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ISSN: 2582-1598 Abstract: Nanocatalysts derived from biomass have huge attention due to its positive environmental effects. In the 
present study, Ru/C and Cu/C nanocatalysts were successfully prepared by using custard apple and metal salts, and the 
obtained nanocatalysts were employed for the reduction of 4-nitrophenol in water. The Ru/C and Cu/C nanocatalyst 
were characterized by means of Scanning electron microscope-energy dispersive spectroscope (SEM-EDS), X-ray 
diffraction (XRD), X-ray photoemission spectroscopy (XPS), Brunauer–Emmett–Teller (BET) and Raman. SEM-EDS 
spectra of nanocatalysts confirmed the successful loading and wt% of Ru or Cu in nanocatalysts. An excellent BET 
surface area of 899.15 and 651.78 cm2 g-1 was determined for the Cu/C and Ru/C, respectively. The presence of defect 
sites (ID/IG ratio) was calculated by Raman analysis. XPS confirmed the chemical state of Cu in Cu/C (+2) and Ru in Ru/C 
(+4). To our delight, the prepared Cu/C and Ru/C showed superior catalytic activity in 4-nitrophenol reduction reaction. 
The Ru/C and Cu/C demonstrated an excellent 100% conversion of 4-nitropheonl to 4-aminophenol in very short 
reaction time. Moreover, it was confirmed that the nanocatalysts are highly active and reusable. It can be reused at 
least 5 times without significant loss in its yield. 
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1. Introduction 

Nitrophenols are considered to be major organic pollutants which 

can be easily found in industrial and agricultural wastewaters.
[1, 2]

 In 

fact, the nitrophenols are highly soluble in water and stable in soils. 

The presence of nitrophenols in soil and water often cause harmful 

effects to human beings, animals and agricultural plants due to its 

poor degradation, carcinogenesis, hepatotoxicity and mutagenesis. 
[3]

 

There are several procedures available to recover the nitrophenols 

from industrial and agricultural wastewaters. The electro-

coagulation, electrochemical treatment, adsorption, microwave-

assisted catalytic oxidation and microbial degradation methods are 

highly recommended methods for the removal of nitrophenols.
[4]

 

Recently, the conversion of such organic pollutants to valuable 

compounds has gained huge attention in environmental research. 

The catalytic reduction of nitrophenols to aminophenols is one of the 

prime and attractive methods to overcome this issue.
[5]

 In fact the 

aminophenols are highly useful for the preparation of various 

compounds such as anticorrosion-lubricant, corrosion inhibitor, 

photographic developer and analgesic and antipyretic drugs. 
[6]

 The 

reaction is very simple however it can be preceded only in the 

presence of metal catalysts. The activity of heterogeneous catalysts is 

highly depends on its physicochemical properties such as surface 

area and unique morphology. Lv et al.,
[7]

 obtained Pt-Au-pNDs/RGOs 

catalyst for the reduction of 4-nitrphenol in water. Similarly, Sahoo 

and co-workers
 [8]

 prepared porous Au@Pd@RuNPs catalyst for the 

reduction of 4-nitrophenol. Similarly, the various heterogeneous 

catalysts such as Au/PMMA,
[9]

 Ni-RGO,
[10]

 RuDEN,
[11]

 Ag/TiO2 

nanocomposites,
[12]

 Ni@Pd core–shell nanoparticles,
[13]

 NiO/CNP,
[14]

 

cellulose nanocomposites,
[15]

 Ag/HHP and Ru/HHP
[16]

 are prepared 

for the reduction of nitrophenols. 

Recently, biomass derived nanomaterials have attracted huge 

attention due to its environmentally friendly nature and cost-

effectiveness. For instance, Veerakumar et al.,
[17]

 prepared highly 

porous beetroot-derived activated carbons incorporated with well-

dispersed magnetite Fe3O4 nanoparticles via a microwave-assisted 

synthesis. The prepared magnetic Fe3O4@BRAC catalysts were used 

for the reduction of nitroarenes. Madhu and co-workers
 [18]

 

employed mango leaves for the preparation of activated carbon and 

it was used for the electrochemical detection of 4-nitrophenol. In our 

recent research, we utilized human hair as a catalyst support for the 

decoration of metal nanoparticles.
[19, 20]

 The metal decorated human 

hair catalysts Ag/HHP and Ru/HHP were used for the reduction of 4-

nitrophenol.
[16]

 In the present study, custard apple was used for the  
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preparation of activated carbon and it was employed as catalyst 

carrier for the incorporating of Ru and Cu nanoparticles. The 

prepared catalyst Cu/C and Ru/C were characterized by SEM-EDS, 

Raman, XRD, XPS and BET. Catalytic performance of the Cu/C and 

Ru/C in the reduction of 4-nitropehnol was investigated. Reusability 

and reaction kinetics were also investigated in detail. 

 

2. Experimental Section 

2.1. Materials and Characterization 

Custard apple was collected from shops in Salem, South India. NaOH, 

HCl, H2SO4, and 4-nitophenol were purchased from Wako Pure 

Chemicals, Japan. Copper(II) acetylacetonate, ruthenium(III) 

acetylacetonate and NaBH4 were received from Sigma Aldrich, USA. 

All chemicals were used without any purification and double distilled 

water was used for the preparation of catalysts and reactions. 

Scanning electron microscope-energy dispersive spectroscope 

(SEM-EDS, Hitachi 3000H SEM), Raman spectra (Hololab 5000, Kaiser 

Optical Systems Inc., USA) were recorded for Cu/C and Ru/C 

nanocatalysts. For the Raman analysis, Ar laser was operated at 

532 nm with a Kaiser holographic edge filter. X-ray diffraction (XRD, 

Rotaflex RTP300 (Rigaku Co., Japan) diffractometer) experiment was 

carried out at room temperature with a scan rate of 2°/min. X-ray 

photoemission spectroscopy (XPS, Kratos Axis-Ultra DLD, Kratos 

Analytical Ltd, Japan) was performed for Cu/C and Ru/C. Brunauer–

Emmett–Teller (BET) method (BELSORP-max, BEL Japan, Inc.) was 

adopted to determine the surface area of Cu/C and Ru/C 

nanocatalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Preparation of Ru/C and Cu/C 

Initially, fresh custard apple skins were cleaned well and dried under 

sunlight. The dried custard apple skins were pre-carbonized using 

Muffle furnace under air atmosphere at 250 °C for 1 h (heating rate 

of 1 °C/min). Then the pre-carbonized sample was mixed with KOH 

and chemically activated. The KOH: pre-carbonized samples ratio was 

2:1. The well mixed KOH/pre-carbonized sample was carbonized at 

600 °C under N2 atmosphere for 2 h. Finally, the samples were 

washed with dilute HCl solution to obtain activated carbon (AC). The 

AC was further used to prepare Cu/C and Ru/C nanocatalysts. In a 

typical preparation method, 25 mg of copper(II) acetylacetonate was 

add to 250 mg of AC and it was mixed well with mortar and pestle 

and the mixer was calcinated at 350 °C under N2 atmosphere for 2 h. 

Similarly, 25 mg of ruthenium(II) acetylacetonate was add to 250 mg 

of AC and it was mixed well with mortar and pestle and the mixer 

was calcinated at 350 °C under N2 atmosphere for 2 h. Finally, Cu/C 

and Ru/C was obtained. Fig. 1 shows the schematic illustration for 

the preparation of Au/C and Cu/C nanocatalysts. 

 

2.3. Catalytic reduction of 4-nitrophenol 

In a typical procedure, a mixture of 40 μL of aqueous 4-nitrophenol 

solution (0.01 M) and 4 mL of fresh NaBH4 solution (0.01 M) was 

prepared. To the above mixture, 2.5 mg of Cu/C or Ru/C was added 

and stirred well. The reaction was monitored every 1 min by using 

UV-Visible spectrometer (Shimadzu UV-2600 spectrophotometer). 

The UV-Vis absorption spectra were recorded within the wavelength 

range of 250–600 nm. After the reaction completed, the catalyst was 

recovered and reused. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Schematic illustration for the preparation of Au/C and Cu/C nanocatalysts 

 
Fig. 2. SEM images (a, b and c), and EDS spectrum (d) of Cu/C, and corresponding elemental mapping of C (e), O (f), Cu (g) and S (h). 

 

https://www.sciencedirect.com/topics/chemistry/raman-spectrum
https://www.sciencedirect.com/topics/chemistry/x-ray-photoemission
https://www.sciencedirect.com/topics/chemistry/x-ray-photoemission
https://www.sciencedirect.com/topics/physics-and-astronomy/spectroscopy
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3. Results and Discussions 

3.1. Characterization of nanocatalysts 

The prepared Cu/C and Ru/C were completely characterized by 

means of various spectral and microscopic techniques. The elements 

present in the Cu/C and Ru/C were investigated by SEM-EDS (Figs. 2 

and 3). SEM images, EDS and corresponding elemental mapping were 

taken for Cu/C and Ru/C; the results are shown in Figs. 2 and 3. It was 

confirmed that the chemical activation of custard apple skin 

successfully produced carbon sheets with several nano/micro/macro 

holes (Figs. 2 and 3). The diameter of nano-holes was calculated to 

be 5–75 nm, and the average thickness and holes diameter of carbon 

nanosheets were 0.5–1 μm and 100–900 nm, respectively. The SEM 

images of Cu/C and Ru/C showed that the spherical shape of Ru or Cu 

nanoparticles was strongly attached on the surface of the AC. 

Moreover, the dispersion of Ru or Cu nanoparticles was observed to 

be very uniform. The average size of the Ru and Cu nanoparticles was 

calculated to be 32 and 47 nm respectively. The EDS spectrum of 

Cu/C confirmed the presence of C, O, S and Cu and its corresponding 

wt% was 84, 11, 2 and 3, respectively. The Cu elemental mapping 

showed that the Cu nanoparticles dispersed homogenously on the 

surface of the AC. Similarly, the Ru/C showed the presence of C (85 

wt%), O (11 wt%), Na (1 wt%) and Ru (3 wt%) (Fig.3). The Ru 

elemental mapping confirmed the uniform decoration of Ru 

nanoparticles on the surface of AC. 

XRD patterns were recorded for the AC, Cu/C and Ru/C 

nanocatalysts (Fig. 4). A strong characteristic diffraction peak at 22.3° 

corresponding to (002) and a weak X-ray diffraction peak at around 

43.8° corresponding to (101) plane was noticed for all the three 

samples. The strong X-ray diffraction peak (22.3° corresponding to 

(002) plane) attributed to a well-defined graphitic stacking and the 

weak peak at 43.8° indicates to the higher degree of interlayer 

condensation of carbon.
[21]

 Interestingly, there is no diffraction peaks 

corresponding to Cu or Ru were noticed either for Cu/C or Ru/C. In 

addition, no X-ray diffraction peaks corresponding to acetylacetonate 

groups of Cu (acac)2 or Ru(acac)3 were noticed due to the complete 

decomposition of metal-(acac)3 to metal nanoparticles. The results 

confirmed that the Ru and Cu nanoparticles are in nanocrystalline  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nature.
[22]

 The XRD result aggresses well with the SEM and EDS 

results. 

To further investigate the presence of defect sites in AC, Cu/C 

and Ru/C, Raman spectra were recorded and the results are provided 

in Fig.5. The Raman spectra of all AC, Cu/C and Ru/C showed two 

characteristic bands at 1331 (D band) and 1595 cm
−1

 (G band). The G 

band represents the graphitic carbon, whereas, the D-band line was 

related to the amount of disorder.
[23]

 Generally, the ID/IG ratio is 

often calculated to understand the presence of defects and its 

concentration in carbon matrix.
[24]

 In the present study, the ID/IG 

values were calculated for all the three samples AC, Cu/C and Ru/C. 

The ID/IG values of AC, Cu/C and Ru/C are 0.92, 1.09 and 0.94 

respectively. It can be noted that the ID/IG values of Cu/C (1.09) and 

Ru/C (0.94) are high when compared to the ID/IG values of AC (0.92). 

This may be due to the strong interaction of Ru or Cu nanoparticles 

with the carbon matrix. In fact, the strong interaction of 

nanoparticles can often create more defect sites in the carbon 

matrix.
[25]

 The results showed that the Cu/C and Ru/C catalysts have 

the defect sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. SEM images (a, b and c), and EDS spectrum (d) of Ru/C, and corresponding elemental mapping of C (e), O (f), Cu (g) and S (h). 

 
Fig. 4. XRD patterns of AC, Cu/C and Ru/C. 
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Fig. 6 shows the N2 adsorption isotherms of AC, Cu/C and Ru/C. 

Surface area of the nanocatalyst is often very important since it plays 

a huge role in any practical applications. Surprisingly, the BET surface 

area of AC, Cu/C and Ru/C was calculated to be 1079.25, 899.15 and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

651.78 cm
2
 g

-1 
respectively. In generally, the surface area of carbon 

materials often shows lower surface area after the decoration of 

metal nanoparticles which may be due to the blocking of pores and 

the weight of metal content. Alike, in the present study, the BET 

surface area of AC showed slightly higher when compared to Cu/C 

and Ru/C. However, still the nanocatalysts maintained its high the 

surface area. The results confirmed the presence of well-established 

microporous in Cu/C and Ru/C. Considering these points, we 

assumed that the Cu/C and Ru/C would be an efficient catalysts for 

the reduction of 4-nitrophenol. 

In order to investigate the chemical structure, XPS spectra were 

recorded for AC, Cu/C and Ru/C (Fig. 7). The XPS spectra of all the 

three samples (AC, Cu/C and Ru/C) demonstrated two intense peaks 

at ∼285 eV (C 1s peak) and ∼530 eV (O 1s peak). The strong and 

sharp C 1s peak at ∼285 eV reveal the high graphitic nature of carbon 

planes.
[26]

 Peak fitting was performed for C 1s and O 1s peaks in 

order to understand the presence of functional groups in the 

samples. Fig. 7 shows the decolvolated C 1s and O 1s XPS peaks of 

AC. Both the C 1s and O 1s peaks were decolvolated into four main 

peaks corresponding to C–C/C=C, C–OH, C–O–C and C=O functional 

groups. We presumed that the functional group might have played 

crucial role for the homogenous dispersion and strong attachment of 

the Cu or Ru nanoparticles.
[27]

 In fact the oxygen functional groups 

(C–C/C=C, C–OH, C–O–C and C=O) act as additional anchoring sites 

for the attachment of nanoparticles. In case of Cu/C, new peaks at 

binding energy of 934.0 eV (Cu 2p3/2) and 953.9 eV (Cu 2p1/2) (with 

splitting of 19.9 eV) corresponding to CuO was noticed (Fig. 8). In 

addition, the shake-up satellite peaks at 942.4 (Cu 2p3/2) and 962.6 

eV (Cu 2p1/2) confirmed the formation of CuO.
[28]

 Similarly, the XPS 

spectrum of Ru/C showed new peaks in the Ru 3p region (Ru 3p3/2 at 

462.5 eV and Ru 3p1/2 at 485.2 eV) confirmed the presence of 

RuO2.
[29]

 

 

3.2. Catalytic Performance 

After complete characterization, the Cu/C and Ru/C were used as 

catalysts for the reduction of 4-nitorphenol in water. The reduction 

reaction was completely monitored by UV-visible spectroscopy. 

Initially, UV-vis was recovered for aqueous 4-nitrophenol before and 

after addition of aqueous NaBH4 solution. The typical 4-nitrophenol  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Raman spectra of AC, Cu/C and Ru/C. 

 
Fig. 6. BET N2 adsorption isotherms plots of AC, Cu/C and Ru/C. 

 
Fig. 7. XPS spectrum of AC; (a) C 1s peak and (b) O 1s peak. 

 

https://www.sciencedirect.com/topics/chemistry/sorption
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showed absorption band at 314 nm whereas after the addition of 

NaBH4 the band at 314 nm red-shifted to 400 nm. This is due to the 

formation of 4-nitrophenolate ion. Fig. 9 shows the UV-Vis spectra 

for the reduction of 4-nitrophenol in aqueous solution recorded 

every 1 min using Ru/C and Cu/C. It was confirmed that the fresh AC 

(without metal content) is not active in the reduction reaction of 4- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nitrophenol. A 2 mg of the Cu/C or Ru/C was found to be enough for 

the complete reduction of 4-nitrophenol to 4-aminophenol. The 4-

nitrophenol was completely transferred to 4-aminophenol by 2 mg of 

Ru/C within 4 min. Similarly, Cu/C gave 100% conversation 4-

nitrophenol to 4-aminophenol within 12 min. In comparison to Cu/C, 

the Ru/C showed better catalytic activity toward the reduction of 4- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8. XPS spectra of (a) Ru 3p peak of Ru/C and (b) Cu 2p peak of Cu/C. 

 
Fig. 9. UV-Vis spectra for the reduction of 4-nitrophenol in aqueous solution recorded every 1 min using (a) Ru/C and (b) Cu/C. 

 
Fig. 10. (a) Plots of ln[Ct/C0] versus reaction time for the reduction of 4-nitrophenol with NaBH4 over Cu/C and Ru/C, and (b) Reusability of Cu/C and Ru/C. 
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nitorphenol. The better catalytic of Ru may be due to its wide range 

of oxidation states (−2 to +8) and tunable properties. In addition, the 

surface area and small size of Ru nanoparticles are also played an 

import role in its catalytic activity. Overall, both the Cu/C and Ru/C 

nanocatalysts are highly activity in the reduction of 4-nitrophenol 

reaction. 

To better understand the catalytic performance of the Cu/C and 

Ru/C nanocatalysts, reaction kinetics was studied for the 4-

nitrophenol reduction reaction by using the time-dependent UV-vis 

spectra. The use of excess amount of NaBH4 and inactiveness of AC 

suggest that the rate of reaction is independent of NaBH4 

concentration and AC. Linear correlation between ln (Ct/C0) and time 

was plotted and rate of reaction (kapp) was calculated from the slope 

of the plots. Fig. 10a shows the Plots of ln [Ct/C0] versus reaction time 

for the reduction of 4-nitrophenol with NaBH4 over AC, Cu/C and 

Ru/C. The result confirms that the Cu/C or Ru/C catalyzed reduction 

reaction of 4-nitrophenol follow the pseudo-first-order reaction 

kinetics. The rate of the reaction (kapp) was calculated to be 78.09 × 

10
2
 min

−1 
and 19.50 × 10

2
 min

−1
 for the reduction of 4-nitropehnol 

with 2 mg of Ru/C and Cu/C respectively. The values show the 

excellent catalytic activity of the present catalysts. The kapp values of 

the present system can be compared to the previously reported 

results. For instance, Lv et al.,
[7]

 prepared Pt-Au-pNDs/RGOs catalyst 

and used for the reduction of 4-nitrphenol. The kapp value of 3.8 × 

10
−3

 s
−1

 was calculated for the Pt-Au-pNDs/RGOs catalyzed reduction 

of 4-nitropehnol reaction. Similarly, Sahoo and co-workers
[8]

 

demonstrated porous Au@Pd@RuNPs catalyst for the reduction of 4-

nitrophenol and the kapp value was calculated to be 7.20 ± 0.12 × 

10
−3

 s
−1

. Similarly, the present catalytic system can be compared to 

previously reported catalysts such as Au/PMMA,
[9]

 Ni-RGO,
[10]

 

RuDEN,
[11]

 Ag/TiO2 nanocomposites,
[12]

 Ni@Pd core–shell 

nanoparticles,
[13]

 NiO/CNP,
[14]

 cellulose nanocomposites,
[15]

 Ag/HHP 

and Ru/HHP.
[16]

  

 

3.3. Reusability test 

Reusability is one of the very important criteria for the 

heterogeneous catalysts. In the present study, the reusability test 

was performed for the Ru/C and Cu/C nanocatalysts. Fig. 10b shows 

the reusability test of Cu/C and Ru/C towards the reduction of 4-

nitrophenol. To our delight, the both the nanocatalysts Ru/C and 

Cu/C were found to be highly reusable at least for five times without 

significant loss in its catalytic activity. At 5
th

 cycle, the Ru/C showed 

96% conversion of 4-nitrophenol to 4-aminophenol. Similar, at 5
th

 

run, the Cu/C gave 93% of 4-aminophenol from the reduction of 4-

nitrophenol in the presence of NaBH4. Over all the results confirmed 

that the Ru/C and Cu/C nanocatalysts are highly active, easy to 

prepare, green and reusable.  

 

4. Conclusions 

In summary, Ru/C and Cu/C nanocatalysts were successfully derived 

from custard apple by a simple chemical activation followed by metal 

decoration. Excellent surface morphology, metal loading, and huge 

BET surface area of Cu/C and Ru/C were confirmed. Raman ID/IG ratio 

confirmed the presence of defect sites in Cu/C and Ru/C. XPS 

revealed the chemical state of Cu in Cu/C (+2) and Ru in Ru/C (+4). To 

our delight, the Cu/C and Ru/C demonstrated superior catalysis 

activity in 4-nitrophenol reduction reaction. An high rate constant 

kapp value of 78.03 and 19.50 × 10
2
 min

-1
 was calculated for the 

reaction of 4-nitrophenol by Ru/C and Cu/C respectively. At 5
th

 cycle, 

the Ru/C and Cu/C respectively showed 96 and 93% conversion of 4-

nitrophenol to 4-aminophenol in the presence of NaBH4. Over all the 

Ru/C and Cu/C nanocatalysts are found to be highly active, easy to 

prepare, green and reusable.  
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