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Abstract
In this study, graphene oxide used as a stable support to adsorb and stabilize palladium nanoparticles for preparing a het-
erogeneous nanocatalyst. In order to increase the palladium adsorption, the surface of graphene oxide was functionalized 
with β-Cyclodextrin and cyanoguanidine compounds. The prepared nanocatalyst was defined by various characterization 
techniques such as FT-IR, XRD, TEM, SEM–EDX, ICP and UV–Vis. The catalytic efficiency of the synthesized organic–
inorganic nanocomposite investigated by focusing on the Suzuki–Miyaura binding reaction and reduction of 4-nitrophenol  
to 4-aminophenol, which the nanocatalyst work is easy, affordable, and environmentally safe. The performed reaction 
showed high yields of biphenyl compounds through the Suzuki–Miyaura reaction and confirms very good conversion of 
4-nitrophenol to its reduced form. Also, the proposed nanocatalyst presented significant catalytic efficiency (yield: 98% to 
91%) after using five times.
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1 Introduction

In chemistry today, with the help of powerful reactions such 
as crosslinking, biologically active molecules and complex 
compounds can be synthesized. Based on these potential 
reactions can be taken vital steps in the pharmaceutical and 
agricultural industries [1]. Among them, Suzuki–Miyaura 
and Mizoroki–Heck reactions are the most important and 
valuable cross-linking reactions [2]. These two important 
reactions, further being effective in the drugs development 
such as Morphine [3], (+) Dynemicin [4], and Paclitaxel 
(Taxol) [5] in the pharmaceutical industry, can also play 
a key role in eliminating many harmful human activities 
to the environment. Another issue of great technical and 
scientific importance is the removing or reducing nitro-aro-
matic compounds from aqueous media. These compounds 
are widely used in many industries, from the production of 
dyes, aniline, paper, explosives, and pesticides to the prepa-
ration and production of medicine [6–8], so they are one 
of the main groups of aquatic pollutants [9, 10]. Accord-
ing to this, the use of a new generation of catalysts can be 
effective. The wide range of advantages and applications 
of Pd-based catalysts forming C–C bonds has led to their 
continued consideration. However, designing and selecting 

recyclable and environmentally friendly catalysts that can be 
highly efficient in industrial applications for specific reac-
tions is still challenging for researchers [11–15]. According 
to previous studies, the use of homogeneous catalysts is not 
desirable due to their non-recyclability nature and the con-
tamination probability of reaction products by the metals 
used in the catalyst [16, 17]. Therefore, an attempt was made 
to solve this problem by using heterogeneous catalysts in 
which palladium particles have been fixed on various solid 
substrates, including activated carbon [18, 19], zeolites [20], 
and polymers [21, 22].

Although the heterogeneous catalysts are easily recycla-
ble, they cannot perform as well as homogeneous catalysts 
[23, 24]. Therefore, recently the design of ideal recycled 
nanocatalysts has received much attention due to their stabil-
ity and high efficiency [25–30].

In recent years, graphene has emerged as a suitable sub-
strate for metal nanoparticles with good stabilizing power 
and dispersion in the synthesis of nanocatalysts [30–33], 
which its derivatives with a variety of organic and inorganic 
ligands has been used in many studies [34, 35]. Graphene 
oxide (GO) is one of the most important derivatives of gra-
phene and its properties such as high surface area, high 
thermal stability, inertness, and having functional groups 
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such as hydroxyl, epoxy, and carboxyl which have made it 
as a supstra with significant adsorption capacity and ideal 
option in the construction of nanocatalysts [36]. In addition, 
becoming composite is another unique feature of graphene 
and its derivatives. They can easily decorated with diverse 
functional groups or nanomaterials and enhance the perfor-
mance of the designed nanocatalyst [37, 38].

Cyclodextrins (CDs) are a family of cyclic oligosaccha-
rides, consisting of a macrocyclic ring of glucose subunits 
joined by α-1,4 glycosidic bonds with various industrial 
applications since the end of the 1980s in the field of medi-
cine, supramolecular and catalysis chemistry [39–44]. Being 
biodegradable, nontoxic, available, producible in large scale 
amounts, easily functionalized, having a hydrophobic central 
cavity and hydrophilic outer surface, and stability against 
chemical and photochemical degradation are some of the 
advantages of CDs that make them a good candidate for the 
above applications [45–49].

In this project, a new nanocatalyst designed and synthe-
sized based on stabilized palladium nanoparticles on pre-
functionalized GO with β-Cyclodextrin (β-CD) and cyano-
guanidine (CG), which are abundant, non-toxic, and 
available substances. CG is rich in nitrogen, so it can be an 
excellent ligand for the chelation of Pd nanoparticles. The 
characteristics of synthesized nanocatalyst was determined 
using spectral data of FT-IR, XRD, TEM, SEM-EDX, ICP 
and UV-Vis. After that, its catalytic efficiency was investi-
gated in the Suzuki–Miyaura reaction, which is a valuable 
reaction in the construction of carbon-carbon bonds and 
can to reduce the 4-nitrophenol (4-NP) to 4-aminophenol 
(4-AP), which is a useful and non-toxic compound. In addi-
tion, the recyclability of the new nanocatalyst was studied.

2  Experimental

2.1  Materials

All the required chemicals, including graphite, sulfuric acid 
 (H2SO4), sodium nitrate  (NaNO3), potassium permanga-
nate  (KMnO4), hydrochloric acid (HCl), thionyl chloride 
 (SOCl2), dichloromethane  (CH2Cl2), β-Cyclodextrin, ben-
zenesulfonyl chloride, cyanoguanidine, palladium chloride 
 (PdCl2), phenylboronic acid, iodobenzene, bromobenzene, 
chlorobenzene, sodium borohydride  (NaBH4), ethanol, 
4-nitrophenol (4-NP) and acetonitrile (MeCN) were pur-
chased from Merck and Aldrich companies and used as a 
received.

2.2  General Procedure for Preparation of Graphene 
Oxide (GO)

GO was prepared from graphite powder based on modi-
fied Hummer’s method [20]. According to this method, the 
graphite powder (2 g), sodium nitrate (1.5 g), were added 
in 70 mL of 98%  H2SO4 and gently mixed in an ice bath. 
Then potassium permanganate (8 g) was added to the stir-
ring mixture very slowly for controlling the reaction tem-
perature lower 20 °C and stirring was followed for 2 h at this 
temperature. After that, the reaction mixture was stirred con-
tinuously for 30 min at 35 °C. Then, 100 mL of deionized 
water was gradually added to the thick paste obtained at 90 
°C. By adding hydrogen peroxide (20 mL, 30%), the black 
color of suspension changed to dark green. This mixture was 
stirred continuously for 24 h. After that, the suspension was 
placed in an ultrasonic homogenizer for one hour. The result-
ing suspension was washed with hydrochloric acid (3%) and 
centrifuged four times. After that, the mixture was washed 
with distilled water until the pH was adjusted to 7. Finally, 
the aqueous dispersion of GO was dried in a vacuum oven 
at 60 °C for 50 h. The synthesized GO powder was stored 
in a container under a nitrogen atmosphere for later process.

2.3  Synthesis of GO/β‑Cyclodextrin (β‑CD)

Initially, the 0.5 g of GO was refluxed with of thionyl chlo-
ride (30 mL) at 50 °C for 24 h. After that, the resulting resi-
due was washed three times with dry dichloromethane, then 
dried at room temperature. Meanwhile, the β-CD (0.06 g) 
was refluxed with dry  CH2Cl2 (50 mL) in a flask at 50 °C for 
1 h, the previous prepared composition (0.2g; GO/SOCl2) 
was added and refluxing followed for 24 h. Finally, the 
resulting mixture was washed and dried twice with ethanol.

2.4  Synthesis of GO/β‑CD/Cyanoguanidine (CG)

The prepared GO/β-CD (0.2 g) was mixed with  CH2Cl2 (40 
mL) and stirred in an ice-bath for 20 min. Then, the diluted 
benzenesulfonyl chloride (0.3 mL) in  CH2Cl2 (5 mL) was 
added dropwise to the prepared suspension by a syringe and 
refluxed for 24 h. The resulting mixture was washed once 
with  CH2Cl2 and dried at room temperature. The prepared 
powder (0.15 g) and CG (2 mmol) was added to DMSO 
(40 mL) and stirred for 24 h at 60 °C. Finally, the obtained 
composite was washed twice with ethanol and dried at room 
temperature.

2.5  Synthesis of GO/β‑CD/CG/Pd Nanocatalysts

In order to prepare the heterogeneous nanocatalyst 
(Scheme 1), firstly palladium (II) chloride (0.03 g) was dis-
solved in acetonitrile (70 mL), while stirred for 2 h and the 
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color of solution changed to a clear yellow. Also, in a sepa-
rate procedure, the pre-functionalized GO/β-CD/CG (0.15 
g) was added in acetonitrile (50 mL) and stirred for 30 min 
at 50 °C. Then the prepared palladium and pre-functional-
ized GO/β-CD/CG solution were added together and stirred 
under reflux for 24 h. After that, 1 mL of hydrazine hydrate 
ethanolic (1:10; v/v) solution was injected into the above 
reflux reaction mixture. After 6 h, the synthesized nanocata-
lyst was separated by centrifugation and washed twice with 
ethanol. Finally, the nanocatalyst dried at room temperature.

2.6  Characterization of GO/(β‑CD)/(CG)/Pd 
Nanocatalyst

FT-IR analysis was used to evaluate the presence of func-
tional groups in the synthesized nanocatalyst. These spectra 
were recorded by a commercial spectrophotometer (Bruker 
Tensor 27 FT-IR). The morphology of synthesized nano-
catalyst sample was observed using Scanning Electron 
Microscope (SEM; TESCAN MIRA III) with gold-plated 
equipped with scattered X-ray spectroscopy. Also, TEM 
(Transmission Electron Microscope) was used to analyze the 
internal morphology of the synthesized catalyst. The crystal 
structure of nanocatalyst sample was determined using an 
X-ray diffractometer (Panalytical X'PertPro, Netherlands) 
with CuKα radiation (λ = 1.5404 Å).

2.7  Suzuki–Miyaura Reaction Procedure

Catalyst (3 mg), arylhalide (0.5 mmol, 0.5 equiv.), phenylbo-
ronic acid (0.073 g, 0.6 mmol, 0.6 equiv.), potassium carbon-
ate (0.06 g, 2.0 mmol) and 2 mL of EtOH/H2O (v/v = 1: 1) 
were mixed in a round bottom flask. The mixture was stirred 
at high speed for 10 min at 60 °C. The end of the reaction 
was determined by thin-layer chromatography (TLC). At the 
end of the reaction, the catalyst was recovered using a cen-
trifuge and the product was extracted with dichloromethane. 
The organic layers were dried over anhydrous  Na2SO4 and 
so the solvent was removed under vacuum. The products 
were purified using a short column of silica gel by washing 
solvent such as n-hexane.

2.8  General Procedure for 4‑NP Reduction

To evaluate the catalytic performance of GO/β-CD/CG/
Pd nanocatalyst, the freshly solution of 4-NP (2.5 mM) 
and  NaBH4 (2.5 mM) was prepared. Then, the 0.5 mL of 
 NaBH4 and 0.1 mL of 4-NP were mixed with 4 mL of dis-
tilled water by magnetic stirring and finally transferred to 
a quartz cuvette. To initiate the reaction, 1 mg of catalyst 
was added to the cuvette, then to monitor the reduction of 
4-NP to 4-AP, the absorption intensity of 4-NP at 400 nm 
excitation wavelength was recorded by a visible ultraviolet 
(UV-Vis) spectrophotometer.

Scheme 1  Synthesis process of GO/β-CD/CG/Pd nanocatalyst
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3  Results and Discussion

3.1  FT‑IR Spectra

The FTIR spectrum of the synthesized GO sample (Fig. 1) 
shows some characteristic signals, which are around 
 1048cm-1 (C–O stretching vibration due to C–O–C), 1217 
(C–O stretching vibration due to C-OH from alcohol 
groups), 1610 (C=C stretching vibration of aromatic rings), 
1720 (C=O stretching vibration), and the broad peak at 3411 
 cm−1 (OH stretching vibration due to the hydroxyl and car-
boxyl functional groups). According to previous studies, the 
presence of bands assignable to the oxygen-containing func-
tional groups confirms that the oxidation reaction of graphite 
was successfully done [50, 51]. In the synthesized GO/β-CD 
spectrum, peaks 1028  cm-1 and 1156  cm-1 are characteris-
tic of C–O stretching vibration (induced by O–H and C–O) 
in the saccharide structure [52]. In the GO/β-CD spectrum 
modified with CG (GO/β-CD/CG) peaks at 1648  cm-1 (C=N 
stretching vibration), 1002  cm-1 (C–N and C–O stretching 
vibration), 2850  cm-1 and 2920  cm-1 (C–H stretching vibra-
tions) is specified. In addition, the wide peak in the area of 
3400  cm-1 is related to the O–H and N–H stretching vibra-
tion [53]. The last FTIR spectrum shows the synthesized 
nanocatalyst spectrum and the presence of Pd nanoparticles 
on the GO/β-CD/CG substrate. According to this spectrum, 
all the adsorbed bands are transmitted at lower frequencies, 
which indicates that palladium metal has deposited on the 
composite [54].

3.2  Electron Microscopy and Elemental Analysis

According to the images obtained from SEM-EDX (Fig. 2), 
it is quite clear that a significant amount of Pd nanoparticles 
is distributed on the surface of GO sheets (Fig. 2a). Also, 
the presence of a strong EDX peak at 3 keV confirms the 
presence of Pd elements (Fig. 2b). Also, the EDX analysis 
has confirms the presence of other elements such as carbon, 
oxygen and nitrogen. The results prove that the presence of 
β-CD and CG compounds have been effective in stabiliz-
ing palladium nanoparticles on the catalyst surface. On the 
other hand, the amount of 9.214% of palladium metal on 
GO/β-CD/CG composite was measured and determined by 
plasma induced analysis (ICP), which is in agree with EDX 
results. Moreover, to further describe the synthesized nano-
catalyst sample, the elemental mapping patterns was quan-
tified (Fig. 2c), and the presence of Pd nanoparticles with 
good dispersion is clearly distinguishable. Also, catalyst 
recovery was done after 5 times of the Suzuki reaction, the 
analysis of FESEM and EDX were done, the results showed 
that the morphology and structure of the catalyst were sta-
ble. The layer structure of GO and Pd nanoparticles is well 
illustrated (Fig. 2d, e).

Figure 3 shows the layers of GO plates on top of each 
other and its edges at a scale of 100 nm. According to that, 
the average diameter of palladium nanoparticles have been 
determined around 3.2 nm (Fig. 3). It also shows that the 
presence of β-CD and CG in the structure of composite 
causes uniform distribution of palladium particles.

Fig. 1  Normalized FTIR spectra 
of GO, GO/β-CD, GO/β-CD/
CG, GO/β-CD/CG/Pd nano-
catalyst
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Fig. 2  SEM image of a GO/β-CD/CG/Pd nanocatalyst, b corresponding EDX spectrum, c elemental mapping patterns of C, N, O and Pd atoms, 
and d SEM image of nanocatalyst after recovery, and e EDX spectrum of nanocatalyst after recovery
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3.3  XRD Pattern Analyze

Figure 4 shows the XRD pattern of the synthesized nano-
catalyst. The peak at 2θ = 14.5 °Corresponds to the (001) 
reflection of GO, and the peak at 23.5 ° (002) is broad, which 
can be attributed to the corrugated structure of the GO and 
reduced GO (rGO) sheet [55]. On the other hand, the peaks 
at 2θ values of 39.7° (111), 46.4° (200), and 67.2° (220) 
are compatible with the standard XRD data for Pd (JCPDS 
46-1043) [56]. The peaks at 30.2° and 54.6° were matching 
with the crystal structure of the β-CD [57].

3.4  Catalytic Activity of GO/(β‑CD)/(CG)/Pd 
for Suzuki–Miyaura Reactions

The Suzuki C–C coupling reaction was optimized based on 
the reaction parameters (Scheme 2) such as reaction time, 
solvent type, temperature, and amount of nanocatalyst. For 
this optimization, the coupling reaction between phenylb-
ronic acid and iodobenzene was used. The optimal con-
ditions were determined as follows: Nanocatalyst (3 mg), 
arylhalide (0.5 mmol, 0.5 equiv.), phenylboronic acid (0.073 
g, 0.6 mmol, 0.6 equiv.), potassium carbonate (0.06 g, 2.0 
mmol) and 2 mL of EtOH/H2O (v/v = 1:1) at 60 °C for 
10 min (Table 1, run 6). Our observations showed that the 
presence of a nanocatalyst in this reaction is necessary and 
the reaction cannot take place without it (Table 1, run 1). 
The various temperature was tested (40, 60, and 80 °C). 
The 60 °C was determined as an optimal reaction tempera-
ture among the various applied temperatures and evaluated 
with high performance (Table 1, run 3). As the reaction 
temperature increased, its time decreased. This result can 
be related to the reaction activation energy. Then, to find 
out the most effective solvent, several different solvent sys-
tems were investigated, among which a mixture of water and 
ethanol solvent (1:1) with high yield and efficiency (98%) 
was determined as the best solvent (Table 1, run 6, 11–16). 
The precursors of the Suzuki reaction (Aryl halide and phe-
nylboronic acid) are soluble in ethanol, on the other hand, 
 K2CO3 is soluble in the water therefore the mixture of mis-
cible solvents can be created the best condition for the reac-
tion. In the reaction, two bases of triethylamine and  K2CO3 
were used, which showed a low efficiency for the base of 
trimethylamine, which could be due to its low solubility in 
the solvent, but the use of  K2CO3 showed good performance 
in the reaction. Therefore,  K2CO3 was selected as the base 

Fig. 3  TEM image of synthesized GO/β-CD/CG/Pd nanocatalyst (left) and their diameter distributions (right)

Fig. 4  XRD pattern of GO/β-CD/CG/Pd nanocatalyst
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for the Suzuki reaction. Also, the effect of the base  (K2CO3) 
role in advancing the Suzuki–Miyaura coupling reaction was 
studied and the results showed that the reaction would not 
take place in its absence (Table 1, run 17).

Finally, to optimize the amount of nanocatalyst, the reac-
tion was performed in the presence of different amounts of 

it (5, 3 and 2 mg), in which 3 mg of nanocatalyst showed 
the best results and performance (Table 1, run 2-10). Dif-
ferent aryl halides such as iodobenzene, bromobenzene and 
chlorobenzene have been studied under optimal conditions 
and the results of their study are shown in Table 2.

Scheme 2  Possible mechanism of Suzuki coupling reaction catalyzed by GO/β-CD/CG/Pd nanocatalyst

Table 1  Optimization of 
conditions in the Suzuki–
Miyaura coupling reaction

Reaction condition: Iodobenzene 0.5 mmol, phenylboronic acid 0.6 mmol, base 0.4 mmol, catalyst, solvent 
(2 mL)
a Isolated yield

Run Catalyst (mg) Base Solvent T (°C) Time (min) Yield (%)a

1 0 K2CO3 EtOH/H2O (1:1) 80 20 0
2 5 K2CO3 EtOH/H2O (1:1) 80 10 98
3 5 K2CO3 EtOH/H2O (1:1) 60 10 98
4 5 K2CO3 EtOH/H2O (1:1) 40 35 74
5 3 K2CO3 EtOH/H2O (1:1) 80 15 98
6 3 K2CO3 EtOH/H2O (1:1) 60 15 98
7 3 K2CO3 EtOH/H2O (1:1) 40 35 63
8 2 K2CO3 EtOH/H2O (1:1) 80 10 70
9 2 K2CO3 EtOH/H2O (1:1) 60 10 63
10 2 K2CO3 EtOH/H2O (1:1) 40 25 52
11 3 K2CO3 EtOH 60 20 50
12 3 K2CO3 MeCN 60 20 61
13 3 K2CO3 DMF 60 20 70
14 3 K2CO3 THF 60 20 40
15 3 K2CO3 H2O 60 20 50
16 3 K2CO3 DMSO 60 20 65
17 3 No base EtOH/H2O (1:1) 60 20 3
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The yield of iodobenzene coupling was more than bro-
mobenzene and chlorobenzene (Table 2). This result is due 
to the weaker bond of the C-I relative to the C-Br and C-Cl.

After monitoring the Suzuki–Miyaura reaction and finally 
recovering the nanocatalyst by centrifugation, it was washed 
several times with water and ethanol and reused to evaluate 
its reusability. This evaluation showed (Fig. 5) that the per-
formance of the nanocatalyst decreases very slightly even 
after 5 nanocatalyst cycles. ICP analysis was performed 
to evaluate the stability of the prepared nanocatalyst. The 
results show that the percentage of Pd is 4.22 (4.22% w/w). 
Considering the good reaction efficiency after 5 times and 
the ICP results, it can be concluded that the catalyst is rela-
tively stable.

3.5  Catalytic Activity of GO/β‑CD/CG/Pd to Reduce 
4‑Nitrophenol

The catalytic performance of GO/β-CD/CG/Pd for reduction 
of 4-NP to 4-AP was investigated in the presence of  NaBH4 
as a reducing agent at room temperature. The reaction pro-
cess (Scheme 3) was investigated using UV-Vis absorption 

spectroscopy. Without the use of nanocatalysts, no change 
in the absorption wavelength of 4-NP was observed. After 
adding 1 mg of the synthesized nanocatalyst, the color of 
the solution changed from yellow to colorless as the reac-
tion progressed. Also, the absorption wavelength gradually 
disappeared at 400 nm for 4-NP and a new peak appeared 
at 300 nm for 4-AP (Fig. 6). In this reaction, an excess of 
reagent was used to be able to define the rate of reduction 
reaction independently of the amount of  NaBH4 reagent. 
As a result, the 4-NP reduction reaction was considered a 
first-order equation, and a linear relationship between reac-
tion time and ln (I/I0) was defined. Finally, according to 
the defined relation of the reaction rate constant, K, was 
obtained 0.0468  s-1. Then, by dividing the reaction rate 
constant by the amount of nanocatalyst used, the nanocata-
lyst activity parameter  (Ka =k/m) for the GO /β-CD/CG/Pd 
nanocatalyst was calculated to be 46.8  s-1  g-1.

The beta-cyclodextrin molecule in the catalyst plays an 
important role in reducing 4-NP to 4-AP. Beta-cyclodextrin 
induces host-guest interaction with 4-NP; in the next step, 
4-AP is released as a reducing product. Beta-cyclodextrin 
was then vacated. Finally, vacated beta-cyclodextrin is pre-
pared to capture the 4-NP again. The "capture-reduction 
reaction-release" process continued until all 4-NP molecules 
were converted to 4-AP. Host-guest interactions can create 
an efficient substrate and release the reaction product by a 
non-covalent interaction mechanism, this advantage can be 
a good efficiency for the catalytic process [58, 59].

The designed catalyst functionalized with β-CD and CG 
to increase in loading of Pd nanoparticles and also their 
high stability, so this catalyst could be good results present 
because of the presence of many functional groups such as 
–OH and –NH2, etc. On the other hand, graphene oxide as 
the two-dimensional nanostructure with many functional 
groups could be an excellent substrate for β -CDs and CG.

Table 2  C–C coupling of various aryl halides in the presence of GO/β-CD/CG/Pd nanocatalyst under optimal condition

Run Ar–X Product Yield a %
1 98

2 90

3 80

I

Br

Cl

Reaction condition: 0.5 mmol of aryl halide, 0.6 mmol phenylboronic acid, 0.4 mmol  K2CO3 in 2 ml solvent (EtOH/H2O1:1), and in the pres-
ence of 3 mg GO/(β-CD)/(CG)/Pd catalysts at 60 °C for 10 min
a Isolated yield

Fig. 5  Recyclability of GO/β-CD/CG/Pd nanocatalyst
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4  Conclusions

In this study, we were able to present a new method for the 
synthesis of recyclable nanocatalyst GO/β-CD/CG/Pd in 
which GO was used as a highly efficient substrate for Pd 
heterogeneity at the nanoparticle surface. The properties of 
the synthesized nanocatalyst by XRD, FT-IR, SEM, TEM, 
ICP, and EDX techniques confirmed the successful perfor-
mance of GO sheets and the homogeneous dispersion of 

Pd nanoparticles on the modified sheets. Also, the catalytic 
activity of the newly prepared nanocatalyst in the C–C 
coupling reaction was investigated using aryl halide and 
phenylboronic acid (Suzuki reaction) and showed that the 
proposed nanocatalyst is a useful tool for the preparation 
of biphenyl compounds. In addition to cross-linking reac-
tions, the reduction of 4-NP to 4-AP in water was applied 
at room temperature and the nanocatalyst was reused sev-
eral times without any significant decrease in the activity.

Scheme 3  Possible mechanism for the catalytic reductions of nitrophenol compounds by recyclable GO/β-CD/CG/Pd nanocatalyst

Fig. 6  The UV–visible spectra for catalytic reduction of 4-NP to 4-AP (left), and plot of the Ln (I/I0) against the different reaction times (right)
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