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ARTICLE

Reduced NiGraf metal organic alloy in the hydrogenation of 
nitrobenzene to aniline: a computational analysis 
Valeria Butera,*a  Matteo Formenti b  Giampaolo Barone,a  Rosaria Ciriminna,c   
Mario Pagliaro*c  and Cristina Della Pina*b

Consisting of graphene oxide molecularly entrapped within jamborite nanoparticles, NiGraf (GO@Ni) is a versatile 
electrocatalyst for both hydrogen and oxygen evolution reactions involved in water electrolysis. Its reduced form obtained 
via reduction of jamborite-entrapped GO with thiophene (RGO@Ni) is a highly active and stable hydrogenation catalyst 
enabling the reduction of nitrobenzene to aniline at 35 °C in liquid phase using water as “on-solvent” reaction medium 
under biphasic conditions. Besides eliminating the need for organic solvent, the process has significant practical 
application potential for the synthesis of a compound produced worldwide at 7 million t/a rate. Here we report the 
outcomes of a DFT computational study aimed at investigating the catalytic activity and stability of the reduced form of 
NiGraf in mediating the nitrobenzene hydrogenation to aniline. Results based on calculating the adsorption energies of the 
two reactant substrates and analyzing the corresponding adsorption modes support a reaction mechanism that explains 
also the catalyst remarkable stability.

1. Introduction
Consisting of graphene oxide (GO) molecularly entrapped 
within jamborite nanoparticles, NiGraf is a metal organic alloy 
(MORAL) that can be readily deposited at the electrodes of 
water electrolyzer to effectively mediate both oxygen and 
hydrogen evolution reactions.1 The NiGraf reduced form 
obtained via reduction of GO with thiophene is a highly active 
and stable catalyst (RGO@Ni) enabling the reduction of 
nitrobenzene to aniline (benzenamine) at 35 °C under N2 at 
atmospheric pressure using water as “on-solvent” reaction 
medium under biphasic conditions (eliminating the need for  
organic solvent) and a 15 mol% catalytic amount with NaBH4 as 
reductant.2 Furthermore, the catalytic material is highly stable 
and can be reused to catalyze the reaction without any further 
treatment in several consecutive reaction runs.

The catalyst (and the enabled mild hydrogenation process) has 
significant practical application potential for the synthesis of a 
compound produced worldwide at 7 million t/a rate (growing 
at 3% annual growth rate).3 Aniline indeed is widely employed 
as a precursor for dyes, agrochemicals, acetaminophen 
(paracetamol), and methylene diphenyl diisocyanate, as well as 
an intermediate in polyurethane manufacture. 

aDipartimento di Scienze e Tecnologie Biologiche Chimiche e Farmaceutiche, 
Università di Palermo, viale delle Scienze, Ed.17, 90128 Palermo, Italy, E-mail: 
valeria.butera@unipa.it
bDipartimento di Chimica, Università di Milano, via Golgi 19, 20133 Milano, Italy, 

E-mail: cristina.dellapina@unimi.it
cIstituto per lo Studio dei Materiali Nanostrutturati, CNR, via U. La Malfa 153, 
90146 Palermo, Italy, E-mail: mario.pagliaro@cnr.it

The chemical industry indeed employs the heterogeneously 
catalyzed nitrobenzene (NB) hydrogenation carried out either 
in vapor phase or in liquid phase. In the former 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.4 The liquid phase process, in its 
turn, employs supported noble metals (palladium and 
platinum).5 Though preferable from a technical viewpoint due 
to the prevention of harmful hot-spots formation as a 
consequence of the large reaction exothermicity of 
>500 kJ mol−1, the latter catalysts are significantly more 
expensive than the supported Cu catalyst used in the vapor 
phase reaction.

Ideally, hydrogenation of NB to aniline at completion would be 
carried out in liquid phase at low temperature over a solid 
catalyst employing low-cost supported Ni in place of expensive  
supported Pt or Pd. 

Aiming to test available commercial catalysts suitable for the 
NB hydrogenation in liquid phase active under mild 
temperature and pressure conditions, in 2016 Madeira and co-
workers compared several commercial supported Pd 
(PdO/Al2O3 at three different loads and different nanoparticle 
size) and Ni (50 wt.% NiO/(Al2O3 + SiO2) catalysts.6 Results were 
unequivocal: only the Pd-based catalysts gave acceptable 
selectivity, whereas the Ni-based catalysts promoted 
substantial formation of secondary products via hydrogenolysis 
and over-hydrogenation of aniline. Furthermore, the reaction 
conditions were T =  150 °C, and P = 14 bar. 
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To the best of our knowledge, the most performing Ni-based 
catalyst reported so far for the liquid phase hydrogenation of 
NB to aniline is a supported 10 wt% Ni/CB catalyst consisting of 
10 nm Ni nanoparticles deposited on mesoporous carbon black 
(CB) that could reach nearly 100% conversion of NB to aniline 
at 120 °C for 60 min under 15 bar H2. The substantial loss in 
catalyst already after one reaction run was addressed by 
heating the used catalyst in a tube furnace at 500 °C for 30 min 
to reduce the small amount of nickel oxide formed and remove 
tiny amounts of organic substances deposited on the catalysts.7 
Previously, Hou and co-workers had reported that a Ni/SiO2 
comprised employed at 15 wt% load is able to mediate the 
complete conversion of NB to aniline in EtOH solvent at 90 °C 
under 10 bar H2.8 After six recycles, the Ni nanoparticle size 
increased from 3.7 to 4.4. nm, indicating that sintering would 
prevent practical application. 

Given the industrial relevance of the NB hydrogenation process, 
plentiful research has been lately carried out to improve the 
state of the art methods.9 In 2005, for example, Jackson in 
collaboration with catalysis industry researchers demonstrated 
that the Haber's three-step reaction mechanism (aniline 
converted to nitrosobenzene, the latter to 
phenylhydroxylamine, and phenylhydroxylamine to aniline) is 
wrong.10 The newly suggested reaction mechanism indicates 
formation of Ph–N(OH) as surface intermediate. Ph–N(OH) 
would then either react with adsorbed H2 to form aniline, or 
with itself to eliminate water and produce azoxybenzene. 

Concluding the study reporting the discovery of RGO@Ni, we 
ascribed its remarkable stability of the catalyst, to the donation 
of electrons in the valence band that extends over the whole 
sheet of graphene to empty d orbitals of Ni.2 Due to 
hybridization of the metal d-electrons with the π-orbitals of 
graphene, graphene and nickel strongly interact with graphene 
typically lying on the surface of Ni.11 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 and nickel.12 

In this study we conduct a density functional theory (DFT) 
computational analysis aimed at investigating the catalytic 
activity and stability of the reduced form of NiGraf in mediating 
the nitrobenzene hydrogenation to aniline using water as “on-
solvent” reaction medium under biphasic conditions.2 The 
presence of the implicit water solvent was mimicked using the 
conductor-like polarized continuum model  (CPCM) method 
(see below). Results based on calculating the adsorption 
energies of the two reactant substrates and analyzing the 
corresponding adsorption modes support a reaction 
mechanism that explains also the catalyst remarkable stability. 

2. Methods
Reliable prediction of adsorption energies is a key element for 
the evaluation of the catalytic activity. For example, according 

to the Brønsted-Evans−Polanyi (BEP) relation for C–C, C–O, C–
N, N–O, N–N, and O–O dissociation reactions, the energy 
barriers of the chemical reactions scale approximately linearly 
with the adsorption energies of the molecules.13 

All calculations were performed using Gaussian 16 (Revision 
C.01)  package.14 The cluster models were selected based on 
previous studies on similar systems,15,16 including Pd-entrapped 
graphene oxide (GrafeoPlad-Pd) using a similar route to 
molecularly doped metals.17 We retained the cluster’s overall 
zero spin and neutral charge by passivating with capping H 
atoms only those dangling C bonds of reduced GO. We selected 
the hybrid B3LYP18,19 functional in conjunction with the fully 
electron basis sets 6-31+G** for all the atoms and the inclusion 
of Grimme’s dispersion with the original D3 damping 
function.20 Frequency calculations were conducted to check the 
nature of the stationary points. We briefly remind that the 
cluster model approach has been lately shown to be a powerful 
method to accurately predict adsorption modes and 
corresponding adsorption energies in heterogeneous catalysis, 
and therefore a valid alternative to periodic boundary condition 
(PBC) calculations.20,21 

The adsorption energies E(mol)ads are calculated as:

𝐸(𝑚𝑜𝑙)𝑎𝑑𝑠 = 𝐸𝑐𝑙𝑢𝑠𝑡𝑒𝑟+𝑚𝑜𝑙 ― 𝐸𝑐𝑙𝑢𝑠𝑡𝑒𝑟 ― 𝐸𝑚𝑜𝑙 (1)

where Ecluster is the energy of the optimized cluster, Emol is the 
energy of the free NB or H2 molecule, and Ecluster+mol is the 
energy of the cluster when NB or H2 molecule is adsorbed on 
the surface. The presence of the implicit water solvent was 
mimicked using the conductor-like polarized continuum model  
(CPCM) method,22 by single point calculations on all the 
optimized structures obtained in vacuo.

3. Results and discussion
Ni atomic cluster particles in RGO@Ni were simulated adding a 
cluster of 6 Ni atoms below the coronene plane. The outcome 
of DFT calculations clearly indicates formation of chemical 
bonds between Ni and C atoms, whose distances are in the 
range 1.97-2.13 Å, and between Ni atoms, with calculated 
distances within 2.24 and 2.45 Å (Fig.1). 

 

Figure 1. a) Top and b) side view of the optimized structure of 
RGO@Ni.

However, since experimental findings support that the real 
system consists of jamborite nanoparticles encapsulating GO 
platelets,1 a second model, RGO@Ni(OH)2, whose optimized 
structure is shown in Fig.2, was investigated. 

Page 2 of 7Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
33

:2
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR02769A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr02769a


  ARTICLE

3

Figure 2. a) Top and b) side view of the optimized structure of 
RGO@Ni(OH)2.

In this second model, jamborite cluster particles were 
simulated by introducing a small cluster of two Ni(OH)2 units, 
carved out from the Ni(OH)2 crystallographic structure. 
Interestingly, DFT calculations underline that during the 
relaxation, the Ni(OH)2 dimer cluster moves closer to the RGO 
surface and two interactions are established between Ni and C 
atoms of RGO, whose computed distance are 2.36 and 2.41 Å. 

We thus analyzed computationally the catalytic activity of both 
models in activating nitrobenzene and hydrogen molecule 
substrates. For both models, we considered the two substrates 
approaching from the top of the RGO surface or from the 
bottom side of Ni NPs or Ni(OH)2 cluster. 

Results show that, when the H2 molecule approaches the 
cluster from the top of the RGO plane, it ends up weakly 
physiosorbed on it, as shown by the computed adsorption 
energy of only -0.07 eV and by identical calculated H─H bond 
distance (0.74 Å) with respect to the free molecule. This 
outcome is the same regardless whether RGO is entrapped 
within Ni or Ni(OH)2 clusters (Fig.3). 

Figure 3.  H2 adsorption on top of RGO in presence of a) RGO@Ni 
(Eads = -0.07 eV) and b) RGO@Ni(OH)2(Eads = -0.07 eV). 

NB behaves similarly to H2 when adsorbing on top of RGO in 
presence of RGO@Ni and RGO@Ni(OH)2. However, the 
presence of the benzene ring in NB allows for the establishment 
of π-π interaction with RGO (Fig.4), thus leading to a more 
negative physisorption with respect to hydrogen molecule. 

Figure 4.  NB adsorption on top of RGO in presence of a) RGO@Ni 
(Eads = -0.62 eV) and b) RGO@Ni(OH)2(Eads = -0.49 eV). 

Moreover, DFT results reveal that NB is more strongly 
physiosorbed on RGO@Ni than on RGO@Ni(OH)2 with an 
adsorption energy of-0.62 eV in the former case and -0.49 eV in 
the latter. This is due to the formation of a hydrogen bond 
between the OH moiety of the RGO and one of the oxygen atom   
of the nitro group, and a potential indirect effect of Ni atoms in 
the cluster in enhancing nitrobenzene physisorption. 

However, due to weak activation of the H2 molecule mentioned 
above, hydrogenation of nitrobenzene cannot take place when 
both substrates are adsorbed on RGO. On the other hand, when 
both substrate molecules (H2 and NB) are located in the 
proximity of Ni atoms in RGO@Ni, strong chemical adsorption 
takes place in both cases (Fig.5). 

Figure 5.  a) NB (Eads = -1.53 eV) and b) H2 (Eads = -0.76 eV) adsorption 
on Ni atoms in RGO@Ni. 

DFT calculations show that, during relaxation, NB moves closer 
to Ni atoms and chemical bonds are established between Ni 
atoms and C atoms of NB. A very negative adsorption energy of 
-1.53 eV was obtained. Differently from the previous case, the 
H─H bond in H2 molecule breaks and two Ni─H chemical bonds 
are formed, with a computed adsorption energy of -0.76 eV. 
Formation of such strong Ni─H bonds hinders the hydrogen 
transfer to NB, required in the hydrogenation step, and 
subsequent release of the hydrogenated substrate molecule. 
We briefly remind that the reaction mechanism of NB 
hydrogenation involves formation of Ph–N(OH) as surface 
intermediate, followed either by reaction of Ph–N(OH) with 
adsorbed hydrogen to form aniline; or by dismutation reaction 
of Ph–N(OH) to eliminate water and produce azoxybenzene 
that is subsequently, but more slowly, converted to aniline.10 
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Therefore, neither RGO nor Ni NPs in RGO@Ni are potential 
active sites towards NB hydrogenation. 

On the other hand, computational results show that when NB 
is positioned next to Ni(OH)2 dimer cluster (Fig.6a), the 
molecule establishes π-π interaction with RGO similarly to the 
cases described earlier. However, thanks to the vicinity of 
Ni(OH)2 units additional hydrogen bonds between the 
hydrogen atoms of NB and the OH group of the Ni hydroxide 
are formed, contributing to further increase the physisorption 
and to lower the adsorption energy, that becomes 0.13 eV 
more negative with respect to the adsorption on top of RGO in 
RGO@Ni(OH)2. 

Figure 6.  a) NB (Eads = -0.60 eV) and b) H2 (Eads = -0.33 eV) adsorption 
on Ni(OH)2 in RGO@Ni(OH)2. 

When the H2 molecule approaches the Ni(OH)2 dimer cluster in 
RGO@Ni(OH)2 it coordinates to the metal center, thereby 
forming a four-coordinated Ni complex (Fig.6b).   The H─H bond 
elongates from 0.74 Å in the free molecule and in the 
physiosorbed molecule to 0.79 Å, while the calculated Ni─H2 
bond distance is 1.66 Å. Moreover, while in the case of 
physisorption discussed earlier, the natural bond orbital 
analysis (NBO) underlines an almost null polarization of the H─H 
bond (calculated NBO charges of -0.008 and +0.008), in the 
latter case the computed NBO charges of 0.088 and 0.073 
highlight enhanced bond polarization. The calculated 
adsorption energy indeed is -0.33 eV.

Altogether, these findings suggest that Ni(OH)2, and not Ni 
atomic cluster particles, acts as optimal catalytic active site for 
the adsorption and activation of the H2 molecule in the 
hydrogenation of NB to aniline mediated by reduced NiGraf 
molecularly doped metal.

Remarkably, said computational findings are in agreement with 
the experimental observation of the elemental maps of 
RGO@Ni following reduction of NiGraf with thiophene, 
showing that reduction of GO to graphene using thiophene 
does not reduce the jamborite nanocrystals to Ni 
nanoparticles.2 

In brief, calculations suggest that when employing the RGO@Ni 
catalyst, there are no Ni nanoparticles but rather the Ni(OH)2 
dimer cluster in RGO@Ni(OH)2 whose mechanism of action in 
mediating the nitrobenzene hydrogenation with H2 or BH4- is 
analogous to that of nitroarene hydrogenation mediated by 

Ni(OH)2 nanoparticles deposited on polyaniline nanotubes 
(transfer to nitroarene substrate of surface-bound hydrides 
with rapid desorption of the newly formed aniline).23

In the case of the RGO@Ni metal organic alloy (reduced NiGraf), 
graphene (RGO) binds and keeps close to the RGO surface the 
Ni(OH)2 dimer clusters thanks to the two interactions between 
Ni and C atoms of RGO (computed distances are 2.36 and 2.41 
Å) whereas the ultramild reaction conditions employed ensure 
that neither BH4- nor H2 may reduce Ni(OH)2 to metallic Ni 
nanoparticles. This explains also the exceptional stability of the 
RGO@Ni catalyst and, indirectly, the poor stability of rapidly 
agglomerating Ni Raney and Ni nanoparticles.

The cluster model approach used in this study is a reliable 
method to accurately predict adsorption modes and 
corresponding adsorption energies to investigate a wide range 
of catalytic reactions,15-17 as a valid alternative to periodic 
boundary condition (PBC) calculations. For example, a 
computational analysis comparing said two complementary 
computational methods for the investigations of a medium-to-
large and complex glucose molecule adsorbed on a specific 
(100) anatase crystalline plane clearly showed the reliability of 
smaller cluster models in terms of the geometric parameters, 
the adsorption energies and the adsorption modes with the 
more extended TiO2 surfaces obtained by PBC calculations.24 

4. Conclusions
In conclusion, the findings of the first computational DFT 
investigation aimed at explaining the exceptional catalytic 
activity and stability of the reduced form of NiGraf metal 
organic alloy in mediating the nitrobenzene hydrogenation to 
aniline under ambient conditions suggest that: 

i) when H2 and NB approach the RGO graphene surface in 
RGO@Ni and RGO@Ni(OH)2, both molecules are only 
weakly physiosorbed and therefore RGO surface does 
not act as an active site for the adsorption and activation 
of both substrates; 

ii) Ni atomic clusters establish overly strong bonds with 
both NB and H2, thus preventing the substrates to 
further react toward the hydrogenation step; 

iii) Ni(OH)2 acts as an active site for the coordination and 
activation of the H2 molecule contributing to enhance 
the NB adsorption via hydrogen bond formation. 

Such a reaction mechanism, furthermore, would avoid the 
common problem observed in Ni nanoparticle catalysis applied 
to NB hydrogenation, namely that formation of aniline begins 
to accelerate when the conversion of NB is greater than 90%, 
because NB, being strongly adsorbed, inhibits the surface of Ni 
cluster or nanoparticles. 

Finally, to get a deeper understanding of the catalytic activity of 
nitrobenzene hydrogenation to aniline mediated by reduced 
NiGraf, future work will focus on the two competing reaction 
pathways (direct hydrogenation to aniline and the dismutation 
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to azoxybenzene), with the consequent interception of all the 
stationary points (intermediates and transition states) involved 
in each process. When confirmed by further experimental 
investigations on the reaction mechanism besides the 
important discovery reported in early 2025,2 these findings may 
lead to industrial uptake of reduced NiGraf as the catalyst of 
choice for the industrial production of aniline via nitrobenzene 
hydrogenation.
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