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A B S T R A C T   

The catalytic reduction of 4-nitrophenol is of considerable importance to a multitude of applications and in
dustries. The present work introduces a new catalyst (AuNP/GNP/MgAl-LDH) containing gold nanoparticles 
(AuNP) supported on graphene nanoplatelets (GNP) intercalated in Mg Al layered double hydroxides (MgAl- 
LDH) for the reduction of 4-nitrophenol to 4-aminophenol using NaBH4 as a reducing agent. The catalyst was 
characterised by FTIR, XRD, STEM, TEM, and BET specific surface area. The XRD analysis showed the presence of 
crystalline phases of gold on the supports, while TEM demonstrated that MgAl-LDH provided uniform binding 
sites for AuNPs and prevented agglomeration. Similar reaction rate constant was determined for the disap
pearance of 4-nitrophenol and for the appearance of 4-aminophenol. The reaction rate constant was the highest 
for AuNP/GNP/MgAl-LDH, followed by AuNP/MgAl-LDH and AuNP/GNP. AuNP/GNP/MgAl-LDH was found 
stable after five repeated cycles.   

1. Introduction 

The catalytic reduction of 4-nitrophenol (4-NP) is a widely used re
action to evaluate the activity of catalysts. Strachan et al. (2020) 
attributed the ubiquitous use of the 4-NP reaction to three elements, 
including: the reaction does not proceed in the absence of a catalyst, the 
reaction can be conducted in aqueous solutions at ambient conditions, 
and the monitoring of the reaction can be done using simple and readily 
available instruments (i.e. UV/Vis spectrophotometers). This reaction 
has also importance in the context of environmental protection and 
chemical manufacturing. This is because, nitroaromatics are widely used 
for the manufacture of a variety of chemicals (e.g. dyestuffs, pharma
ceutical products, agricultural chemicals, and polymers) and as a result 
they are widely distributed in the environment (Gemini et al., 2005). 
Amongst nitroaromatics, 4-nitrophenol is probably the most important 
due to its large quantity use and potential impact on the environment. If 
unproperly discharged into the environment, 4-nitrophenol has poten
tial to cause environmental and human health negative effects (Gemini 

et al., 2005). The reduction reaction of 4-nitrophenol is also a useful 
reaction in the context of chemical manufacturing; for example, the 
reduction of 4-nitrophenol to 4-aminophenol is an essential reaction to 
produce analgesic and antipyretic drugs. Therefore, the catalytic 
reduction of 4-nitrophenol reaction is of considerable importance to a 
multitude of applications and industries. 

The reduction reaction of 4-NP is typically conducted in aqueous 
solutions in the presence of sodium borohydride (NaBH4) and a metal 
catalyst. The borohydride is commonly used in molar excess to 4-NP and 
the product that results from the reaction is 4-aminophenol (4-AP). 
Although the reaction is thermodynamically possible, the repelling na
ture of the reactants, because they ionise in solution to negatively 
charged ions (i.e. (NO2)C6H4O- and BH4

- ), limits the kinetics of the re
action. The metal catalyst is thus essential to overcome the kinetic 
barrier by adsorbing the reactants, which facilitates electron transfer 
and progresses the redox reaction. 

Many metal-supported catalysts have been studied for the reduction 
reaction of 4-NP to 4-AP including Au, Ti, Pd, Cu, Co, Mo, Ni Fe, Ag, Zn, Pt 
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(Alshammari et al., 2020; Hao et al., 2020; Hashimi et al., 2019; Iben 
Ayad et al., 2020; Verma et al., 2015). Due to their high catalytic ac
tivity, gold nanoparticles (AuNPs) are the most used catalysts amongst 
the studied catalysts (Li and Chen, 2013; Ma et al., 2017). However, 
there are still obstacles in the use of AuNPs because AuNPs often 
experience irreversible aggregation during preparation (Chegel et al., 
2012), which leads to a loss of the nanoscale size and associated intrinsic 
surface properties. To resolve this issue, the gold nanoparticles are 
commonly impregnated on supports using a range of natural and syn
thetic materials such as zeolites (Kuge and Calzaferri, 2003) metal ox
ides (Yuzawa et al., 2012), activated carbon (Jordi et al., 1991), carbon 
nanotubes (CNT) (Zhang et al., 2016), polymers (Bleach et al., 2014), 
and clays (Zhu et al., 2009). However, in recent years, graphene became 
the most used support material for AuNPs (Chen et al., 2019; Marinoiu 
et al., 2020; Plant et al., 2014) due to its favourable electronic structure, 
high surface area, and high adsorption capacity (Alawi et al., 2019; 
Beltrán et al., 2019; Cataldi et al., 2018; Novoselov et al., 2005; Novo
selov et al., 2004). Graphene is also easy to modulate and functionalise 
to produce tailored catalysts for specific catalytic applications with or 
without metal loading (Yam et al., 2020). In contrast, a lesser-known 
support material is the layered double hydroxide (LDH), which is a 2D 
inorganic nanostructured basic material commonly known as hydro
talcite. The general formula of an LDH is [MII 

1 – x MIII
x (OH)2] x+. [An−

x/n. 
mH2O]x− , where MII is a divalent cation, MIII is a trivalent cation, and 
An− is an anion. Their crystal structure is based on brucite-like sheets Mg 
(OH)2 (Richardson, 2013), where part of the MII cations are replaced 
with MIII cations, this replacement generates positively charged [M 
(II)/M(III)/OH] layers, which are compensated by anions such as CO3

2− , 
Cl− , NO3

− , or organic anions (Asiabi et al., 2017; Cavani et al., 1991). The 
presence of generated positive charge is responsible for attracting 
negatively charged reactants, thus lowering the kinetic barrier, and 
catalysing chemical reactions. 

Although both graphene and LDH materials have separately shown 
great role in supporting AuNPs and preserving the nanoparticle prop
erties while giving interesting results in many catalytic reactions, their 
use in a composite form is scarce. Thus, it appeared of great interest to 
investigate the catalytic behaviour of gold nanoparticle catalysts sup
ported on supports containing both positively charged layers of LDH, to 
attract reactants, and graphene, to stabilise the gold nanoparticles and 
enhance charge transfer. This combination of graphene and LDH is novel 
and is fundamentally plausible to provide favourable conditions for high 
catalytic reduction of 4-NP. Herein, we report the use of a nano
composite of graphene nanoplatelets (GNP) and MgAl-LDH as a support 
material for AuNPs. These materials were characterised using different 
techniques including Fourier transform infrared spectroscopy (FTIR), X- 
ray diffraction (XRD), Scanning Transmission Electron Microscopy 
(STEM), Transmission Electron Microscopy (TEM), and BET specific 
surface area, and tested for the reduction of 4-NP in aqueous media. 

2. Materials and methods 

2.1. Materials 

Graphene nanoplatelets (GNP) pre-treated by plasma oxygen were 
purchased from HPlas™ and used as intercalating material for the syn
thesis of the AuNP/GNP/MgAl-LDH nanocomposite. The lateral average 
size and thickness of the GNPs were in the range of 0.3–5 µm and < 50 
nm, respectively. MgSO4 anhydrous (99 %), Al2(SO4)3⋅16 H2O (98 %), 
HAuCl43 H2O, NaOH, NaHCO3, and ammonia solution (32 %) were all 
purchased from Fischer Scientific, UK. 

2.2. Preparation of GNP/MgAl-LDH nanocomposite 

A colloidal dispersion of GNP was obtained by dispersing 300 mg of 
GNP in an aqueous solution containing (1 M) NaOH and (0.4 M) 
NaHCO3. Subsequently, a salt solution of (0.5 M) MgSO4 and (0.15 M) 

Al2(SO4)3⋅16 H2O was added. The resulting black suspension was aged 
at 333 K for 18 h under stirring (300 rpm). The sample was then filtered, 
washed, and dried for 12 h at 393 K. 

2.3. Preparation of supported gold nanoparticles 

The 2 %Au-supported catalysts were prepared by the deposition- 
precipitation (DP) method described by Haruta et al. (1989). A suit
able amount of HAuCl4.3 H2O was dissolved in 120 mL deionised water, 
then a solution of NH3 was added to maintain the pH at about 10 before 
addition of GNP or GNP/MgAl-LDH support. The obtained solution was 
stirred for 6 h then refluxed for 1 h at 373 K. The resulting solid was 
filtered, washed thoroughly with deionized water, and dried at 473 K for 
4 h. 

2.4. Catalyst characterisation 

The FT-IR spectral measurements were done using Perkin-Elmer 
Spectrum 2 with LiTiO2 detector and an optical KBr window enabling 
data collection in the range 8300–400 cm− 1. The diffraction experi
ments were carried out on a D8 Discover (Bruker) A Cu Kα1 X-ray ra
diation source run at 40 kV and 40 mA. The diffraction patterns were 
recorded from 0◦ to 80◦ of 2θ with a step size of 0.04◦. 

Transmission Electron Microscopy (TEM) and Scanning Trans
mission Electron Microscopy (STEM) imaging of the materials were 
performed using a Thermo Scientific Talos F200X Transmission Electron 
Microscope operating at 200 kV under high-angle annular dark-field 
(HAADF) mode. Samples were prepared by dispersing the catalyst 
powder in high purity ethanol using ultra-sonication then 50 μL of the 
suspension was dropped onto holey carbon coated copper grids followed 
by evaporation of the solvent. The Java program for Image processing 
and analysis (ImageJ) software was used to calculate the diameter of 
particles and count the particles in the resulted images. The mean par
ticle size was calculated by the Sauter mean diameter Eq. (1). 

D[3, 2] =

∑N

1
D3

i ni

∑N

1
D2

i ni

(1)  

where: Di is the diameter of the ith particle and ni is the number of par
ticles that have the same diameter Di. 

The specific surface area, pore volume, and pore size distributions of 
the catalysts were determined by the Brunauer− Emmett− Teller (BET) 
and Barrett–Joyner–Hallender (BJH) models using N2 adsorption/ 
desorption isotherms conducted at 77 K (Nova 200e, Quantachrome 
Instruments). The samples were degassed at 120 ◦C for 6 h before ni
trogen adsorption/desorption measurements were done. Quantachrome 
NovaWin package was used for data acquisition and analysis. 

2.5. Reduction of 4-nitrophenol 

The reduction of 4-nitrophenol was carried out in aqueous liquid 
solutions at ambient temperature. A 10 mg of the catalyst, previously 
dispersed in 10 mL of distilled water, was added to 10 mL of freshly 
prepared aqueous solution of NaBH4 (10 mmol) and the obtained 
mixture was then added to a 10 mL of 4-NP solution (0.3 mmol) under 
vigorous stirring (the total volume of the solution was 30 mL). The re
action progress was monitored by UV-Vis spectrophotometry (Lambda 
35, PerkinElmer) in the wavelength range of 200–600 nm using 1 mL 
samples of the reaction solution withdrawn at regular times then filtered 
and analysed. In a typical UV-Vis spectra (e.g. Fig. 5A), the light ab
sorption at 400 nm corresponds to 4-NP with NaBH4 in solution, 
whereas the absorption at 298 nm corresponds to 4-aminophenol (4- 
AP), the reaction product. Since NaBH4 was used in excess in the 
reduction reaction, the catalytic reduction of 4-NP was evaluated 
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according to the pseudo-first-order kinetic model (Qiu et al., 2012), 
which can be expressed by Eq. (2), considering the disappearance of 
4-NP, or by Eq. 3, considering the formation of 4-AP. Based on the 
Beer-Lambert Law, the concentrations of 4-NP and 4-AP are linked to 
light absorbances measured at 400 nm (Abs400) and 298 nm (Abs298) by 
Abs400/(εNP.L) and Abs298/(εAP.L), respectively; where εNP and εAP are 
the molar extinction coefficients of 4-NP and 4-AP at 400 nm and 
298 nm respectively, and L is the pathlength of the UV–vis cuvette 
(1 cm). 

In the reaction solution, the absorbance measured at 400 nm is due 
to 4-NP and is not significantly affected by interference from 4-AP 
(Fig. 5A), but the absorbance measured at 298 nm is the sum of absor
bances from both 4-NP and 4-AP. Thus, the absorbance ratio method, 
which assumes that for a substance that obeys Beer Lambert’s Law at all 
wavelengths, the ratio of absorbances at any two wavelengths is a 
constant value independent of concentration or pathlengths (Beckett 
and Stenlake, 1988), was used to determine the absorbance contribution 
of 4-NP at 298 nm using its absorbance at 400 nm (i.e. Abs298) as a 
reference and by difference with the measured absorbance at 298 nm, 
the absorbance of 4-AP at 298 nm (i.e. Abs298) was determined. 

Rearranging Eqs. 2 and 3 leads to Eqs. 4 and 5, which were used to 
determine the rate constants, kNP, and kAP, based on 4-NP disappearance 
and 4-AP formation, respectively. The solver tool in MS Excel was used 
to fit the experimental data with Eqs. 4 and 5 using the least square 
method to determine kNP and kAP. The ratio εAP/εNP was taken equal to 
0.232 as determined from experimental data (Strachan et al., 2020).  

CNPt/CNP0 = exp(-kNP⋅t)                                                                    (2)  

CAPt/CNP0 = 1-exp(-kAP⋅t)                                                                 (3)  

Abs400_t/Abs400_0 = exp(-kNP⋅t)                                                          (4)  

Abs298_t/Abs400_0 = (εAP/εNP)[1-exp(-kAP⋅t)]                                         (5) 

Where: CNPt and CNP0 are the concentrations of 4-NP at time t and 
time zero, respectively; CAPt is the concentrations of 4-AP at time t; 
Abs400_t and Abs400_0 are the light absorbances at 400 nm at times t and 
zero, respectively; Abs298_t is the determined light absorbance at 298 nm 
for 4-AP using the absorbance ratio method at time t; and kNP and kAP are 
the rate constants determined based on 4-NP disappearance and 4-AP 
appearance, respectively. 

3. Results and discussion 

3.1. Catalyst characterisation 

3.1.1. FT-IR 
FT-IR spectra of graphene nanoplatelets, MgAl-LDH and GNP/MgAl- 

LDH nanocomposite are reported in Fig. 1. On GNP sample, the char
acteristic peaks of graphene at 2990 cm− 1 and 2880 cm− 1 associated 
with asymmetric and symmetric vibration modes of groups (C–H) are 
observed (Ţucureanu et al., 2016). The peaks situated at 1060 cm− 1 and 
1380 cm− 1 are assigned to the stretching vibrations of C–O and C–OH, 
respectively. Their appearance is due to GNP oxidation during its plasma 
oxygen treatment (Aravind et al., 2011; Song et al., 2015). 

The FTIR spectrum of MgAl–LDH shows a typical peak of LDH rep
resented by a strong peak at 3440 cm− 1 which is attributed to the 
stretching of O− H groups associated with the interlayer water molecules 
and hydrogen bonding, and a weak peak at 1623 cm− 1 due to OH 
bending of the interlayer water molecules. The strong peak at 
1355 cm− 1 is attributed to the vibration mode of CO3

2− ions in the 
interlayer of MgAl-LDH while the weaker peak at 1100 cm− 1 is attrib
uted to interlayered SO4

2- in the inorganic frame due to the asymmetric 
and symmetric stretching vibration of S––O (Duan et al., 2016; Mahjoubi 
et al., 2016). The bands in the range 500–800 cm− 1 are attributable to 
M− O, O− M− O, and M− O− M lattice vibrations (M = Mg and Al) (Iqbal 
et al., 2020; Wen et al., 2013). Compared to MgAl–LDH and GNP 
separately, all their characteristic peaks are present in the spectrum of 
GNP/MgAl-LDH nanocomposite, which confirms the introduction of 
graphene nanoplatelets on MgAl-LDH. 

3.1.2. XRD analysis 
The XRD results are reported in Figs. 2A and 2B in the 10–70 2Θ and 

5–70 2Θ ranges. Both GNP and AuNP/GNP showed two typical lines 
characteristic of graphene at 26.5◦ and 54.7◦ (Ren et al., 2020; Wang 
and Zhang, 2019). For all samples containing MgAl-LDH, the lines at 2Θ 
= 11.6◦ (003), 23.5◦ (006), 35.0◦ (012), 39.6◦ (015), 47.1◦ (018), 60.9◦

(110), and 62.3◦ (113) are characteristics of LDH phase as reported in 
other studies (Huang et al., 2018; Zhang et al., 2011). Additionally, a 
diffraction line at 26.5◦ corresponding to GNP phase confirms the 
intercalation of GNP in MgAl-LDH’s structure. For 
AuNP/GNP/MgAl-LDH and AuNP/GNP, besides the diffraction lines 

Fig. 1. FT-IR spectra of GNP, MgAl-LDH and GNP/MgAl-LDH nanocomposite.  
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corresponding to MgAl-LDH and GNP/MgAl-LDH phases, diffraction 
lines corresponding to the gold phase are observed at 2θ = 38.2◦, 44.5◦

and 64.7◦, which can be assigned to the (111), (200), (220), indices, 
respectively, of metallic Au with a face centered cubic structure (JCPDS 
No. 04-0784). These results demonstrate the deposition of gold nano
particles on GNP/MgAl-LDH nanocomposite. 

3.1.3. TEM analysis 
The extent of loading can be estimated by visual inspection of a series 

of Scanning Transmission Electron Microscopy (STEM) images under 
high-angle annular dark-field (HAADF) mode shown in Fig. 3. The 
HAADF-STEM images show platelet-like sheets on the samples con
taining MgAl-LDH and the winkled morphology of graphene in Fig. 3A 
while in Fig. 3C, GNP was mostly covered by MgAl-LDH structures. The 
dark field TEM micrographs confirmed the formation of approximately 
spherical AuNPs on the catalysts with particles being more homoge
neously distributed over MgAl-LDH surface than on GNP surface 
(Fig. 3A,B). It can also be noted that the concentrations of AuNPs are 
much higher in catalysts containing MgAl-LDH (Fig. 3B,C). The AuNP/ 
GNP/MgAl-LDH presents a broad particle size distribution with an 
average diameter of 11 nm (Fig. 3C), but the particle size histogram of 
AuNP/GNP (Fig. 3A) reveals a larger size distribution with particle sizes 
in the range 2 to ~30 nm with an average diameter of 14 nm. The 
narrowest particle size distribution was obtained for AuNP/MgAl-LDH 
with an average particle size of 4.7 nm. Other studies have also re
ported AuNP particle size distributions similar to the particle sizes re
ported in our study (Dou and Zhang, 2016; Panigrahi et al., 2007). Based 
on our results, a suggested scheme representing the structure of the 
AuNP/GNP/MgAl-LDH catalyst is simplified and presented in Fig. 3D. 

3.1.4. Specific surface area and pore characteristics: BET/BJH analyses 
The textural characteristics of the catalysts including pore volume, 

pore size distribution and specific surface area were analysed using ni
trogen sorptometry measurements at 77 K. The nitrogen adsorption/ 
desorption isotherms of the catalysts were similar (Fig. 4) and belonged 
to type IV of the IUPAC classification (ALOthman, 2012; Chen et al., 
2017) with distinct H3-type hysteresis loops at high relative pressures, 
which is consistent with other studies on LDHs (Chen et al., 2017; Parida 
et al., 2012). This indicates that the MgAl-LDH catalysts have a meso
porous structure of slit-shaped pores due to aggregates of plate-like 
sheets (ALOthman, 2012), which is consistent with the TEM analysis. 
The average pore diameters were 10.4 nm and 8.4 nm for 
AuNP/GNP/MgAl-LDH and AuNP/MgAl-LDH catalysts, respectively, 
falling within the range of pore diameters of LDHs reported in the 
literature (Chen et al., 2017; Liu et al., 2019). Therefore, the intercala
tion of GNP within the structure of the MgAl-LDH increased its meso
porous diameter, by approximately 2 nm, which is consistent with the 
increased pore volume from 0.23 cm3/g for AuNP/MgAl-LDH to 
0.25 cm3/g for AuNP/GNP/MgAl-LDH (Fig. 4 inset). This is also 
consistent with the slight reduction in the BET surface area of 

AuNP/GNP/MgAl-LDH (49 m2/g) in comparison to AuNP/MgAl-LDH 
(51 m2/g). The addition of GNP, which has lower surface area (Fig. 4 
inset) and led to larger catalyst particle sizes (see TEM analysis), could 
also contributed to the slightly reduced surface area measured for 
AuNP/GNP/MgAl-LDH. 

3.2. Catalytic activity for 4-nitrophenol reduction 

To investigate the catalytic performance of the prepared samples, we 
selected the reduction of 4-NP by NaBH4 to 4-AP at room temperature as 
a model reaction. The reaction was monitored by UV–Vis spectroscopy.  
Fig. 5A illustrates the characteristic UV–vis spectra of 4-NP solution with 
a maximum absorbance at 317 nm (Liu et al., 2017). However, in the 
presence of the reductant NaBH4, the maximum absorbance shifts to 
400 nm and the solution becomes yellow indicating the formation of 
4-nitrophenolate ions (4-NP-) because of the deprotonation of the hy
droxyl group of 4-NP under the alkaline condition created by the addi
tion of NaBH4 (Liu et al., 2017). In the absence of the catalyst, there was 
no change in absorbance at 400 nm as function of time indicating that 
the reduction reaction does not occur in the presence of NaBH4 only 
without the catalyst. However, by adding any of the three catalysts 
(AuNP/GNP/MgAl-LDH, AuNP/MgAl-LDH, or AuNP/GNP), the absor
bance at 400 nm (i.e. 4-nitrophenolate) decreases rapidly with a 
concomitant increase in the maximum absorbance at 298 nm, indicting 
the formation of 4-aminophenol. Typical spectra measured at different 
times are shown for AuNP/GNP and AuNP/GNP/MgAl-LDH on Fig. 5(B, 
C). As can be seen, both catalysts are active in 4-nitrophenol reduction, 
with higher activity observed for AuNPs supported on GNP/MgAl-LDH 
nanocomposite; the catalytic reduction of 4-NP is complete within 
only 6 min over AuNP/GNP/MgAl-LDH but it took 15 min over 
AuNP/GNP. 

The reaction rate constants, kNP, and kAP were then determined for 
the three catalysts AuNP/ MgAl-LDH, AuNP/GNP, and AuNP/GNP/ 
MgAl-LDH. Fig. 5D shows the relationship between kAP and kNP ob
tained for the three catalysts and indicates that the rate constants 
determined for the disappearance of 4-NP and the appearance of 4-AP 
agree very well (within 5 % error). This indicates proportional trans
formation of 4-NP to 4-AP and the reaction is near stoichiometric with 
insignificant loss of 4-NP or 4-AP to other products. This was further 
corroborated by calculating the ratio of the molar concentration of 4-AP 
at the end of the reaction to that of 4-NP at time zero and a ratio close to 
1.0 (>0.90) was obtained for the experiments conducted. Since both kAP 
and kNP were not significantly different, the rate constant of the reaction, 
kapp, was taken as the average of kAP and kNP. The calculated rate con
stants, kapp, for the three catalysts are shown on Fig. 5E. The figure shows 
that AuNP on GNP/MgAl-LDH gave the highest rate constant followed 
by MgAl-LDH and GNP. The results indicate that MgAl-LDH support has 
increased the reaction rate by approximately 2.5 times as compared to 
GNP support on its own, and GNP has increased the reaction rate by 
approximately 1.5 times as compared to MgAl-LDH support on its own. 

Fig. 2. XRD analysis (A) GNP and AuNP/GNP; (B) MgAl-LDH, GNP/MgAl-LDH, and AuNP/GNP/MgAl-LDH.  
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Fig. 3. Dark field STEM micrographs, TEM images and particle size distributions of (A) AuNP/GNP, (B) AuNP/MgAl-LDH, (C) AuNP/GNP/MgAl-LDH, and (D) 
schematic representation of the AuNP/GNP/MgAl-LDH catalyst. 
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Zeta potential measurements have shown that hydrotalcite-containing 
materials have positively charged surfaces even in the presence of gra
phene oxide, characterised by a strong negatively charged surface, (Dou 
and Zhang, 2016; Liu et al., 2019; Nguyen et al., 2019). Therefore, the 
enhanced reaction rate constants by AuNP/GNP/MgAl-LDH could be 
explained by a higher attraction of the reactant anions 4-NP- and BH4

- to 
the positively charged MgAl-LDH surface (Nguyen et al., 2019), thereby 
lowering the kinetic barrier and enhancing the catalytic activity of the 
catalyst towards the reduction reaction. In contrast, graphene nano
platelets are characterised by negative surface charge (Kazi et al., 2015), 
thus they limit the attraction of the reactants to the catalyst. In addition, 
as observed in the TEM analysis, AuNP/GNP catalyst had a higher 
average AuNPs particle size and a lower concentration of AuNPs than 
AuNP/GNP/MgAl-LDH, which further supports the higher catalytic ac
tivity of AuNP/GNP/MgAl-LDH since smaller particles are more active 
in comparison to larger particles and higher concentration means higher 
active catalytic sites. This is at the expense of a slightly higher BET 
surface area for AuNP/MgAl-LDH (Fig. 4 inset), though. Comparing the 
catalytic activity of AuNP/GNP/MgAl-LDH prepared in this study, our 
catalyst presented higher catalytic activity than that reported in other 
studies who used catalysts based on gold nanoparticles supported on 
graphene. For example, a rate constant of 1.96 10− 3 s− 1 (0.118 min− 1) 
was obtained using Au-NPs/rGo microspheres and a molar ratio of 
NaBH4 to 4-NP of 20 (Li et al., 2019), and 2.06 10− 3 s− 1 (0.124 min− 1) 
was obtained over hybrid Au-GO nanocomposites using a molar ratio of 
NaBH4 to 4-NP of 50 (Choi et al., 2011) giving lower catalytic activities 
than our catalyst by the factors 5.5 and 5.3, respectively. In addition, we 
calculated the ratio of the rate constant to the AuNP content (in L/(s.g 
Au)) and found that this study’s catalyst gave reaction rate constants 
about 20 times higher than those reported by (Choi et al., 2011; Li et al., 
2019). 

3.3. Catalytic mechanism 

As discussed in the previous section, AuNP/GNP/MgAl-LDH plays a 
key role in enhancing the reduction of nitrophenol reaction. This 
enhancement could be attributed to increased adsorption of 4-NP 

reactants on the positively charged MgAl-LDH surface (Gao et al., 2022) 
and enhanced electron transfer by GNP (Fig. 6 A). 4-NP has a pKa value 
of 7.15, which implies that at a neutral pH, about 41 % of its original 
concentration is found dissociated into 4-nitrophenolate anion and as 
pH increases above neutral pH, the anion concentration increases 
(Fig. 6B). This enhanced attraction of the 4-NP anion to the surface of 
the catalyst is accompanied by the adsorption of the borohydride ions 
onto the surface of gold nanoparticles transferring its electrons to AuNP, 
which are further carried through the highly electrophile graphene 
layers to end up at the interface of the catalyst (Fig. 6 A). The surplus of 
electrons added to the surface of the catalyst allows the uptake of 
electrons by 4-NP adsorbed on the surface of the catalyst. This leads to 
the reduction of 4-NP to 4-AP followed by detachment of the product 
4-AP leaving the catalytic site free for a new catalytic cycle to start 
again. 

3.4. Catalyst reuse 

We have also tested the stability of AuNP/GNP/MgAl-LDH catalysts 
after reuse over five successive reaction cycles. In a typical experiment, 
the collected mass of catalyst by filtration and washing with DI water 
was then redispersed in a mixture of 4-NP and NaBH4 and reused to 
evaluate its catalytic activity. The results of 4-NP reaction conversion 
over 6 min reaction time in each cycle were used to calculate the rate 
constant, kappi, obtained in each cycle, i. The values of kappi were scaled 
to the mass of catalyst used in cycle i and the ratio of scaled kappi at each 
cycle to the first cycle, rk, is reported in Fig. 7. As can be observed in 
Fig. 7, for the first three cycles, rk remained unchanged, but after the 
third cycle, a slight decrease in activity was observed (rk~0.97). This 
indicates that the catalyst retained high catalytic activity indicating its 
excellent reusability, which is in agreement with other studies (Cho 
et al., 2018; Dou and Zhang, 2016). The slight reduction in catalyst ef
ficiency after three cycles could be due to accumulation of near-surface 
ions concentration (Goyal and Koper, 2021) or even chemisorption of 
impurities as a result of repeated use (Satyanarayana et al., 2016), which 
reduces the number of available catalytic sites for the adsorption of 
reactants between cycles; adsorption is an important step in the 

Fig. 4. Nitrogen adsorption/desorption isotherms at 77 K and corresponding pore size distributions, average pore sizes, pore volumes, and specific BET surface areas 
(insets) for AuNP/GNP/MgAl-LDH and AuNP/MgAl-LDH catalysts. 
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Fig. 5. UV–Vis absorption spectra of: (A) 4-NP, 4-NP with NaBH4, and 4-AP; (B) 4-NP reduction by NaBH4 over AuNP/GNP, (C) 4-NP reduction by NaBH4 over 
AuNP/GNP/MgAl-LDH. (D) relationship between kAP and kNP, and (E) rate constants for the different catalysts AuNP/MgAl-LDH, AuNP/GNP/MgAl-LDH, and 
AuNP/GNP. 
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reduction mechanism as discussed above. In the presence of a strong 
reducing agent NaBH4, it is also possible that during recycling of the 
catalyst, slight damage to the LDH plates takes place (Dou and Zhang, 
2016). Although, these phenomena are reported in the literature as 

possible reasons for observed catalytic reduction during catalyst reuse, 
the impact on our hybrid catalyst appears being minimum. 

Therefore, this study clearly demonstrates the crucial role that the 
support material plays for enhancing the catalytic activity of gold 

Fig. 6. (A) Suggested scheme for AuNP/GNP/MgAl-LDH catalyst and its mechanism for the reduction of nitrophenol in the presence of NaBH4.; (B) Calculated 
nitrophenol speciation (pKa=7.15). 
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nanoparticles in the reduction of 4-nitrophenol to 4-aminophenol re
action. This study contributes to emphasising that gold is not a poor 
candidate catalyst, though it is considered as an unreactive noble metal, 
and adds to the literature supporting this (Sankar et al., 2020). In recent 
years, academic interest on the application of LDHs in catalysis has 
grown exponentially (Zhao et al., 2020), thus this study adds to this field 
where selection and design of novel support structures for catalysts is 
currently an active research area (Sankar et al., 2020; Zhao et al., 2020). 
The intercalation of GNP in the support structure has enhanced the 
catalytic activity of the catalyst. In a study by Guo et al. (Guo et al., 
2020), it was also shown that the decoration of MgAl-LDH by carbon 
material improved the catalytic activity of the gold catalyst towards 
benzyl alcohol conversion as well as enhanced the structural stability of 
the catalyst due to strong interactions between Au and the surface of the 
support material. Our results suggest that MgAl-LDH enhances the 
adsorption of the reactants while GNP enhances electron transfer, thus 
promoting the reduction of 4-NP through a cooperative effect of well 
dispersed AuNPs and surface positive charges as demonstrated in Fig. 6. 
Moreover, the successful use of AuNP/GNP/MgAl-LDH as a catalyst and 
given its facile synthesis may offer a new route for the exploitation of 
AuNPs at commercial level while opening a promising approach to 
develop highly efficient AuNPs-based catalysts for various heterogenous 
catalytic reactions. 

4. Conclusions 

A novel catalyst based on gold nanoparticles (AuNPs) supported on 
GNP/MgAl-LDH nanocomposites (AuNP/GNP/MgAl-LDH) was syn
thesised by the deposition-precipitation method and compared to AuNPs 
supported on GNP (AuNP/GNP) and on MgAl-LDH (AuNP/MgAl-LDH). 
This novel catalyst exhibited high catalytic activity in 4-nitrophenol 
reduction to 4-aminophenol with equivalent reaction rate constants 
for the disappearance of 4-NP and appearance of 4-AP. The reaction rate 
constants indicated that AuNP/GNP/MgAl-LDH had the highest activity 
followed by AuNP/MgAl-LDH and AuNP/GNP. Using GNP as support for 
AuNPs lead to the formation of particles with larger size and lower 
concentration than the GNP/MgAl-LDH support. Through STEM anal
ysis, MgAl-LDH was found to provide uniform binding sites for AuNPs, 
which effectively prevented the agglomeration of AuNPs and enhanced 
the catalytic activity. The positive charge imparted by MgAl-LDH, which 
would attract the negatively charged reactants (4-NP- and BH4

- ), was also 
postulated as a reason for the observed enhanced catalytic activity of 
AuNP/GNP/MgAl-LDH catalyst. Furthermore, AuNP/GNP/MgAl-LDH 
exhibited a good stability and was reusable in consecutive cycles 
without losing significant catalytic activity. 
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