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The reduction of nitrobenzene to aniline has broad applications in chemical and pharmaceutical indus-
tries. The high reaction temperatures and pressures and unavoidable hazardous chemicals of current
metal catalysts call for more environmentally friendly non-metal catalysts. In this study, the plausibility
of silicene as a potential catalyst for nitrobenzene reduction is investigated with a focus on the distinct
reaction mechanism based on the density functional theory. The direct reaction pathway was shown to
be distinctly different from the Haber mechanism following PhNO2

⁄ ? PhNO⁄ ? PhNHO⁄ ? PhNH2O⁄ ?
PhNH2

⁄. The hydroxyl groups remain bound to silicene after aniline is formed and acquire a high activa-
tion barrier to remove.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Nitrobenzene (C6H5NO2, or PhNO2), a very toxic compound can
be reduced into aniline (C6H5NH2, or PhNH2) which has broad
applications in the production of rubbers, dyes, agrochemicals,
and pharmaceuticals [1–4]. Due to its importance, there have been
several methods proposed for reducing nitrobenzene to aniline
over the years. As of now, transition metals such as Fe, Ni, Pd,
are the most popular heterogeneous catalysts for large scale indus-
trial reduction of nitrobenzene, while homogeneous metal-
containing catalysts are used predominately in laboratory settings
[2,3,5,6]. Nonetheless, these methods often require high tempera-
tures and pressures, lack functional group compatibility, and often
involve or produce hazardous chemicals. This has led to a call for
environmentally friendly catalysts for the reduction of nitroben-
zene to aniline. Recently, HSiCl3 has been proposed as an effective
metal-free reducing reagent in conjunction with a Lewis base for
the reduction of nitro groups to amines [7,8]. However, it is notable
that this material is a reducing reagent rather than a catalyst,
meaning that it is consumed instead of being recovered after the
reaction.

Silicene, the recently discovered Si counterpart to graphene, is
an interesting non-metal material with metal-like properties. Like
graphene, silicene is predicted to have a Dirac cone in its electronic
structure with a slight gap on a magnitude of 0.001 eV. In a series
of computational studies, silicene was found to covalently interact
with NO2 and NO. In these papers, it was suggested that silicene
could be used as a potential gas sensor for NO and as a metal free
catalyst for NO2 reduction [9–11]. Further computational studies
exclusively exploring the adsorption of NO on pristine silicene as
well as silicene with metal substrates yielded similar results [12].
One computational study in particular suggests a mechanism for
the reduction of NO to N2 using silicene as a catalyst in mild con-
ditions [13]. These results, along with various chemical properties
of silicene, suggest that it could make a good non-metal catalyst for
the reduction of nitrobenzene to aniline. However, to the best of
our knowledge, there has been no previous study investigating
the possibility of using silicene to reduce nitro groups, not to men-
tion any knowledge of potential mechanisms of silicene catalysis.

The widely accepted mechanism for the hydrogenation of
nitrobenzene to aniline on metals is the Haber mechanism sug-
gested by Haber back in the late 19th century [14]. This mecha-
nism has two possible routes: a direct pathway and an indirect
pathway. In the direct mechanism, the aromatic nitro compound
is reduced to a nitroso compound, then to the corresponding
hydroxyl amine, and then finally to aniline. The indirect pathways
involve first reducing the nitro compound to a nitroso group. Then,
a nitroso compound and a hydroxylamine are combined together
to form an azoxy compound. This compound is then reduced
through multiple steps down to two aniline compounds through
the addition of hydrogen [4,14,15]. Despite this, however, theoret-
ical studies of the kinematic mechanism are limited. In addition,
silicene shows distinct difference from graphene as well as metals.
Unlike graphene which is completely sp2 hybridized, the SiASi
bonds in silicene consist of a combination of sp2 and sp3 hybridiza-
tion due to Si atoms preferring sp3 hybridization. As a result, sil-
icene is predicted to have a slight buckling in its honeycomb
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structure and a stronger affinity to N and O [16]. Oxygen gas has
been shown to dissociate upon adsorption onto silicene [17]. Nitro-
gen has been shown to adsorb onto silicene in its monomer and tri-
mer forms with very high adsorption energies [18,19]. Its p-bonds
are, however, much weaker meaning that it does not engage in p-p
stacking with itself or aromatic molecules as observed for gra-
phene. It is also found that silicene does not favorably exist as free-
standing sheets in nature, requiring external structures to stabilize
it. Silicene has been synthesized on several substrates such as Ag(1
1 1) and Ir(1 1 1) [20–22]. Very recently, it has been synthesized in
a quasi-freestanding state through the oxidation of bilayer silicene
on Ag(1 1 1) [23].

In this study, the direct reduction of nitrobenzene to aniline
using silicene as a catalyst has been investigated based on the den-
sity functional theory (DFT). Possible reaction intermediates were
modeled to search for the lowest energy reaction pathways includ-
ing the direct reaction pathway suggested by Haber [14]. It is
worth noting that previous studies suggest that the direct reaction
mechanism be more favorable than the indirect one. Therefore, in
this initial efforts of exploring silicene as a non-metal catalyst, we
have solely focused on the direct reaction pathway.
2. Computational method

All geometric optimizations, charge analysis, and frequency cal-
culations were performed in Gaussian 09 using the B3LYP hybrid
exchange-correlation functional and the 6-31G⁄⁄ basis sets
[24,25]. In addition, the Van der Waals correction was included
based on the Grimme-D2 method [26]. All optimized structures
were fully relaxed without any constraints. Convergence criteria
for Maximum Force, RMS Force, Maximum Displacement, and
RMS Displacement were set as 0.023 eV/Å, 0.015 eV/Å, 9:5� 10�4

Å, and 6:4� 10�4 Å respectively. Transition states were calculated
using the QST3 optimization method in Gaussian 09. The initial
guess of the transition state was obtained by interpolating
between the geometries of the reactant and the product. After
the optimization of the transition state, a frequency calculation
was done in order to verify that there is one and only one negative
frequency.The silicene sheet was modeled by a 4� 4 silicene clus-
ter terminated by hydrogen atoms on the rim (Si48H18). The buck-
ling of this sheet was 0.44 Å while the average SiASi bond length
and the SiASiASi bond angle were 2.27 Å and 116.5�, respectively
(see Supplementary Information Table S1) making them in good
agreement with previous results [22]. We have taken dissociated
hydrogen on silicene for reactions. Unlike graphene, silicene has
been shown to adsorb atomic hydrogen on to its surface with rel-
ative ease [27]. When silicene undergoes hydrogenation, its SiASi
bond is stretched to around 2.32 Å with the SiAH bond being
around 1.5 Å. In addition, there is a charge transfer of �0.03–0.05
electrons from the Si to H since hydrogen has a higher electroneg-
ativity than silicene [28].

The adsorption energy (Eb) of the reactants and products on sil-
icene and the reaction energy ðErÞ of the overall reaction and ele-
mentary steps were defined as follows:

Eb ¼ Ecombined � Esupport � Emolecule ð1Þ
Er ¼
X

Eproducts �
X

Ereactants ð2Þ

Ecombined, Esupport , and Emolecule are the energies of the combined silicene
and molecule system, the silicene support, and the molecule respec-
tively, while Eproducts, and Ereactants are the sums of energies of the
reactants and the products respectively. Using this definition, a
more negative number indicates that the configuration is more
energetically favorable.
3. Results and discussion

3.1. Nitrobenzene on silicene

The energetically most favorable adsorption configuration of
nitrobenzene on pristine silicene is shown in Fig. 1. It forms a
bidentate configuration with two SiAO bonds. The binding energy
is �1.50 eV, which is comparable to the binding energy of NO2 on
silicene (��1.4 eV) [16,22,23]. There is, however, a lack of any
chemical bonding between silicene and the phenyl group of the
nitrobenzene beyond the Van der Waals interaction, owing to the
mixed sp2 and sp3 hybridization of silicene and the difference in
bond lengths of SiASi vs. CAC. There is very little change in the
structure of the phenyl group compared to isolated nitrobenzene.
Both the CAC and CAH bond lengths barely change, staying at
roughly 1.40 Å and 1.08 Å respectively. In addition, the distance
between the carbon atoms in the phenyl group and the silicon
atoms on the silicene are about 3.45 Å, suggesting no major chem-
ical bonding. This is different from the suggested reduction mech-
anisms in the literature involving metal catalysts in which the
hybridization of the carbon atoms in the phenyl group changes
from sp2 to sp3 forming bonds with metal surface [15]. The initial
adsorption configuration of nitrobenzene on silicene has signifi-
cant impact onto its reduction. As suggested by Sheng et al. [3],
the binding configurations of the phenyl group affect the activation
barriers, with the parallel configurations leading to lower barriers.
This might be one of the factors we will see in the elevated activa-
tion barriers of silicene catalyzed nitrobenzene reduction.

Conversely, the interaction of the nitro group with the silicene
seems to be much stronger than with metal catalysts. According
to the literature, the distance between the oxygen in the nitro
group and the surface of a metal catalyst is around 2 Å. In addition,
there is very little change in structure of the nitro group [15]. With
silicene, the distance between the oxygens and the silicon atoms is
more comparable to that of nitrogen dioxide on silicene at roughly
1.75 Å [9–11]. However, unlike with nitrogen dioxide, both oxy-
gens bind to silicene. Also, the NAO bond in nitrobenzene is signif-
icantly stretched from 1.23 Å to 1.41 Å. In addition, the oxygens in
the nitro group are bent from 180� to 130.8�. This suggest that the
NAO bonds change from double bonds to single bonds when
bound to silicene. The lack of interaction between the phenyl group
and silicene as well as the strong interaction between the nitro
group and silicene already suggests some significant difference
from metal catalysts. This could also indicate that any possible
mechanisms for the reduction of nitrobenzene on silicene could
be extended to nonaromatic nitro compounds as well if the steric
effect due to the nonaromatic group is small. However, such a pos-
sibility would need further investigation to confirm.

3.2. Reaction mechanism

Using H2 as the hydrogen source, the overall reduction of
nitrobenzene can be written as

PhNO2 þ 3H2 ! PhNH2 þ 2H2O ð3Þ

The calculated lowest energy reduction pathway of nitroben-
zene on silicene is shown in Figs. 2 and 3, where intermediates
are labeled as S1, etc. and transition states as T1, etc. The reaction
is decoupled into two stages – the reduction of nitrobenzene to
aniline (Eq. (4), Fig. 2) and the hydrogenation of surface hydroxyl
groups to form water released from the surface (Eq. (5), Fig. 3):

PhNO2 þ 2H2 ! PhNH2 þ 2OH� ð4Þ

2OH� þH2 ! 2H2O ð5Þ



Fig. 1. The most favorable adsorption configuration of nitrobenzene on silicene in (a) side view and (b) top view. Symbols: C in yellow, O in red, Si in purple, N in dark blue
and H in blue.
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Here and throughout the paper, we use ⁄ to denote surface
bound species. A summary of the Mulliken charge populations of
all these adsorbed species can be found in Table S2 in the Supple-
mentary Information. The sum of energies of a PhNO2 molecule,
three H2 molecules and the free standing silicene model is set as
the reference energy zero. All numerical energy values are also tab-
ulated in Table S3 in the Supplementary Information. As the first
step of reaction, PhNO2 and the first H2 are chemisorbed on silicene
(S1) with a total binding energy of �2.40 eV. S4 and S9 show the
dissociative adsorption of the second and third H2 molecules on sil-
icene. S8 denotes the state that PhNH2 leaves the surface and two
OH⁄ groups are bound to silicene. S13 corresponds to pristine sil-
icene together with the final products, a PhNH2 molecule and
two H2O molecules. All the rest of the compositions and structures
of intermediates are listed in Figs. 2 and 3. The overall reaction (Eq.
(3)) energy is �4.40 eV. Almost all the elementary steps are
exothermal (except for the formation of PhNH2O⁄ with a reaction
energy of 0.61 eV) and consistent with previous findings on metals
[3,5]. The rate limiting step is the dissociative formation of PhNO⁄,
where the first NAO bond of the nitro group is broken and the O
get hydrogenated while migrating to the silicene surface to form
SiAOH.

The reduction of PhNO2 on silicene follows PhNO2
⁄ ? PhNO⁄ ?

PhNHO⁄ ? PhNH2O⁄ ? PhNH2
⁄, which is evidently different from

the Haber direct pathway PhNO2
⁄ ? PhNOOH⁄ ? PhNO⁄ ?

PhNOH⁄ ? PhNHOH⁄ ? PhNH⁄ ? PhNH2
⁄, as schematically demon-

strated in Fig. 4. A direct comparison of the energy profile for the
Haber pathway on silicene and our proposed pathway can be found
in the Supplementary Information Fig. S1. For the Haber reaction,
the first elementary step is the formation of PhNOOH through
hydrogenation of the first oxygen of the nitro group (Fig. 4). For
the reduction of nitrobenzene on silicene, this intermediate is not
stable. Instead, the hydrogenation of one of the oxygens leads to
the NAO bond immediately breaking resulting in PhNO⁄ (S2). This
process is exothermic having a reaction energy of �0.91 eV. The
second hydrogen protonates the nitrogen in the nitroso group
and forms PhNHO⁄ (S3), where the H from a neighbor OH group
migrates to the N while another H from silicene surface transfers
to the O concertedly. In contrast, the formation of PhNOH⁄ (a Haber
intermediate) is 1.16 eV higher in energy. Unlike the Haber
reaction, this step is exothermic which could possibly be due to
favorability and stabilization of PhNHO⁄ from the OH group. In
S3, there is significant binding between the hydrogen in PhNHO⁄

and the OH⁄ on the silicene suggesting forming a hydrogen bond.
Next, instead of PhNHOH⁄ being formed as in the Haber
mechanism, a new intermediate, PhNH2O⁄ (S5), is formed.
PhNH2O⁄ production is endothermic with a reaction energy of
0.37 eV which is much lower than the formation PhNHOH⁄ which
has a reaction energy of 0.92 eV. PhNH2O⁄ is then dissociated into
PhNH2

⁄ and O⁄ on silicene (S6). Lastly, a hydrogen binds to the sec-
ond oxygen forming an OH⁄ group and aniline (S7). The desorption
of aniline leaving two OH⁄ on surface (S8) requires an energy of
0.87 eV, which is slightly higher than the desorption energy of ani-
line in the absence of OH⁄ groups (0.73 eV, Supplementary Infor-
mation Fig. S2). The differences in the reduction of nitrobenzene
on silicene can mostly be attributed to the differences in binding
of the nitrobenzene to silicene when compared to the metal
catalysts.

Another distinct difference is that the oxygens in the nitroben-
zene are left as hydroxyl groups bound to silicene to be removed as
water molecules later (Figs. 3 and 4). The two OH⁄ are hydro-
genated sequentially (S9? S10 and S11? S12). The mechanism
for the removal of the hydroxyl groups is somewhat reminiscent
of the mechanism for nitrobenzene reduction over a Pt catalyst
[3]. For the Pt catalyst, the oxygens are dissociated from the
nitrobenzene as hydroxyl groups bound to the Pt catalyst in some
of the intermediate states. And these hydroxyl groups are immedi-
ately reduced to H2O molecules and released from the catalyst sur-
face. In contrast, the hydroxyl groups dissociated onto the silicene
bind strongly and must be removed with a high activation barrier
of �1.4–1.6 eV (T9 and T11). Interestingly, rather than remaining
as solely spectators, these hydroxyl groups on silicene can also
assist with catalytic processes either by adding hydrogen atoms
from the silicene to the molecule or by stabilizing intermediates.
One of the OH group facilitating hydrogenation can be seen in T2
where the OH⁄ group is protonated by the hydrogen on silicene
while simultaneously protonating the nitroso group in the
nitrosobenzene. The OH⁄ groups stabilizing an intermediate step
can be seen in S2 where the OH⁄ group is hydrogen bonded with
the N of nitrosobenzene to stabilize the structure. It is possible that
these interactions are unique to silicene due to its strong affinity
for oxygen; however, such a deviation could potentially call into
question whether the oxygens are immediately removed as water
on other catalysts. On the other hand, in order to recover the cat-
alytic surface of silicene, the OH⁄ groups need to be removed once
aniline is produced. After the removal of aniline, the first OH⁄

group is hydrogenated leading to the formation of a water mole-
cule bonded to the other OH⁄ group by an H-bond on silicene
(S10). This structure is very similar to the hydrogen bonded struc-
ture found for water molecules clustering on silicene [29,30]. The



T1

S1

T2

S2 S3

S4

T4

S5

T5

S6

T6

S7

S8

(b)
S1:

PhNO2
*+2H*+2H2

T1:
S1→S2

S2: 
PhNO*+OH*+H*+2H2

T2:
S2→S3

S3:
PhNHO*+OH*+2H2

S4: 
PhNHO*+OH*+2H*+H2

T4:
S4→S5

S5: 
PhNH2O*+OH*+H*+H2

T5:
S5→S6

S6: 
PhNH2

*+O*+OH*+H*+H2

T6:
S6→S7

S7:
PhNH2

*+2OH*+H2

(a)

Fig. 2. Intermediates and transition states for the lowest energy pathway of reduction of nitrobenzene to aniline. Energies are shown in (a) and optimized structures in (b).
The sum of energies of nitrobenzene, silicene and three hydrogen molecules is taken as energy zero.
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formation of this structure has a reaction energy of 0.69 eV. The
removal of the water has to overcome a binding energy of 0.68
eV. The hydrogenation of the second OH⁄ group leads to the forma-
tion of a water molecule not chemically bound to silicene (S12).
The formation of the second water molecule leads to a net energy
increase of about 0.73 eV. The removal of this water molecule (S13)
is about 0.32 eV, which is consistent with the adsorption energy of
H2O on silicene.
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Fig. 3. Intermediates and transition states for the lowest energy pathway of the removal of hydroxyl groups from the silicene surface. Energies are shown in (a) and optimized
structures in (b). The sum of energies of nitrobenzene, silicene and three hydrogen molecules is taken as energy zero.
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3.3. Activation barriers

The rate limiting activation barrier for the direct pathway corre-
sponds to the T1 transition state– the dissociative hydrogenation
of the first O of the nitro group. This transition state shares a com-
mon structure as for several other transition states including T2,
T6, T9, and T11 (Figs. 2 and 3). The basic structure is a four mem-
bered ring consisting of a hydrogen atom, an oxygen atom, and two
silicon atoms from silicene. The OAH, HASi, and OASi bond length
ranges are 1.25–1.58 Å, 1.67–1.86 Å, and 1.64–1.92 Å, respectively,
while the corresponding energy barriers vary from 1.18 to 1.61 eV.
Due to the prevalence of this structure, test calculations were per-
formed to determine whether this structure was responsible for
the higher energy barriers as well as to determine if lower energies
can be found by changing the position of the hydrogen on silicene.
These calculations consisted of two sets using a smaller silicene
model of Si30H14 to speed up the calculations (See Supplementary
Information Fig. S3).

For the first set of test calculations, the transition state was a
four-membered ring similar to the structure of T11. The energy
barrier for this particular reaction was found to be 1.59 eV which
is consistent with energy barriers found for similar structures in
the reaction considering the size of the silicene model is slightly
different. This suggests that high energy barrier is the result of
the four-membered ring and that this energy is consistent with
other four-membered rings. For the second set of test calculations,



Fig. 4. Schematic illustration of (a) the proposed mechanism for the reduction of
nitrobenzene to aniline on silicene in comparison with (b) the direct mechanism of
the Haber reaction [5]. For clarity, the surface notation * are not shown for phenyl
species.
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the transition state was a five-membered ring consisting of the
hydrogen atom, the oxygen atom, and three silicon atoms with
one of the silicon atoms buckled far out of the plane of silicene.
When compared to the four-membered ring, OAH bond length is
stretched while the HASi bond length is contracted. The bond
length for the OASi is roughly the same for both rings. The energy
barrier for this particular configuration is 1.36 eV, which is 0.2 eV
less than that having a hydrogen right next to a hydroxyl group.
A potential reason for the reduced barrier is that in general five-
membered rings tend to be more chemically stable than four-
membered rings. This could also be due to the shortening of the
HASi bond meaning that the original bond does not need to be
stretched as much as with the four membered ring. This suggest
that the activation barrier may vary by 0.2–0.3 eV depending upon
the position of the H atom on silicene.

However, given the high energy barrier for this reaction on sil-
icene, especially when compared with other more popular metal
catalysists (Ni (0.68 eV) and Pt (0.75 eV)), further investigation into
these areas would be needed in order to make silicene viable for
industrial use [3,15]. One potential solution could be to add a
mediator molecule to help move the hydrogens from the silicene
to the oxygen. This could also make the hypothesis that hydrogen
is able to move freely on the silicene a more realistic expectation.
In a 2014 study, it was shown that water could be used to mediate
the movement of hydrogen atoms on graphene [31]. Given sil-
icene’s similarities to graphene, it is possible that a similar mole-
cule could be used on silicene. Another way is to change the
hydrogen source. Hydrazine has been suggested as a potential
hydrogen source for Ni catalysts. This molecule could also be
potentially used for silicene. Water could also be used given its
ability to chemically bind to silicene in the presence of other
hydrogen molecules [29,30]. In addition, given silicene’s ability to
bind with carbon monoxide, it is possible that silicene could use
a combination of CO and water to hydrogenate nitrobenzene
[32]. Lastly, the silicene could be functionalized in some way to
facilitate the addition the hydrogen atoms. One way this could
be done would be through a metal atom.
4. Conclusions

DFT calculations were performed in an initial attempt to inves-
tigate silicene’s plausibility as a catalyst for the reduction of
nitrobenzene to aniline. The direct mechanism of nitrobenzene
reduction on silicene was shown to differ significantly from the
Haber mechanism for nitrobenzen reduction on metal surfaces fol-
lowing PhNO2

⁄ ? PhNO⁄ ? PhNHO⁄ ? PhNH2O⁄ ? PhNH2
⁄. This can

be attributed to the strong chemical bonding between Si and O in
the nitro group, which tends to peel off the oxygens directly. Also
in contrast to the metal catalysts, the hydrogenation preferably
occurs on N rather than O. Silicene mainly interacts with the nitro
group rather than the phenyl group. Hydroxyl groups remain
bound to the silicene during the reaction and play a role in the
mechanism. These hydroxyl groups need to be removed after the
formation of aniline in order to reuse silicene. The formation of ani-
line was shown to be for the most part exothermic with the forma-
tion of PhNH2O being endothermic. The highest energy barrier for
this mechanism is 1.61 eV. This is mainly related to the transfer of
hydrogen from silicene to the oxygens. The removal of the hydro-
xyl groups is mainly endothermic and has a high activation barrier
of �1.4–1.6 eV. Both the energy barriers for the formation of ani-
line and removal of hydroxyl groups are similar in energy mainly
due to the similarity in the structure of the transition states. Over-
all, pristine silicene would not work as a catalyst for the reduction
of nitrobenzene to aniline due to its high energy barriers when
compared to metal catalysts. There is still possibility of lowering
that energy barrier through a different hydrogen source, a media-
tor molecule, or by modifying the silicene itself. However, this
would require more study and improvement.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.cplett.2018.02.027.
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