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A widespread study has been carried out by the researcher during the last few decades to improve the

properties and performance of halloysite-based inorganic–organic hybrid nanocomposites (NCs)

because of their excellent structural features and characteristic properties. Here, we report the fabrication

of halloysite/metal nanocomposites on a large-scale through the immobilization of metal precursors fol-

lowed by reduction or direct loading of preformed metal nanoparticles (NPs) over the surface of amino-

silane modified halloysite nanotubes (HNTs), which in turn develops environmentally benign and low-cost

heterogeneous catalysts. Characterization by different physical methods authenticates the successful

fabrication of four different HNTs/metal NCs by these two different synthetic approaches, having mono-

dispersed spherical morphology of the metal NPs. The catalytic activity and recyclability of all the NCs

have been evaluated considering the reduction of 4-nitrophenol using sodium borohydride as a model

reaction, attributed to their almost comparable catalytic efficiency. However, a detailed kinetic study demon-

strates the enhanced catalytic activity of in situ synthesized HNTs/Ag among the four NCs, owing to the

absence of any capping materials over the surface of NPs. Activation energy, pre-exponential factor, and

entropy of activation have been estimated for this reduction reaction. A comparison study of their catalytic

activity has been carried out with the reported heterogeneous catalysts, indicating the higher activity of

these NCs for the reduction of nitroaromatics. Nevertheless, such an outstanding catalytic efficiency was

only observed for HNTs/Au and HNTs/Ag NCs, with no activity of HNTs or aminosilane modified HNTs.

Introduction

The modern synthesis of advanced functional materials with
enhanced properties involves hybrid NCs, comprised of nano-
scale inorganic materials and organic derivatives, where con-
trolling the molecular structure at the atomic and macroscopic
dimensions is a key aspect with a major effect on the perform-
ance. The quantum leap in hybrid NCs generally arises by
reducing the domain size of the inorganic phase to several
nanometers and generating huge interfacial areas, which intro-
duces various covalent bonds or other compatibilization
between the phases. Inorganic–organic hybrid NCs are asto-

nishingly versatile and well known for their outstanding pro-
perties, such as high mechanical strength, thermal stability,
high refractive index, low coefficient of thermal expansion
etc.1–4 These hybrid NCs can be synthesized from the diverse
inorganic solids, like layered silicates clay, hydroxyapatite,
silica, metal oxides, and a variety of biopolymers, e.g., polysac-
charides, polypeptides, proteins, nucleic acids and so on.5–8

The synthetic approach includes the structural templating of
the inorganic component typically via self-assembly, prepa-
ration and surface modification of nanoscale inorganic par-
ticles, and use of nanometer-sized containers for synthesis.9–11

They are of particular interest in advanced catalysis, controlled
drug delivery, food processing, water purification, optics, elec-
tronics, mechanics, and sensors.12–15 The development of
halloysite based inorganic–organic hybrid NCs opened up a
new direction for the fabrication of novel materials and
compounds which will be explored as anti-corrosion agents,
biocides, nanoreactors to host reactants for nanosynthesis
and biomimetic synthesis. Halloysite nanotube (HNT) is
a naturally occurring two-layered aluminosilicate clay
(Al2Si2O5(OH)4·nH2O) with a hollow tubular structure, formed
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by the surface weathering of aluminosilicate minerals, having
constituent elements of aluminium, silicon, and oxygen. The
adjacent alumina and silica layers with their water of
hydration, result in a packing disorder and make the nano-
tubes curve and roll up to form multilayers.16,17 The formation
of hollow tube is impelled by the mismatch in the periodicity
between the oxygen sharing tetrahedral SiO2 sheets and the
adjacent octahedral AlO6 sheets which also determine the
inner positive and outer negative surface charges of the
HNTs.18,19 Thus, they possess different inner/outer surface
chemistry which helps to manipulate the chemico-physical
properties of these naturally available clay nanotubes through
the control of the chemistry of the constituent elements as
well as their morphology. Since the hydrophilic surface of
HNTs sometimes restricts their widespread applications in
different fields, modification of the outer surfaces of these
nanotubes with some organosilanes demonstrates improved
dispersal of clay materials as well as enhances their physical,
mechanical, and chemical properties. Furthermore, functiona-
lization of HNTs by these organosilanes facilitates the immobi-
lization of metal nanoparticles (NPs) over the surface where
HNTs behave as a solid support and organosilane acts as a
linker molecule and thus they lead to the easy formation of
HNTs/metal NCs.

Metallic nanoparticles have become the focus of basic
research in modern nanoscience because of their unique pro-
perties which allow their efficient use in catalysis, photonics,
electronics, and information storage.20–23 Their properties and
activity can be highly affected and reduced once they start
agglomerating which tends to be bulk like materials. To
prevent agglomeration and achieve well dispersed particles, we
can either immobilize these NPs on solid supports or syn-
thesize them directly over the supports.12,24–28 However, a
number of fundamental studies have been performed based
on the supported noble metal NP catalysts due to their high
catalytic activity under mild conditions, such as CO oxidation,
hydrocarbon combustion, selective oxidation and hydrogen-
ation, and water gas shift reaction.28–34 Halloysite nanoclay, a
cheap and an abundant natural resource, provides an alterna-
tive solid support for the immobilization of metal NPs to be
utilized as a heterogeneous catalyst which subsequently gets
separated from the reaction mixture at the end of the reac-
tion and the use of HNTs as catalyst supports is still very
limited.17,35

The primary objectives of our present study are to fabricate
HNTs/metal NCs, probe the formation of the NCs, and then
evaluate and compare their catalytic activity. HNTs/metal NCs
were synthesized based on the immobilization of metal precur-
sors over the surface of aminosilane modified HNTs followed
by the reduction of the metal precursors to achieve NPs and
the other approach involved direct immobilization of pre-
viously prepared metal NPs over HNT surfaces. Exploiting
these two approaches, HNTs/Au and HNTs/Ag NCs have suc-
cessfully been synthesized and were authenticated by different
physical methods. The spherical morphology of preformed Au
and Ag NPs remained intact even after immobilization. The

catalytic efficiency of all NCs has been demonstrated for the
reduction of 4-nitrophenol by sodium borohydride and com-
pared with the reported heterogeneous catalysts. We have esti-
mated the activation energy and entropy of activation for this
reduction reaction. A detailed kinetic study represents that
in situ synthesized HNTs/Ag NCs are catalytically more active
amongst the four NCs, although their catalytic efficiency is
almost comparable and all these catalysts can be reused and
recycled repetitively for this reduction reaction.

Experimental
Synthesis of aminosilane modified halloysite nanotubes

For the surface modification of HNTs, a three-necked round
bottom flask containing 2.0 g of HNTs and 20 mL of toluene,
was fitted with a condenser, rubber septum, thermocouple
adaptor, and quartz sheath in which a thermocouple was
inserted. At 60 °C, 2.5 mL of (3-aminopropyl) triethoxysilane
was injected into the flask which was heated with a heating
mantle and the reaction solution was refluxed at 120 °C for
12 h. Afterwards the product was washed with toluene and
ethanol respectively and dried at 100 °C under vacuum. The
aminosilane modified HNT were represented as HNTs-NH2.

Fabrication of HNTs/metal nanocomposites with preformed
metal nanoparticles

First, metal NPs were synthesized based on the thermal
decomposition of a metal salt in a hot organoamine solvent.36

All the reactions were carried out under a nitrogen atmosphere
using standard air-free techniques. Gold(III) chloride trihydrate
(0.12 mmol) was dissolved in a mixture of oleylamine (12 mM)
and 1-octadecene (22 mM) in a flask which was fitted with a
condenser, rubber septum, thermo-couple adaptor, and quartz
sheath in which a thermocouple was inserted. The reaction
flask was heated with a heating mantle to 120 °C and aged for
30 min. Consequently, the colour of the solution changed
from yellow to orange to pink indicating the formation of Au
NPs. In a similar way, Ag NPs were synthesized from silver
nitrate (0.12 mmol). Once the flask cooled down to room
temperature, particles were collected by centrifugation after
the addition of an acetone–hexane (3 : 1) mixture and were
redispersed in toluene and used as a stock solution for the
immobilization over HNTs-NH2. HNTs/metal nanocomposites
were synthesized based on the immobilization of preformed
metal NPs over the surface of silane modified HNTs. First,
0.5 g of HNTs-NH2 was added to a beaker containing the pre-
viously synthesized Au NPs (6 mL) and stirred for 1 h to com-
plete the immobilization of Au NPs onto the surface of
HNTs-NH2. A gradual fading of the intense pink colour of the
Au NP solution to almost colourless while HNTs-NH2 itself
turned pink, illustrated complete immobilization of Au NPs.
Once HNTs-NH2 did not take up additional Au NP solution,
the product was washed several times with toluene. Likewise,
HNTs-NH2 turned yellow after the fabrication with Ag NPs,
leaving behind a colourless supernatant solution. After the
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immobilization of Au and Ag NPs over HNTs-NH2, the syn-
thesized NCs are denoted as preformed HNTs/Au and HNTs/
Ag respectively (please see Scheme 1).

Fabrication of HNTs/metal nanocomposites with in situ
synthesized metal nanoparticles

Alternatively, HNTs/metal nanocomposites were also syn-
thesized based on the immobilization of metal precursors over
the surface of HNTs-NH2 followed by the reduction with an ice
cold aqueous solution of sodium borohydride. A beaker con-
taining HAuCl4 (6 mL, 10−2 M) and HNTs-NH2 (0.5 g) was
stirred on a magnetic stirrer for 6 h which in turn resulted in a
fading of the yellow colour of the solution, indicating immobi-
lization of HAuCl4 onto the surface of HNTs-NH2. Once the
HNTs-NH2 was saturated with HAuCl4, the product was washed
several times with Milli-Q H2O to remove the unadsorbed
HAuCl4 if any and reduced with an ice cold aqueous solution
of NaBH4 to achieve in situ HNTs/Au NCs. Similarly, HNTs/Ag
NCs were synthesized using AgNO3 as a precursor, followed by
the reduction with an aqueous solution of NaBH4 (see
Scheme 1). The catalytic activity of these nanocomposites has

been studied taking the reduction of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP) as a model reaction.

Catalytic reaction

The catalytic activity of these four NCs has been studied for
the reduction of 4-NP to 4-AP. In a standard quartz cuvette of
1 cm path length, 2.0 mg of HNTs/metal nanocomposites was
taken along with 2.7 mL of an aqueous solution of 4-NP
(0.1 mM). Aqueous solution NaBH4 (0.3 mL of 0.1 M) was
added to the reaction mixture and the time dependent absorp-
tion spectra were recorded at room temperature using a
UV-Visible spectrophotometer.

Results and discussion
Characterization of nanocomposites

The different inner/outer surface chemistry of the clay nano-
tubes facilitates the manipulation of the chemico-physical pro-
perties of HNTs through the control of the chemistry of their
constituent elements. Hence, selective modification of the
outer surface of HNTs (Scheme 1) has been performed

Scheme 1 Schematic presentation of the surface modification of halloysite nanotubes using (3-aminopropyl) triethoxysilane, subsequent fabrica-
tion of Au and Ag NP decorated HNTs i.e.; HNTs/Au and HNTs/Ag nanocomposites which were obtained through the immobilization of (1) corres-
ponding metal precursors followed by in situ reduction and (2) previously synthesized metal NPs, over the surface of aminosilane modified HNTs.
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through the grafting of an aminosilane which has been charac-
terized by various physical methods. Fig. 1 represents the field
emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM) images of HNTs before
and after surface modification with (3-aminopropyl) triethoxy-
silane (APTES). HNTs are composed of cylindrical shaped
tubes with a typical length between 1.0 and 1.5 µm, having an
outer diameter of 50–100 nm and an inner diameter of
15–20 nm. TEM image represents the cylindrical shaped tube
composed of multilayer walls with an open-ended lumen,
having defects on the outer surface of HNTs which are presum-
ably due to the mechanical damage or by crystallographic
defects. Compositional analysis by energy dispersive X-ray ana-
lysis (EDX) indicates the presence of aminosilane after the
surface modification of HNTs as they contain carbon and
nitrogen along with the three main constituents of HNTs;
oxygen, aluminium, and silicon (Fig. 1F). This is also con-
firmed by SEM-EDX elemental mapping which illustrates the
presence of carbon and nitrogen in HNTs-NH2. However, CHN

elemental analysis demonstrates the immobilization of
0.39 mmol amino groups on one gram of HNTs-NH2.

Fourier transform infrared (FTIR) spectroscopy ascertains
the grafting of (APTES) over the surface of HNTs. FTIR spectra
of HNTs and HNTs-NH2 shown in Fig. S1A† in the ESI,† indi-
cate two characteristic bands at 3621 and 3697 cm−1 which
can be attributed to the stretching vibrations of the inner
hydroxyl group and the inner surface hydroxyl group respect-
ively.37 All these peaks further demonstrate the unaltered basic
structure of HNTs even after surface modification though
some new peaks are observed in HNTs-NH2. Grafting of APTES
over the surface of HNTs was confirmed due to the presence of
new peaks at 2932 and 3453 cm−1 for the stretching vibration
of C–H and N–H and at 1562 cm−1 for the N–H deformation.
Fig. S1B† represents the diffraction pattern of HNTs-NH2

which is similar to that of bare HNTs. The observed (020)
reflection is characteristic of tubular halloysite clay in both
bare HNTs and HNTs-NH2.

38 There is no intercalation of
APTES into the interlayer of HNTs, as (001) reflection does not
shift to the lower angles. This further confirms that most of
the hydroxyl groups are embedded and unavailable for grafting
because of the multi-layer structure of HNTs.

The process of fabricating HNTs/metal NCs is elucidated in
Scheme 1. After the surface modification of HNTs using
APTES, HNTs/metal NCs were synthesized through the immobi-
lization of both preformed and in situ synthesized metal NPs
over the surface of the clay nanotubes where the aminosilane
behaves as a linker molecule and strengthens the interfacial
adhesion of NPs over HNTs (see FTIR spectra in Fig. S2 in the
ESI†). Based on the thermal decomposition of the metal salt
in a hot organoamine solvent, we have synthesized Au and Ag
NPs from their respective metal precursors (Fig. S3, ESI†). A
typical TEM image of Au NPs, shown in Fig. 2A, demonstrates
nearly monodispersed spherical morphology with an average
particle size of 9 ± 0.5 nm. Fig. 2B–D represent TEM images of
HNTs/Au at different magnifications, indicating the immobi-
lization of well-dispersed Au NPs over the surface of HNTs-NH2

with no change in their size, shape, and morphology. The
TEM image of HNTs/Ag shown in Fig. 2E, also exhibits
uniform distribution of Ag NPs (8.5 ± 0.5 nm) over HNTs-NH2

without any agglomeration. EDX spectra of HNTs/Au and
HNTs/Ag demonstrate the obvious signals for Au and Ag
respectively (Fig. S4, ESI†). A comparison between the XRD pat-
terns of HNTs and HNTs/Au or HNTs/Ag (Fig. 2F) establishes
the presence of newly emerged peaks of (111) and (200) planes
for face centered cubic (fcc) Au or Ag,39 which further corrobo-
rate the loading of preformed Au and Ag NPs, respectively, on
the surface of amine modified HNTs.

In contrast to the fabrication of HNTs/metal NCs with pre-
formed Au and Ag NPs, another synthetic strategy involved
immobilization of their metal precursors over the surface of
HNTs and then subsequent reduction to the corresponding
metal NPs. In this approach, Au and Ag NPs were directly
grown on the outer surface of HNTs-NH2 to achieve HNTs/Au
and HNTs/Ag NCs. After the addition and subsequent immobi-
lization of HAuCl4 or AgNO3 on the surface of HNTs-NH2, the

Fig. 1 FESEM and TEM images of HNTs (A & C) before and (B & D) after
surface modification with an aminosilane, HNTs-NH2. EDX spectra of (E)
HNTs and (F) HNTs-NH2.
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adsorbed ions were reduced using an aqueous solution of
NaBH4 which results in the formation of HNTs/Au and HNTs/
Ag NCs respectively. The morphology and chemical compo-
sition of these in situ synthesized NCs have also been charac-
terized with the help of TEM and EDX analysis (Fig. 3). All the
NPs are entirely immobilized and well dispersed over the
surface of HNTs having particle sizes 9.0 ± 1.5 for Au and 9.0 ±
1.0 for Ag NPs. EDX analysis and the corresponding elemental
mapping again demonstrate the in situ formation of HNTs/Au
and HNTs/Ag NCs. XRD patterns again determine the fcc struc-
ture of the loaded Au or Ag NPs (Fig. S5, ESI†).

Therefore, both our synthetic routes (preformed and in situ)
help to synthesize almost monodispersed spherical Au and Ag
NPs with precise control over particle growth and morphology
and are well distributed on the HNTs-NH2 surfaces (Fig. S6,
ESI†). In our preformed HNTs/metal NCs, all the embedded
NPs retain their size, shape, and morphology even after the
immobilization. Thus, we have developed two different syn-
thetic approaches to fabricate HNTs/metal NCs through the
immobilization of preformed NPs as well as direct in situ
reduction with subsequent growth of the metal NPs over the

surface modified HNTs, which in turn produce the hetero-
geneous catalysts.

Catalytic activity

Owing to the high surface-to-volume ratio, a potential appli-
cation of metal nanoparticles is to catalyze certain reactions
which would not be feasible otherwise. To evaluate and
compare the catalytic activity of these NCs we have considered
reduction of 4-nitrophenol (4-NP) by sodium borohydride
(NaBH4) as a model reaction. The reaction kinetics could be
monitored using UV-Visible spectroscopy as color changes
were involved during the course of this reaction. An aqueous
solution of 4-NP has a strong absorption (λmax) at 317 nm
under neutral or acidic conditions. After immediate addition
of a freshly prepared ice-cold aqueous solution of NaBH4, the
absorption peak was red shifted to 400 nm owing to the for-
mation of 4-nitrophenolate ions as the alkalinity of the solu-
tion increased. In the absence of any catalyst, though the
reduction of 4-NP by NaBH4 (E0 for 4-NP/4-AP = −0.76 V and
H3BO3/BH4

− = −1.33 V vs. NHE) is thermodynamically feasible
but kinetically restricted. Thus, the absorption intensity at
400 nm remained unaltered even for a couple of days without
any catalyst. The addition of HNTs/metal NCs in the reaction
mixture, caused a fading and ultimate bleaching of the yellow
color, as well as the intensity of the absorption peak at 400 nm
gradually decreased and a new absorption peak at ∼300 nm
appeared for 4-aminophenol (4-AP) which steadily increased in
intensity as the reaction proceeded.40,41 Time-dependent
UV-Visible absorption spectra of 4-NP reduction reaction as a
function of time in the presence of in situ synthesized HNTs/
Ag NCs are demonstrated in Fig. 4A. Two isosbestic points at
280 and 315 nm are observed in the UV-Visible spectra (in
Fig. 4A), suggesting the precise conversion of 4-NP to 4-AP
without any side reaction.41,42 Sometimes the small bubbles of
H2 gas evolved from NaBH4 during the reaction would retard
the optical measurement and might lead to a shift of the
UV-Visible spectra, resulting in the loss of the isosbestic
points.

In the present study, the concentration of the reductant,
borohydride ion largely exceeds that of 4-NP. For all the experi-
ments, concentrations of 4-NP and NaBH4 were maintained at
0.1 and 10 mM respectively. Once we added NaBH4 into the
reaction solution, the metal particles embedded over HNTs
started the catalytic reduction by relaying electrons from the
donor BH4

− to the acceptor 4-NP only after the adsorption of
both onto the particle surfaces. The evolved H2 from BH4

−

purged out air and prevented the aerial oxidation of 4-AP. Fur-
thermore, evolution of gas bubbles of H2 surrounding the cata-
lyst particles helped in stirring the solution which facilitated
the dispersion of catalyst particles in the reaction mixture for a
smooth reaction to occur throughout the reduction process. As
the initial concentration of NaBH4 was very high, it remained
constant throughout the reaction. Hence, we have used
pseudo-first-order kinetics with respect to 4-NP to determine
the average catalytic rate constant (k) of this reaction. The
reaction conversion was estimated from the ratio of the

Fig. 2 (A) TEM images of (A) Au NPs before and (B–D) after immobili-
zation on the surface of aminosilane modified HNTs (HNTs/Au NCs) at
different magnifications. (E) TEM image of HNTs/Ag NCs prepared with
preformed Ag NPs. (F) XRD patterns of (a) HNTs, (b) modified HNTs,
HNTs/metal NCs synthesized with preformed (c) Ag and (d) Au NPs.
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concentration Ct/C0, which was proportional to the relative
intensity of the UV-Vis absorbance at 400 nm. Here, Ct and C0

are the concentrations of 4-NP at reaction time t and the initial
stage; At and A0 are the corresponding absorbance at 400 nm
respectively. As shown in Fig. 4B, the linear correlation
between ln(At/A0) and reaction time (t ) was confirmed through
pseudo-first-order kinetics. Fig. 4C and D demonstrate the
absorbance versus time plot for preformed and in situ syn-
thesized HNTs/Ag and HNTs/Au NC catalysts respectively.
The catalytic rate constant k, which determines the reaction
rate for 4-NP reduction, was obtained from the linear plot of ln
(At/A0) against reaction time (t ) for all NC catalysts. As shown
in Table 1, the catalytic rate constant k for in situ synthesized
HNTs/Ag NCs (0.62 min−1) is significantly higher among the
four NC catalysts, having the lowest value of k for preformed
HNTs/Au NCs. It should be pointed out that we did not
observe any induction time for this reduction reaction upon
the addition of any NC catalysts at room temperature. At lower
temperatures, regardless of the NC catalysts, there is an induc-
tion time i.e.; a certain period of time required to proceed the
reduction reaction.

To estimate the apparent activation energy of this reaction,
we have carried out the reaction at four different temperatures
and evaluated the corresponding k which increases with
increasing temperature, signifying the dependence of this
reduction reaction on temperature. Based on the linear corre-
lation between ln k and the reciprocal of T and following the
Arrhenius equation: ln k = ln A − Ea/RT, we measured the
apparent activation energy (Ea) from the slope and the pre-
exponential factor (A) from the intercept. Fig. 5 represents the
Arrhenius plot for all the catalysts as well as the plot of pre-
exponential factors against the activation energy of this reac-
tion. The activation energy of the in situ synthesized HNTs/Ag
was estimated to be 23 kJ mol−1, which is lower compared to
preformed HNTs/Ag (28 kJ mol−1) or HNTs/Au (30 kJ mol−1)
and even than that of in situ synthesized HNTs/Au NCs (27 kJ
mol−1). The calculated values of activation energy reported in
the literature vary considerably for different catalysts. Zeng
et al. measured Ea for Au partially hollow nanoboxes (55 kJ
mol−1), hollow nanoboxes (44 kJ mol−1) and nanocages (28 kJ
mol−1).43 Pal and co-workers reported an Ea of 21 kJ mol−1 for
Au/calcium-alginate and 31 kJ mol−1 for Au NPs loaded on

Fig. 3 TEM images of in situ synthesized (A) HNTs/Au and (B) HNTs/Ag NCs and their corresponding EDX spectra, demonstrating the presence of
Au and Ag NPs in HNTs/Au and HNTs/Ag NCs respectively.
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resin beads and their dependence on particle size.44,45 Acti-
vation energy has also been found to be 14 kJ mol−1 for col-
loidal Pt nanocubes and it became 12 kJ mol−1 after
supporting them on polystyrene microspheres.46 Ballauff and
co-workers demonstrated an Ea of 40, 44 and 43 kJ mol−1 for
Pt, Pd and Au NPs embedded in polyelectrolyte brushes
respectively.42,47 Activation energy has also been reported to be
38 kJ mol−1 for Au NPs deposited on commercially available
poly(methyl methacrylate)48 and 45 kJ mol−1 for Ag-deposited
Fe2O3 NPs.

49 Based on the equation ln A = ΔS/R,50 we have esti-
mated the entropy of activation (ΔS) and presented it in
Table 1. It is worth noting that the lowest pre-exponential

factor and the entropy of activation were observed for in situ
synthesized HNTs/Ag NCs, whereas preformed HNTs/Au NCs
had the highest pre-exponential factor and the entropy of
activation.

Thus, the present study demonstrates that Ea indicates the
temperature dependence of the catalytic rate constant k and
enhanced catalytic activity of in situ synthesized HNTs/Ag
among the four NCs. The linear correlation between ln A and
Ea perceived in this catalytic system can be clearly attributed to
the compensation effect which is generally found in both
heterogeneous and a large number of homogeneous catalytic
systems43,51 and can be precisely explained with the help of

Fig. 4 (A) UV–Visible spectra for the successive reduction of 0.1 mM 4-NP using 0.1 M NaBH4, catalyzed by 2.0 mg of in situ synthesized HNTs/Ag
NCs at an interval of 1 min and the corresponding plot of (B) absorbance and ln At/A0 against the reaction time for pseudo-first-order reduction
kinetics of 4-NP. Plot of absorbance as a function of reaction time for 2.0 mg preformed and in situ synthesized (C) HNTs/Ag and (D) HNTs/Au NCs,
respectively, to compare their catalytic activity.

Table 1 Summary of the particle size, rate constant (k), activation energy (Ea), pre-exponential factor (A), and entropy of activation (ΔS) for four
different nanocomposites

Nanocomposites
Particle size
(nm)

First-order rate constant
(k, min−1)

Ea
(kJ mol−1) A (min−1)

ΔS
(J mol−1 K−1)

In situ HNTs/Ag 9.0 ± 1 0.62033 22.7 6.3 × 103 72.75
In situ HNTs/Au 9.0 ± 1.5 0.57049 27.3 3.8 × 104 87.63
Preformed HNTs/Ag 8.5 ± 0.5 0.5649 28.1 5.8 × 104 91.12
Preformed HNTs/Au 9.0 ± 0.5 0.53765 29.8 1.2 × 105 97.27
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switching theory. Based on the switching theory,52 this effect
may be associated with the switching in kinetics from a
regime where the overall rate is dominated by the rate of acti-
vation of the reactant to a regime where the stability of the
reaction product adsorbed on the surface of the catalyst
becomes more important.

In any catalysis, the feasible recovery of catalysts is a crucial
step to make the process cost-effective and eco-friendly. At the
end of the catalytic reduction, all the NC catalysts remain
active and are recycled for this reduction reaction after sepa-
rating them from the product through simple filtration and
after proper washing using distilled water and drying at room
temperature. However, even after repetitive use no leaching of
metal NPs into the reaction solution was observed, highlight-
ing the stability of the NC catalysts. Fig. 6 shows the plot of the
catalytic rate constant k for 4-NP reduction over a number of
cycles using the same batch of NC catalysts, which is attribu-

ted to the stability and recyclability of the catalysts. The cataly-
tic reduction of other isomers of nitrophenol, picric acid, and
nitrobenzoic acid was also successful in the presence of these
NC catalysts and even after repetitive use they retained their
size, shape, and morphology.

Metallic nanoparticles strongly catalyze the redox reactions,
which can be explained in terms of electrochemical current
potential.53,54 The mechanism of this reduction reaction using
HNTs/metal NCs as catalysts can be explained based on the
Langmuir–Hinshelwood model,47,55 as shown in Fig. 7. Boro-
hydride ions (BH4

−) get adsorbed onto the surface of the metal
and transfer a surface hydrogen species to the surface of the
metal NPs. The adsorption of both BH4

− and 4-NP molecules
onto the surface of metal NPs is reversible and can be
modeled by the Langmuir isotherm. In this reaction, electron
transfer takes place from BH4

− to 4-NP only after the adsorp-
tion of both onto the surface of the metal NPs. The rate of elec-
tron transfer at the catalyst surface can be influenced by the
adsorption of 4-nitrophenolate ions onto the catalyst surface
and then interfacial electron transfer followed by desorption of
the product, 4-aminophenol, away from the surface leaving a
free metal surface which is thus accessible for a new catalytic
cycle to proceed. It should be noted that the adsorption/deso-
rption equilibria and the diffusion of reactant molecules to the
NPs are considered to be fast. The reaction between the
adsorbed 4-NP and the metal NP surface bound hydrogen
atoms is the rate-determining step.

In order to compare the catalytic activity of our NC catalysts
with the catalysts reported in the literature, k was normalized
to the concentration of Au or Ag, where knor (knor = k/Cmetal)
represents the intrinsic catalytic activity of the catalysts.56 In
Table 2, we have demonstrated the catalytic efficiency of our
HNTs/metal NCs and compared it with that of the reported cat-
alysts, which comprised of Au and Ag NPs loaded on a support
for the reduction of 4-NP. A remarkable catalytic activity for

Fig. 5 (A) Arrhenius plots for the reduction reaction catalysed by pre-
formed and in situ synthesized HNTs/Ag and HNTs/Au NCs. Based on
the linear correlation between ln k and the reciprocal of T, activation
energy (Ea) has been calculated from the slope and pre-exponential
factor from the intercept. (B) Plot of ln A against Ea of the Arrhenius
equation demonstrating the compensation effect for the NC catalysts.

Fig. 6 Reusability of HNTs/Ag and HNTs/Au nanocomposites as cata-
lysts for the reduction of 4-NP by NaBH4, demonstrating the stability
and recyclability of the nanocomposites.
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in situ synthesized HNTs/Ag NCs was observed for this
reduction reaction, having the highest knor of 0.184 s−1 mM−1

in contrast to the other Ag catalysts, like Ag-NP/C composite
(9.9 × 10−4 s−1 mM−1),57 Fe3O4@SiO2-Ag magnetic nanocompo-
site (4.9 × 10−2 s−1 mM−1),58 Fe3O4@C@Ag composite micro-
spheres (8.1 × 10−2 s−1 mM−1),59 AgNP-PG-5 K (polyguanidino
oxanorbornene, 0.149 s−1 mM−1)60 etc. HNTs/Au NCs also have
a reasonable catalytic activity for this reduction reaction and it
is higher than that of other heterogeneous Au catalysts e.g.
R-Au (Au NPs loaded on resin beads),45 dendrimer-encapsu-
lated gold nanoparticles,61 Au-chitosan/Fe3O4 (Au NPs on
chitosan-coated iron oxide),62 Au-Fe3O4 heterostructure,

63 and so
on. In situ synthesized HNTs/Au NCs show a comparable cata-

lytic activity, having a knor of 0.17 s−1 mM−1, to that of pre-
formed HNTs/Au (0.16 s−1 mM−1) and HNTs/Ag (0.168 s−1

mM−1) NC catalysts. Though the catalytic activity of preformed
and in situ synthesized HNTs/Au and HNTs/Ag NCs (i.e.; in the
presence and the absence of a stabilizing agent) are almost
comparable, there is still a bit of difference in their efficiency.
The particle sizes of these four different NCs are almost
similar, thus, the variation in their catalytic activity could be
due to a difference in the available surface area of the metallic
NPs during catalysis as well as a difference in the ability of the
reactants to reach the NP surfaces. In the case of preformed
HNTs/metal NCs, the presence of capping materials which are
anchored over the surface of the NPs could make it sterically

Fig. 7 Mechanistic model based on the Langmuir–Hinshelwood mechanism for the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP)
using sodium borohydride (NaBH4), catalyzed by metal nanoparticles (NPs) which were immobilized over the surface of aminosilane modified
halloysite nanotubes (HNTs). Catalytic reaction takes place on the surface of metal NPs, once borohydride ions and 4-NP get adsorbed onto the
metal surface.

Table 2 Comparison of the catalytic rate constant (k) and normalized rate constants (knor) for different Ag and Au heterogeneous catalysts for the
reduction of 4-nitrophenol (4-NP). CNP: concentration of 4-NP, CMetal: concentration of Ag or Au in the catalyst. Data were taken or calculated from
the respective papers

Catalysts CNP (mM) CMetal (mM) k (s−1)
knor
(s−1 mM−1) Reference

Ag-NP/C composite 4.67 × 10−2 1.7 1.69 × 10−3 9.9 × 10−4 57
Fe3O4@ SiO2-Ag 6.1 × 10−2 0.157 7.67 × 10−3 4.9 × 10−2 58
Fe3O4@C@Ag 5.0 × 10−2 4.6 × 10−2 3.72 × 10−3 8.1 × 10−2 59
AgNP-PG-5K 0.12 3.7 × 10−2 5.5 × 10−3 0.149 60
In situ HNTs/Ag 0.1 5.6 × 10−2 1.03 × 10−2 0.184 Present work
Preformed HNTs/Ag 0.1 5.6 × 10−2 9.42 × 10−3 0.168 Present work
R-Au 0.1 1.4 5.85 × 10−5 4.18 × 10−5 45
Au/PAMAM 4.0 × 10−2 0.95 2.0 × 10−3 2.1 × 10−3 61
Au-chitosan/Fe3O4 0.1 0.17 1.2 × 10−2 7.1 × 10−2 62
Au-Fe3O4 4.33 0.88 1.05 × 10−2 1.19 × 10−2 63
In situ HNTs/Au 0.1 5.6 × 10−2 9.51 × 10−3 0.17 Present work
Preformed HNTs/Au 0.1 5.6 × 10−2 8.96 × 10−3 0.16 Present work
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more difficult for the reactant molecules to reach the surface
of the NPs and consequently they collide with each other. The
considerable enhancement in the catalytic activity of in situ
synthesized HNTs/Ag NCs presumably ascribed to the higher
affinity of Ag–N than that of Au–N, as well as the absence of
any capping agent over the surface of NPs results in the avail-
ability of the more exposed Ag atoms on the surface to get
adsorbed by the reactant molecules for a smooth reaction to
occur. Hence, the efficacy of the NCs for the reduction of 4-NP
follows the order: in situ HNTs/Ag> in situ HNTs/Au> pre-
formed HNTs/Ag> preformed HNTs/Au. However, all HNTs/Au
and HNTs/Ag NCs demonstrated such an outstanding catalytic
efficiency, whereas bare HNTs or organosilane modified HNTs
did not exhibit any catalytic activity for this reduction reaction.

Conclusions

In the present study, based on the two different synthetic
approaches, we have fabricated HNTs/metal NCs through the
immobilization of preformed as well as direct in situ growth of
the metal NPs over the surface modified HNTs, which in turn
develop efficient and low-cost heterogeneous catalysts. Thus,
we have successfully prepared uniformly distributed Au and Ag
NPs over the surface of HNTs in the presence and absence of
any capping materials. The catalytic efficacy of these NCs has
been studied for the reduction of nitroaromatics using NaBH4

as a model reaction and the overall reaction mechanism was
explained in terms of the Langmuir–Hinshelwood model.
Although their catalytic activity is almost comparable, a
detailed kinetic study demonstrated the higher catalytic
efficiency of in situ synthesized HNTs/Ag NCs amongst the
four NCs because of the absence of any capping agent over the
surface of NPs. Activation energy, pre-exponential factor, and
entropy of activation have been estimated for this reduction
reaction. All these catalysts have been reused repetitively for
this reduction reaction owing to their convenient recovery
from the reaction solution through simple filtration. This pro-
cedure demonstrates an added advantage for the efficient sep-
aration and recycling of the catalyst once the reaction is
complete, which is still a challenging task for homogeneous
metal catalysts from both the economical and ecological point
of view. Therefore, the process should be attractive because of
its simplicity and large-scale production of the heterogeneous
catalysts. The clay based nanocatalysts are relatively green cata-
lysts, environmentally benign in nature, and promising candi-
dates for other Au or Ag NP based catalytic applications in
industrial syntheses.
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