO@Ni in Fig. 1 the carboxylic C––O stretching signal at 1632 cm− 1, 
the carboxylic acid O-H stretching at 3400 cm− 1, and the C––O carbonyl 
signal at 1350 cm− 1 evident in the spectrum of GO@Ni either dis-
appeared or are very weak. Though weak, the stretching signal of gra-
phene non-reduced C-O-C ether bonds at 1047 cm− 1 is clearly present. 
This shows evidence that GO in the MORAL has been reduced to gra-
phene (or reduced graphene oxide).

The XRD pattern of NiGraf in Fig. S1 (red curve) confirms that the 
MORAL is amorphous. However, overlap with the XRD profile of Ni and 
NiO shows that in the regions of the Ni and NiO diffraction peaks, the 
signal in the GO@Ni XRD pattern is enhanced. The XRD pattern of 
GO@Ni after employment of the material to mediate the nitrobenzene 
reduction with hydrazine in five consecutive catalytic runs (Fig. S2) 
shows a pattern even more similar to that of Ni, though remaining the 
diffraction pattern of an amorphous material.

The SEM photographs of GO@Ni in Fig. 2 show the high porosity of 
the NiGraf surface prior to reduction of GO with thiophene. The 
elemental mapping reveals that the distribution of Ni, C and O chemical 
elements within the sample is homogeneous, confirming that GO@Ni is 
comprised of GO entrapped within jamborite (Ni(OH)2(NiOOH)) nano-
particles [8].

The XRD pattern of RGO@Ni (red curve), in Fig. 3 shows that 
RGO@Ni is an amorphous solid whose diffraction pattern shows 
enhanced peaks in proximity to the diffraction peaks of Ni and NiO.

The XRD profile of the same RGO@Ni material after five consecutive 
catalytic cycles in the reduction of nitrobenzene to aniline using 

Fig. 1. FTIR spectra of GO (red), GO@Ni (yellow) and RGO@Ni (blue).
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hydrazine as reductant in Fig. S3 shows that the material remains 
amorphous, though the aforementioned signals corresponding to Ni 
(yellow) and NiO (blue) are further enhanced.

We attempted to crystallize the structure of RGO@Ni metal-organic 
alloy by heating a sample of RGO@Ni under N2 atmosphere at 200 ◦C for 
2 h followed by slow cooling, in order to promote the growth of the 
crystal lattice driven by favored thermodynamics. The XRD pattern in 

Fig. S4 shows that partial re-crystallization took place. However, the 
MORAL remained substantially amorphous.

The TEM images at different magnification degrees in Fig. 4 show 
evidence that reduced NiGraf (RGO@Ni) consists of Ni agglomerates 
within which graphene layers are disorderly entrapped within the metal 
structure, and not wrapped around the Ni nanoparticles or regularly 
entrapped within said particles. The high-resolution TEM photograph in 
Fig. 5 shows a glassy graphene layered structure on the edge of the 
RGO@Ni metal-organic alloy.

Further evidence that RGO@Ni is amorphous is given by the 
diffraction pattern of the electron beam of the TEM instrument (Fig. S5). 
No circular diffraction pattern with well-defined peaks is observed, as it 
happens with crystalline materials, but rather concentric halos lacking 
any well-defined diffraction signal. The outcomes of the energy- 
dispersive X-ray spectroscopy (EDS) analysis conducted with the same 
TEM instrument show evidence (Fig. S6) that RGO@Ni chiefly consists 
of Ni (the copper signal is due to the copper mesh supporting the 
RGO@Ni sample).

Finally, the SEM photographs and elemental maps of RGO@Ni at 
different magnification levels in Fig. 6 show that reduction of GO to 
graphene using thiphene does not reduce the jamborite nanocrystals to 
Ni nanoparticles. Furthermore, the microphotographs confirm that 
reduction of GONi to RGO@Ni using thiphene retains the highly porous 
surface on the microscale of NiGraf, which is important for application 

Fig. 2. SEM photographs and elemental maps of GO@Ni at different magnification levels.

Fig. 3. XRD of RGO@Ni (red curve), Ni (yellow peaks) and NiO (blue peaks).

Fig. 4. TEM photographs of RGO@Ni at low magnification degrees.
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of this Ni-based family of MORALs in forthcoming heterogeneous cata-
lytic reactions.

Both MORALs, GO@Ni and RGO@Ni, were employed in the reduc-
tion of nitrobenzene with hydrazine aimed at obtaining aniline.

3.2. Catalytic tests

We conducted numerous tests aimed at identifying the best reaction 
conditions for nitrobenzene reduction to aniline. In detail, reactions 
were conducted at 20, 35 and 50 ◦C. Reactions were conducted in MeOH 
and under biphasic conditions in water, either under static, regular at-
mosphere (air) or under N2. Hydrazine was employed in 10 %, 40 %, 
70 %, 100 % excess with respect to the hydrazine: NB = 1.5 stoichio-
metric ratio. Reaction times explored went from 24 h in the case of the 
reactions conducted at 20 ◦C, to 16 h for the reaction at 35 ◦C, and 4 h 
for the reactions at 50 ◦C. The optimal reaction conditions were: water as 
“on-solvent” reaction medium, inert atmosphere, 35 ◦C, reaction time of 
230 min. Plots in Fig. 7 show both yield in aniline and substrate con-
version for the reaction catalyzed by RGO@Ni under said optimal 

conditions.
Samples were withdrawn from t = 0 to t = 230 min when reaction 

was virtually complete. The suspension after 20 min was deeply colored 
in black due to the RGO@Ni catalyst dispersed in the aqueous mixture. 
After 40 min, the color turned into grey, due to formation of well-known 
NB reduction reaction intermediates. After 90 min the reaction mixture 
color turned into green due to the presence of relatively abundant 
amounts of azoxybenzene and azobenzene, as shown by the concomitant 
lowering of reaction yield in Fig. 7. After another 30 min, however, the 
green color started to vanish and after overall 200 min reaction time the 
reaction mixture was virtually devoid of any color showing evidence 
that all reaction intermediates were converted into aniline.

Histograms in Fig. 8 show evidence of the exceptional stability of the 
reduced NiGraf catalyst RGO@Ni, that entirely retains its selective ac-
tivity in five consecutive reaction runs, affording full conversion of NB to 
aniline. NiGraf, on the other hand, shows dramatic drop in activity after 
the 3rd run, whereas nanoparticulate Ni loses activity already after the 
2nd run. We hypothetically ascribe said enhanced stability to the elec-
tron donation of electrons in the valence band that extends over the 
whole sheet of graphene to empty d orbitals of Ni. Due to hybridization 
of the metal d-electrons with the π-orbitals of graphene, graphene and 
nickel strongly interact with graphene typically deposited on the surface 
of Ni [15]. 3D entrapment of graphene within the Ni metal lattice, 
however, is completely different from 2D surface adsorption, causing 
plentiful “side-contacts”, namely contacts where Ni atoms interact with 
graphene edges, leading to formation of bonds between graphene-edges 

Fig. 5. High-resolution TEM photograph of RGO@Ni.

Fig. 6. SEM photographs and elemental maps of RGO@Ni at different magnification levels.

Fig. 7. Yield in aniline (red circles) and substrate conversion (yellow squares) 
in the reduction of nitrobenzene with hydrazine catalyzed by RGO@Ni (15 mol 
%) at 35 ◦C under N2 atmosphere.
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and nickel [16]. The outcomes of density functional theory quantum 
chemistry calculations will be reported soon.

4. Conclusions

In conclusion, we have discovered that RGO@Ni, the reduced 
version of the new NiGraf catalyst comprised of reduced graphene oxide 
3D entrapped within the lattice of Ni-based jamborite nanoparticles, has 
uniquely high stability in mediating the full reduction of nitrobenzene to 
aniline carried out in water only using a small (10 mol%) excess of hy-
drazine as reductant under remarkably mild conditions (35 ◦C and under 
N2 atmosphere).

Besides having fundamental value, these results hold substantial 
applicative potential from the industrial viewpoint. Industry, indeed, 
has long been interested in identifying low-cost Ni-based heterogeneous 
catalyst for this important industrial process with which to replace 
expensive supported Pd or Pt catalysts in order to carry out the hydro-
genation of NB in liquid phase that allows better heat dispersion and 
recovery [3]. The optimal reaction temperature of 35 ◦C for NB full 
conversion into aniline mediated by RGO@Ni, should be compared to 
the 90 ◦C required for its hydrogenation mediated, again in liquid phase, 
by Ni/SiO2 [7]. Furthermore, the stability of the latter Ni 
nanoparticle-based catalysts is notoriously very low, with rapid leaching 
of nickel in solution and nanoparticle sintering and loss in activity, as 
shown also in the present work when employing powdered Ni catalyst.

It is also remarkable that the reaction readily takes place “on-water” 
under biphasic conditions, eliminating the need for any organic solvent, 
which may be relevant for laboratory-scale synthesis of aniline and 
hydrogenation of other nitroarene compounds, especially under 
continuous manufacturing conditions. In industrial applications, hy-
drazine will be replaced by H2 and the reaction conducted under 
solvent-free conditions, dispersing the RGO@Ni powder in a large 
surface-area support as it is common in heterogeneous catalysts 
employed in industry.

Supplementary Information

Table S1: Results of the experiments aimed to optimize the reaction 
conditions. Fig. S3. XRD of RGO@Ni (red curve) after five consecutive 
catalytic cycles, Ni (yellow peaks) and NiO (blue peaks). Fig. S4. XRD 
profile of RGO@Ni upon heating up to 200 ◦C and slow cooling (red 
curve), Ni (yellow peaks) and NiO (blue peaks). Fig. S5. Electron 
diffraction pattern of RGO@Ni. Fig. S6. EDS analysis of RGO@Ni.
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