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hydrotalcite-type material: preparation,
characterisation, and its catalytic applicationf
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The framework ruthenium-containing nickel (NiRu) hydrotalcite (HT)-type materials were prepared by a co-
precipitation method for the first time in this study. Fourier-transform infrared spectroscopy and X-ray
diffraction analysis revealed the formation of a layered hydrotalcite-type phase. DRUV-Vis and X-ray
photoelectron spectroscopic studies revealed the presence of nickel in the +2 and +3 oxidation states
along with the presence of ruthenium as Ru®* ions. Temperature-programmed desorption studies of the
NiRu-HT-type materials indicated a two-stage reduction with a decrease in Ty Supporting the
presence of Ni?* and Ru®' in the framework of hydrotalcite. The obtained NiRu-HT-type materials
proved to be promising catalysts for the reduction of aromatic nitro compounds in the presence of
hydrazine as a hydrogen source under ambient conditions. The NiRu-HT-type material demonstrated
enhanced activity and selectivity during the reduction of nitrobenzene and its derivatives due to the
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Introduction

Anionic clays or hydrotalcite (HT)-like layered mixed hydroxides
are natural or synthetic materials that are extensively used as
adsorbents, ion-exchangers, ceramic precursors, flame retar-
dants, stabilisers, corrosion inhibitors, and electrode materials
and are employed in catalysis and pharmaceutical applica-
tions."? These crystalline materials consist of positively charged
two-dimensional sheets with water and exchangeable charge-
balancing anions in the interlayer region. The general formula
of the materials is [M**;_ ,M>*,(OH),]*"(A+,") - mH,0, where M>*
and M*" respectively represent divalent and trivalent cations, A
is the interlayer anion with charge n, and x is the fraction of
trivalent cations.* The structure of HT-like compounds is
similar to that of layered brucite, where Mg**/AI** ions are
located on octahedral (Oy,) co-ordination sites and share edges
to form infinite sheets. The infinite sheets are stacked on each
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synergistic effect of nickel and ruthenium ions.

other to form a positively charged framework, and the electrical
neutrality is maintained by anions located in the interlayer
domains containing water molecules.** HT materials have also
proved to be promising catalysts in a wide range of organic
reactions, such as reduction, oxidation, alkylation, condensa-
tion, hydroxylation, transesterification, isomerisation, epoxi-
dation, hydro-isomerisation, and reforming.** These materials
have advantages such as improved activity, selectivity, less waste
production, and easy recovery of products. These materials can
be used either in the as-synthesised form or in the form of
mixed metal oxides derived after calcination."**"* These types
of layered HT materials possess inherent basicity and have
redox properties, which are derived from the elemental
composition of the octahedral layers of the materials. Catalytic
properties of HTs can be modified by introducing varying
divalent and trivalent cations such as Zn**, Ni**, Mn?', Co**,
Fe*', cr’*', Fe*', Mn*", Co®', and Ga*' into the framework.
Moreover, the properties can be modified by introducing anions
like halides, carbonates, nitrates, sulphates, silicates, organic
anions, anionic complexes, or anionic polymers in the inter-
layer region.’>*

In recent decades, the transition-metal-based HT-like system
has gained increasing interest among researchers because of its
enormous applications in the field of reforming, fine chemicals,
and redox processes.>® A nickel-based material is one among
the most widely used transition metal and has a strong ability to
form a bimetallic system with other trivalent metal ions. Nickel-
based HT was developed because it is easily available, low-cost
alternative to noble metal catalysts, has electronic properties

This journal is © The Royal Society of Chemistry 2018
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similar to noble metals, and has an excellent activity for various
elementary  organic transformations and reforming
processes.>™ There are several studies on nickel-based HT-like
catalyst for use in both fine, petro chemical and electrochemical
processes such as catalytic reforming, dehydrogenation,
hydrogenation, and electrocatalysis.>

In recent years, attention has been focussed on the prepa-
ration and applications of monometallic HT-like compounds in
which a single element (transition metal ions) was used in both
divalent and trivalent framework sites. The early work devoted
to these types of materials was reported by Taylor in 1980.
Taylor studied the formation and properties of Fe>*/Fe*"
hydroxyl carbonates. Moreover, several studies were focused on
the preparation of various monometallic, such as iron-, cobalt-,
and nickel-based HT type compounds. These materials proved
to be promising as catalysts, super-capacitors, electro-catalysts,
biosensors, electro-chromic electrodes and optical devices,
water treatment agents etc.>*>>

Monometallic nickel-based HT materials have potential
applications in rechargeable batteries, photonic catalysis, and
non-enzymatic glucose sensors. However, there are limited
studies that discuss the catalytic applications of monometallic
nickel-based HT materials. Moreover, these materials are often
prepared in the presence of excess of organic anions and
hexamethylenetetramine, which is a hydrolysing agent. Nickel
was found to be active in a number of processes such as
hydrogenation and reforming reactions. However, single
component Ni catalysts cannot meet the activity, selectivity, and
stability requirements in many processes at the industrial level.
Nickel has a high alloying efficiency with noble metals and
many transition metals. Therefore, nickel can be easily utilised
to develop a catalyst with a diversified catalytic application.
Currently, there are many studies on the facile fabrication of
bimetallic nickel systems that present potential alternatives for
noble metal catalysts, which are expensive, in terms of the
catalytic activity and stability.>*?**>

Thus, it will be interesting to introduce a small amount of
trivalent ruthenium ions, which possess excellent activity in
various organic transformations such as hydrogenation, C-C
coupling, and metathesis, to the monometallic nickel HT-type
materials. In this work, we intend to prepare HT-type o-
Ni(OH), containing ruthenium ions by using a simple co-
precipitation method and used as a potential catalyst for the
hydrogenation of nitro compounds to corresponding anilines.
The hydrogenation of nitro-compound is one of the important
industrial processes to produce aniline, which is used for the
synthesis of polyurethane, dyes, pharmaceutical products and
agricultural products.

Experimental section

Ruthenium-containing nickel (NiRu) HT-type material was
synthesised by the co-precipitation method without using any
organic base. Solution 1 was prepared by dissolving nickel
nitrate (Ni(NOs),-6H,0; 5 mmol) and ruthenium chloride
(RuCl;-3H,0; 1 mmol). Solution 2 was prepared by dissolving
ammonium carbonate ((NH,4),CO3; 6 mmol) and ammonium
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hydroxide (NH,OH; 30 mmol) in 40 ml deionised water. Solu-
tion 2 was added in a drop-wise manner into solution 1 with
constant stirring at 65 °C for 2 h. The precipitation was observed
in HT with a final gel pH of 8.5, and the resulting solution was
maintained for ageing for 18 h. The precipitation of NiRu-HT
gel was filtered and washed with deionised water. The mate-
rial was dried overnight and represented as NiRu-HT catalysts.
The samples were prepared by introducing varying molar ratios
of Ni-Ru, thatis, 1:0.1,1:0.2,1:0.3,1:0.45,and 1: 0.6, and
were represented as NiRu-0.1, NiRu-0.2, NiRu-0.3, NiRu-0.45,
and NiRu-0.6, respectively.

Characterization

Powder X-ray diffraction (Powder XRD) was performed to
determine the bulk crystalline phases of the materials by using
an 18 kW X-ray diffractometer (Rigaku, Japan) with Cu-Ko
radiation (A = 1.54184 A). The diffraction patterns were recor-
ded in the 26 range of 2-80 with a scan speed of 0.5 min~" and
step size of 0.02. Fourier-transform infrared (FT-IR) spectra were
obtained using the PerkinElmer Spectrum 2000 FTIR in the
400-4000 cm ™" range by using KBr pellets. Thermal decompo-
sition of the samples was analysed using a thermal analyser
(simultaneous thermal analyser 600, PerkinElmer). The
morphology and size of the materials were analysed using SEM
(Phillips Technai G*> T30 SEM) operated at 300 kV. Diffused
reflectance UV-visible spectra were recorded at 200-800 nm by
using a UV-visible spectrometer (PerkinElmer) with the help of
BaS0, as the reference. X-ray photoelectron spectra (XPS) of the
catalysts were recorded by using a custom-built ambient pres-
sure photoelectron spectrometer (Prevac, Poland) that was
equipped with a VG Scienta's R3000HP analyser and a MX650
monochromator.”” A monochromatic Al-Ko X-ray was generated
at 450 W and used for measuring the XPS data of the above
samples. Base pressure in the analysis chamber was maintained
in the range of 2 x 107" torr. The energy resolution of the
spectrometer was set at 0.7 eV at a pass energy of 50 eV. The
binding energy (BE) was calibrated with respect to the Au 4F,,
core level at 84.0 eV. The error in the reported BE values is
within 0.1 eV. Elemental composition present in the final
materials was determined using ICP-AES. The reducibility of the
materials was determined by the temperature-programmed
reduction (TPR) studies using BELCAT-M (JAPAN). The
textural properties (BET surface area, BJH average pore volume)
of the samples were derived from N, sorption measurements
carried out at —196 °C out using physisorption analyser (BEL
SORP II, Japan) after the samples were degassed at 150 °C for at
least 8 h under 107 torr pressure prior to each run.

Catalytic study

The catalytic activities of the synthesised NiRu-HT- and mono-
metallic Ni-HT-type materials were studied for the reduction of
various aromatic nitro compounds by using isopropanol as the
solvent and hydrazine hydrate as the reducing agent under
optimum conditions. In a typical reaction, 0.1 g of catalyst was
introduced into the reaction mixture with 10 mmol of nitro
compound, 20 mmol hydrazine, and 20 ml isopropanol. The
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reaction was studied at different reaction temperature and
duration. The products of the reaction were analysed using gas
chromatography (Clarus-680, Perkin Elmer) with the flame
ionisation detector using an Elite-5 column.

Result and discussion

FT-IR spectra of Ni(OH), prepared with different reaction
conditions are shown in Fig. 1, which is characteristics of a-
Ni(OH), and B-Ni(OH),. The sharp vibrational band observed
around 3200 to 3700 cm™ ' (Fig. 1) is a characteristic of B-
Ni(OH),, which is prepared using NaOH and Na,COs3, and is
similar to vibrational bands observed for the brucite structure.
The sample prepared using NH,OH and (NH,),CO; displayed
a broad vibrational band between 4000 and 3000 cm™". This
band occurs due to the stretching mode of hydrogen-bonded
hydroxyl groups that are present in the brucite-like layers
having interlayer water molecules. The bending vibration of the
interlayer water is reflected in the broad band and appears at
1612 cm '.* FT-IR spectra of samples prepared with varying
ruthenium concentrations are displayed in Fig. 2. The spectral
data of the samples resemble the «-Ni(OH), type, which support
the formation of hydrotalcite type (NiRu-HT) layered material
structure. A strong absorption peak that appeared at 1380 cm ™ *
corresponds to the asymmetric stretch mode of CO;>~ ions. The
band at 1380 cm™', with a weak shoulder at 1470 cm™?,
occurred due to the splitting of the band because of the three
vibrational modes of carbonate. The characteristic bands for
the M-O bond appear in the vibrational spectral region below
1000 cm™'. An additional sharp band that occurs in the
840 cm ™' region is due to the various lattice vibrations associ-
ated with metal hydroxide sheets. The absorption peaks at 413
and 693 cm ' can be assigned to the M-O and M-O-M vibra-
tions in the layered structure.?>***

Powder XRD patterns of Ni(OH), prepared using sodium and
ammonium-based sources are shown in Fig. 3. The samples
prepared using the sodium-based source showed sharp and
symmetrical reflections of (001), (100), (101), and (102) planes
around 26 values of 19, 33, 38, and 51° respectively; these

N\ @)
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Fig. 1 FT-IR spectra of (a) B-Ni(OH), and (b) a-Ni(OH),.
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Fig. 2 FT-IR spectra of various NiRu-HT materials (a) NiRu-0.025 (b)
NiRu-0.2 (c) NiRu-0.3 (d) NiRu-0.45 and (e) NiRu-0.6.

reflections typically belong to B-Ni(OH),.** By contrast, the
sample prepared using the ammonium-based source showed
broad peaks at 26 ranges 9.3, 17.5, 35, and 60° that correspond
to (003), (006), (012), and (110) planes of the HT-type layered o-
Ni(OH),, respectively. The broadening of X-ray reflection
evidently supports the orientation of carbonate anion in the
interlayer spaces of the brucite-type layered structure. Powder
XRD patterns of NiRu-HT-type samples prepared with varying
ruthenium ion concentrations are displayed in Fig. 4. The
incorporation of Ru®" ions in the framework of brucite-type
layered «-Ni(OH), facilitates the formation of layered HT-type
structures, which is clearly evident from the powder X-ray
patterns. All samples yielded X-ray diffraction (XRD) patterns
with reflections at 26 values of 4, 6.23, 18.23, 34.23, and 60.9°
that correspond to the (001), (003), (006), (012), and (110) planes
of HT-type materials, respectively.’’*®* Moreover, X-ray reflec-
tions corresponding to metallic ruthenium or any other oxide
phases are not observed, which supports the formation of pure
layered NiRu-HT-type materials.

TGA profile of a-Ni(OH),, B-Ni(OH),, NiRu-HT are shown in
Fig. 5. B-Ni(OH), displays a negligible weight loss of 0.355% due
to the absence of any inter-layer physisorbed molecules (water,

(001)
(101)

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)
Fig. 3 Powder XRD patterns of (a) B-Ni(OH), and (b) a-Ni(OH),.
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Fig.4 XRD patterns of NiRu-HT samples viz., (a) NiRu-0.2 (b) NiRu-0.3
(c) NiRu-0.45 and (d) NiRu-0.6.

carbonate etc.), which is in line with XRD analysis. The TGA
profile of NiRu-HT-type materials exhibits a three-stage thermal
decomposition. The first-stage weight loss of 15% occurs at
a low temperature of approximately 120 °C is due to the elimi-
nation of physisorbed water molecules present in the inter-layer
space. The second-stage weight loss is observed between 120
and 300 °C (20 wt%); this loss occurs due to the removal of
chemisorbed water and carbonate anions from the internal and
external surface of the HT-type structure. The last-stage weight
loss (15 wt%) occurs between 300 and 700 °C and is attributed to
the removal of hydroxyl groups from the brucite layers and
interlayer carbonate anions in the form of CO,.*”

The co-ordination and oxidation status of the nickel species
present in the structure were analysed using DR UV-Vis spectra,
and the results are displayed in Fig. 6. This figure reveals that o-
and B-Ni(OH), samples show three absorption maxima in the
wavelength region of 682, 390, and 238 nm that correspond to
the following three spin-allowed, Laporte-forbidden transitions
(CAsg(F) = *Tog(F), *Asg(F) — Tyy(F), and *A,(F) — *Ty4(P)) of
octahedral Ni** species.?* The introduction of a trace amount of
ruthenium ions (NiRu-0.025-HT) in the framework of «-Ni(OH),

100 @)
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% weight loss
=) ~1
T £
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40 T L) T L] T L] T
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Fig. 5 TGA profile of (a) B-Ni(OH),, (b) NiRu-0.2, and (c) a-Ni(OH),.
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Fig. 6 DR UV-Vis spectra of (a) a-Ni(OH),, (b) B-Ni(OH),, (c) NiRu-
0.025 (d) NiRu-0.2 (e) NiRu-0.3(f) NiRu-0.45 and (g) NiRu-0.6.

HT-type materials retains the absorption band correspond to d-
d transition of nickel ions. With an increase in the ruthenium
ion concentration, the absorption band corresponding to
higher energy transitions, that is, *As,(F) — Ty (F) and *A,4(F)
— °Ty4(P), are not resolved and display a broad absorption
band in the 200-500 nm region. This could be due to the overlap
of intense bands that involve the delocalised Ru-O molecular
orbital for the n-m* bands (465 nm) derived from the frame-
work of ruthenium ions and water coordinated octahedral Ru**
ions.* The absorption band corresponding to *Asy(F) — *Ty,(F)
transitions disappears as the Ru concentration increases. The
peak position of NiRu-HT-type samples indicates a blue shift
when ruthenium ions are added to the materials, thus the
alloying of Ni-Ru occurs.?***

Table 1 summarises the elemental composition of NiRu-HT-
type materials obtained from ICP-AES studies. The table reveals
that the increase in ruthenium ions concentration in the final
molar composition with an increase in the molar composition
of synthesis gel was evident. The above fact supports that the
introduced ruthenium ions are incorporated in the frame work
of HT.

Fig. 7 shows the nitrogen sorption isotherms of «-Ni(OH),,
NiRu-0.2 and NiRu-0.2-used (NiRu-0.2U) samples at 77 K. The
BET surface area of NiRu-0.2 is 278 m* g~ which is comparable
that of pure o-Ni(OH), (318 m* g~ %).

The isotherm of pure o-Ni(OH),, doesn't shown any signifi-
cant uptake in mesoporous range, indicates the interparticle
space is not available, which is further supported by BJH pore
volume of 0.111 ¢cm® g~'. The isotherm curve of NiRu-0.2

Table 1 ICP-AES analysis of NiRu-HT type materials
mol%
Ni + Ru Ru/(Ni + Ru)

Sample details Ni Ru mol% mol%
NiRu-0.2 1.399 0.057 1.456 0.039
NiRu-0.3 1.343 0.085 1.428 0.059
NiRu-0.45 1.220 0.129 1.349 0.095
NiRu-0.6 1.080 0.159 1.231 0.128

RSC Adv., 2018, 8, 25248-25257 | 25251
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Fig. 7 Nitrogen sorption isotherm of a-Ni(OH), and NiRuHT-0.2
before and after use.

exhibited multilayer adsorption (Fig. 7) in the relative pressure
(p/po) range of 0.3-0.9 are characteristics of type IV isotherms
(Fig. 7) as per IUPAC classification.®® The increase in pore
volume of NiRu-0.2 sample (Table 2) along with observed type IV
isotherm with H4 hysteresis indicating the presence of narrow
slit-like interparticle mesoporous nature, which is evident from
pore size distribution (Fig. 7 inset). The used catalyst (NiRu-0.2-
U) showed similar isotherm characters, and surface area, pore
volume and pore diameter (Table 2) clearly support that the
samples remain intact even after several catalytic studies.

The SEM image of NiRu-0.2 HT is shown in Fig. 8. The
catalyst surface consists of particles with irregular shapes and
was formed due to the aggregation of individual particles. The
sample displays individual particles in nano-size, which is in
accordance with the reflection characteristics displayed in the
XRD pattern.

Surface composition and oxidation states associated with the
synthesised materials were characterised by X-ray photoelectron
spectroscopy and the results are summarised in Table 3. The
wide scan of XPS spectra is available in ESIT (Fig. S1T). These
studies are carried out to understand the nature of the active
species present on the surface of NiRu-HT-type materials (Ni-
HT, NiRu-0.2, and NiRu-0.6). Ni 2p core level spectra of these
samples are shown in Fig. 9. The o-Ni(OH), spectrum consists
of a main peak of Ni 2p3/2 at the binding energy value of
855.5 eV and a broad satellite at 860.9 eV. The Ni 2p1/2 peak is
located at the binding energy value of 873.3 eV with a satellite
peak at 879.6. The main peak with broad satellite structure
located within this binding energy range is considered as the
contribution of divalent nickel species present in Ni(OH),
structure.*®*

Table 2 Textural properties of a-Ni(OH), and NiRuHT-0.2 before and
after use

BET BJH pore Mean pore
Slno. Sample details ~ (m*g™') volume (cm® g™!) diameter (nm)
1 o-Ni(OH), 318 0.111 2.43
2 NiRuHT-0.2 278 0.453 4.25
3 NiRuHT-0.2-used 228 0.511 3.75

25252 | RSC Adv., 2018, 8, 25248-25257
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Fig. 8 SEM image of NiRu-0.2 HT.

The introduction of small amount of Ru in the frame work of
o-Ni(OH),, for example NiRu-0.2 sample doesn't show much
difference in the binding energy values, which supports the
presence of Ni in identical environment in case of NiRu-0.2 as in
o-Ni(OH),, In the case of NiRu-0.2, the Ni 2p3/2 peak is located
at the binding energy of 855.15 eV with a satellite peak at
860.48 eV. The Ni 2p1/2 main peak is observed at the binding
energy of 872.8 eV with a satellite peak at 879.3 eV. These values
are characteristics of nickel in +2 oxidation state with similar
environment as of o-Ni(OH),. The introduction of large excess
of Ru in the framework of o-Ni(OH),, viz., NiRu-0.6 sample
shows a shift in the peak towards higher binding energy values.
The binding energy observed for NiRu-0.6 such as 856.2 eV with
a satellite at 861.8 eV for Ni 2p3/2 peak and at 873.8 eV with
a satellite at 880.17 eV for Ni 2p1/2 peak. The shift in binding
energy may be due to the contribution of trivalent nickel species
that also exists in the layered structure.”® The increased
concentration of ruthenium induces the nickel species to exist
in higher oxidation state, i.e. +3.

The XPS spectrum corresponding to Ru 3p of NiRu-0.2
showed (Fig. 10A) well distinguished two peak with the
binding energies of Ru 3p3/2 and Ru 3p1/2 core level at 462.9 eV
and 485.04 eV respectively, which are characteristics of ruthe-
nium species in the trivalent (Ru®") oxidation state.**> On the
other hand NiRu-0.6 exhibited peaks at the binding energy of
464.5 eV and 485.58 eV corresponding to Ru 3p3/2 and Ru 3p1/2
respectively, indicating the existence of ruthenium in the
hydrated hydroxy form in the trivalent oxidation state.**

Interestingly Ru 3d3/2 peak (Fig. 10B) of both NiRu-0.2 and
NiRu-0.6 sample is located at the binding energy value of
284.8 eV suggesting the presence of ruthenium oxide in the
hydrated form with in the frame work of nickel hydrotalcite.
The incorporation of a large amount of ruthenium ions (NiRu-
0.6) caused the broadening of XPS spectrum; this broadening
may be attributed to the presence of some multiple oxidation-
state ruthenium species.*®

This journal is © The Royal Society of Chemistry 2018
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Table 3 XPS data of a-Ni(OH), and NiRu-HT materials

Difference

between main

& satellite

Ni 2p3/2 (eV) Ni 2p1/2 (eV) peak (eV) Ru (eV)
Spin orbital -
Catalysts Main Satellite Main Satellite splitting (eV) 2p3/2 2p1/2 O 1s (eV) 3p3/2 3p1/2 Ru 3d (eV)
o-Ni(OH), 855.50 860.90 873.30 879.6 17.80 5.90 6.90 530.6 — — —
NiRu-0.2 855.15 860.48 872.80 879.3 17.65 5.33 6.50 530.6 462.9 485.04 284.8
NiRu-0.6 856.20 861.80 873.8 880.17 17.47 5.60 6.23 531.7 464.5 485.58 284.8
Ni2p1/2 Ni2p3/2
p i2p. A Ru3p3/2 Ru3p1/2

5
S
£
-]
(=]
S
(a)
890 880 870 860 850
Binding Energy (eV)

Fig. 9 XPS of Ni 2p in various HT materials: (a) a-Ni(OH), (b) Ni—Ru-
0.2, and (c) Ni-Ru-0.6.

Moreover, the oxygen 1s spectra of o-Ni(OH), and NiRu-0.2
exhibited (Fig. 11) a broad peak in the binding energy value of
530.6 eV due to the presence of oxygen in different environ-
ments such as M—-O-M, M-OH (where M = Ni/Ru), CO;>~ and
water species. In case of NiRu-0.6 HT, the oxygen 1s spectra
shows a shift towards higher binding energy (531.7 eV), which
may be due to the formation of higher oxides in presence of
increased amount of ruthenium.* These results also correlate
with our observations in Ru 3d region of the samples.

The redox properties of a- and B-Ni(OH), and NiRu-HT-type
samples were studied using TPR with hydrogen. TPR studies
enable to understand the reducibility of the NiRu-HT-type
materials. The TPR profiles (Fig. 12) displayed that the pure o-
Ni(OH), exhibited a single reduction peak at 378 °C, which is
a characteristic of the reduction of Ni(OH), to metallic Ni.**
However, B-Ni(OH), exhibited two reduction peaks between 391
and 630 °C. The additional peak that appeared at 630 °C may be
due to the amorphous NiO present on the surface of f-Ni(OH),.**
The incorporation of Ru*" ions in the framework of a-Ni(OH),,
that is, NiRu-0.1-type materials, caused a peak at a low temper-
ature of approximately 360 °C due to the reduction of NiRu(OH),
to the corresponding metallic nickel species.

The TPR profile of NiRu-0.2 suggests the existence of two

reduction peaks at 278 and 362 °C that may have occurred due
to the well dispersed ruthenium in the frame work as Ru®" ions.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 XPS of (A) Ru 3p; (B) Ru 3d in (a) NiRu-0.2 and (b) NiRu-0.6.

The NiRu-0.6 sample exhibits reduction peaks at 290, 350, 416,
and 568 °C respectively which could be due to presence of
framework Ru®* ions along with ruthenium oxide (RuO,) and
(RuO,) species.”” As the Ru concentration increases in the
samples, all TPR profiles of «-Ni(OH), evidently shifted to lower
temperature ranges. The decrease in the reduction temperature
of nickel oxides is due to the presence of framework ruthenium
ions, which have a role in hydrogen spill-over effect.*® The
presence of ruthenium ions on the surface dissociates to
hydrogen species which diffuses to the bulk materials and
enables the reduction of NiRu-HT at lower temperature.*®*® The
lowering of the reduction temperature of NiRu-HT is due to the
strong interaction between Ni** and Ru®" ions in the framework
of HT.
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Fig. 12 TPR profile of (a) a-Ni(OH), (b) B-Ni(OH), (c) NiRu-0.1 (d)
NiRu-0.2 and (e) NiRu-0.6.

Influence of reaction parameters

Influence of reaction temperature. Thoroughly characterized
NiRu-HT-type materials were utilized for the catalytic conver-
sion of nitrobenzene to aniline, and the results are summarized
in the following section. In all the cases, aniline was obtained as
major product with the formation of a considerable amount of
azobenzene and azoxybenzene as by-products. Catalytic studies
were conducted using the NiRu-0.2 sample at varying temper-
atures, and the results are shown in Fig. 13. Even at a very low
temperature, the catalyst facilitates the complete conversion of
nitrobenzene with the formation of a considerable amount of
azoxybenzene and azobenzene. The formation of azoxybenzene
and azobenzene is due to the reductive coupling of nitroben-
zene under mild reaction conditions. As the temperature
increases, the catalyst yields a higher quantity of aniline as the
product, which might be due to the dissociation of the azo-
compound into aniline. The reaction doesn't proceed without
a catalyst, which showed nitrobenzene conversion of below 1%.

Influence of nature of the catalyst and catalyst loading. The
catalytic activity of pure Ni-HT-type materials (a-Ni(OH),)
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Fig. 13 Effect of the reaction temperature on nitrobenzene reduction
using NiRu-0.2. #Conditions: nitrobenzene-10 mmol, hydrazine:
20 mmol, solvent-isopropyl alcohol (20 ml), catalyst (NiRu-0.2-(100 mq)).

further studied and results are shown in Fig. 14, which dis-
played only 35% conversion and 23% aniline selectivity with the
formation of both azobenzene and azoxybenzene as major
products. As the concentration of ruthenium increased (Fig. 14),
the catalytic conversion improved with the exclusive formation
of aniline was evident. The presence of nickel ions in the a-
Ni(OH), facilitates formation of azoxy and azo compounds as
the major products (see Scheme S1%).*® The introduction of
ruthenium ions gradually improves the formation of aniline
selectivity, which suggests that there is a synergic mechanism
involved between nickel and ruthenium ions. The nickel ions
present in the NiRu-HT facilitate to reduction of nitro
compounds into nitroso and phenylhydroxylamine (Scheme
S11),% subsequently, the ruthenium ions present in the frame-
work of NiRu-HT helps on control release of hydrogen which
favoured the complete conversion of above intermediate into
corresponding amine. The best results are evident in NiRu-0.2
sample. Thus, for further studies, all reactions were conduct-
ed using NiRu-0.2 sample at 80 °C for 4 h. The reactions were
conducted by varying the catalyst loading in the range of 0.01-
0.1 g by using 10 mmol of nitrobenzene in presence of iso-
propanol with 20 mmol of hydrazine as the hydrogen source.
The results are depicted in Fig. 15. The presence of a small

EConversion BAniline BAzobenzene BAzoxybenzene

Conversion/Selectivity (%)

Nature of the catalysts

Fig. 14 Reduction of nitrobenzene using NiRu-HT catalysts prepared
with different ruthenium concentration.
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quantity of catalyst facilitates the complete conversion of
nitrobenzene. However, the formation of reductive coupling
products such as azoxybenzene and azobenzene were evident
when a low amount of catalyst was used. Exclusive formation of
aniline was evident when 0.1 g of catalyst was used. For the
comparison, a series of nickel based hydrotalcite such as NiRh,
NiFe and NiCo catalysts were also prepared and utilized for the
nitrobenzene reduction (Table S17).

Among the various catalysts, the use of NiRu-0.2 facilitates
the complete conversion with exclusive formation of aniline was
evident. Under similar conditions, NiRh-0.2, NiFe-0.2 catalysts
gave 100% nitro benzene conversion with 87.1% and 34.6%
aniline selectivity respectively with the formation of azobenzene
and azoxybenzene as by-products. NiCo-0.2 catalyst shows only
16% conversion with 100% azoxybenzene selectivity. It is clear
from above studies that among the various nickel based
hydrotalcite, NiRu-0.2 catalyst is found to be superior for the
complete conversion nitro benzene with the formation of
aniline.

Recyclability study. To obtain the information on the
stability of NiRu-HT catalyst, the spent catalyst was recycled by
filtering from the reaction mixture, washing with isopropanol,
and drying in an air oven. The catalytic activity of the recycled
catalyst is summarised in Fig. 16. The complete catalytic
conversion of nitrobenzene was evident even after four cycles.
However, the gradual decrease in the selectivity may be due to
the weight loss during catalyst recovery or may be due to the
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Fig. 16 Recyclability study of NiRu-0.2 catalyst.
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blockage of the pores of the catalyst due to the adsorption of
products or reactants. The above fact was further supported
from textural properties of used catalyst (Table 2).

Influence of substituent on nitrobenzene reduction. The
catalyst was used for the hydrogenation of various substituted
nitrobenzene under optimum reaction conditions, and the
results are shown in Table 4. A great variety of mono-substituted
nitrobenzene has been reduced in optimal yields to the corre-
sponding anilines with hydrazine hydrate in the presence of
NiRu-HT-0.2 catalyst at 80 °C and at room temperature for 4 h. It
is observed that at 80 °C irrespective of the nature of the
substitution and the position of the substitution on the
substrate, the catalyst was found to efficiently reduce the
substituted nitrobenzene into aniline with complete conversion
and excellent selectivity towards the substituted aniline. The
reaction studied using different substrate at room temperature
yielded comparable conversion. The presence of electron
donating group at para position facilitate better yield in amine
products. The presence of electron with drawing group at para

Table 4 Reduction of various nitrobenzene using NiRu-0.2 material®

Yield (%) at

Sl no. Substrate Product 35°C 80 °C
H
+
1 - \O\ et 64 100
NH,
Ha NH,
"
2 - NH; 39 100
Hz
+
3 i 63 100
H;
H;
NH,
&
4 3 55 100
H
+
5 o~ 51 100
+
6 - 37 100
NH,
: o
7 K H,N 87 91
? |
+
8 g 10 89
1 NHz

¢ Substrate (10 mmol), catalyst Ni-Ru (1:0.2), (100 mg), isopropyl
alcohol (20 ml), hydrazine hydrate (20 mmol = 1 ml), 80 °C,4 h.
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position and electron donating group at meta position results in
decrease in nitro-aromatic conversion. The presence of electron
donating group at para position enhances the free electron
density on nitro functional center which facilitates better yield
of corresponding aniline. The substitution at ortho position
does not show any trend, which might be due to steric influ-
ence. The studies well demonstrated that the NiRu-HT-type
catalyst is promising for the reduction of aromatic nitro-
compounds to corresponding aniline derivatives.

Conclusion

Ruthenium ions substituted on o-Ni(OH),-type layered mate-
rials are prepared for the first time using a simple co-
precipitation method without using organic base. The forma-
tion of layered hydrotalcite-type materials is evident from
powder XRD studies. The presence of ruthenium ions in the HT-
framework is confirmed from powder XRD, XPS, and TPR
studies. The presence of Ni*" and Ru®" in the octahedral envi-
ronment is evident from the DRUV-Vis spectral studies. The
presence of ruthenium ions in the framework facilitates the
redox potential of catalysts employed for nitro-aromatic reduc-
tion, which showed a complete conversion of the nitro
compound with exclusive formation of aniline products.
Furthermore, the catalytic activity remains intact for several
cycles.
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