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 Outline 

Toxicity of nitro aromatic compounds is well known in the world of chemistry, 

although they are used in huge amounts as pesticides, pharmaceutical, explosives, dyes 

and in chemical industries [1]. The aromatic nitro compounds such as nitrobenzene, 

nitrotoluenes, nitrophenol in natural water and effluents has attracted considerable 

attention for environmental control due to their wide range of toxic effects on human, 

animals and plants. Among them 4-nitrophenol (4-NP) is listed as major pollutant by 

USA EPA due to its chemical, biological stability and difficult to be removed by 

natural degradation [2–4]. Several processes have introduced to reduce the harmful 

effect of 4-NP such as adsorption [5], microbial degradation
 
[6], photo catalytic 

degradation [7], Electro Fenton method
 
[8] electro coagulation

 
[9] electro chemical 

treatment [10] and so on. On the other hand, anilines which can be obtained by the 

catalytic hydrogenation of the aromatic nitrocompounds are vital intermediates in the 

field of agriculture, pharmaceuticals, dyes, polymers [11–13]. In recent years, 

chemical industries involve the production of aniline through the catalytic 

hydrogenation of nitrobenzene with precious metals like Pd, Pt, Au etc [14–16]. The 

high price and shortage of these precious metals limit their large-scale industrial 

applications. Moreover catalytic hydrogenation use low molecular weight, highly 

diffusible and inflammable hydrogen gas. In order to overcome these disadvantages, 

several reducing agents have been used for the reduction of nitroaromatics to the 

corresponding amines has widely been investigated over transition metal-based 

catalysts using reducing agents such as formic acid [17,18], hydrazine derivatives 

[19,20], sodium borohydride [21,22] and hydrosilanes [23]. Recently, bimetallic NPs 

have generated renewed interest in different fields like magnetic, optical and catalytic 

applications. Their catalytic activity and selectivity are clearly different from mono 

metallic counterparts [24–27]. Due to the combination of two metals, bimetallic NPs 

have additional degrees of freedom which give rise to synergism when used as 

catalysts [28]. Bimetallic heterogeneous catalysts, especially the non-precious, 

abundant, low cost and synthesized by relatively green methods are always in 

demanded for practical application [29]. In addition magnetically separable 

nanocatalysts are advantageous over traditional heterogeneous catalysts [30,31]. 

Moreover electron transfer of the catalyst system also enhances due to the presence of 
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 magnetic phase (e.g., iron oxide) which can ultimately increase the efficiency of the 

catalyst. 

In Chapter 6, we have discussed about the synthesis and characterization of Cu-

Fe2O3 and CuNi NPs and their catalytic activity for the reduction of different 

nitroaromatic compounds.  

 

 This chapter is divided into two sections, 

Section 6A: Facile Synthesis of Embedded Cu/Fe2O3 as Magnetically 

Recoverable Nanoparticles for Efficient Reduction of Nitroaromatics in 

Aqueous Medium at Room Temperature 

 

Section 6B: Non-precious Magnetically Retrievable CuNi Alloy Catalyst:  

Transfer Hydrogenation of Nitroaromatics in 2-Propanol 
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 Section 6A: Facile Synthesis of Embedded Cu/Fe2O3 as Magnetically Recoverable 

Nanoparticles for Efficient Reduction of Nitroaromatics in Aqueous Medium at 

Room Temperature 

 

In this section of chapter 6 we have discussed about the synthesis of embedded 

Cu/Fe2O3 as magnetically recoverable NPs and characterized by different analytical 

techniques. The Cu/Fe2O3 NPs lead to mild and selective catalytic reductions of 

nitroaromatics in water at room temperature in presence of NaBH4 

 

6A.1.  Results and Discussion 

6A.1.1. Characterization of the Synthesized Cu/Fe2O3 NPs 

The synthesized Cu/Fe2O3 NPs was thoroughly characterized by XRD, TEM, 

XPS and BET specific surface area. The crystal structure and purity of the NPs were 

first examined by XRD. As shown in Figure 6A.1a, the XRD pattern of Cu/Fe2O3 

clearly establishes the formation of bimetallic fused cluster. The diffraction peaks at 2θ 

= 43.4
o
, 50.9

o
 and 74.0

o
 can be indexed to (111), (200) and (220) crystal planes of fcc 

Cu [32] and peaks at 2θ = 30.14°, 35.5°, 43.3°, 57°, and 62.5° corresponds to (220), 

(311), (400), (511), and (440) of γ-Fe2O3 (JCPDS no. 39-1346), respectively [33]. 

Moreover in the XRD pattern of Cu, the diffraction peaks at 43.5, 50.8 and 74.2 could 

be index to (111), (200) and (220) crystal plans of fcc structure (JCPDS no. 85-1326). 

Likewise the diffraction peaks at 2θ = 30°, 35.6°, 43.1°, 56.8°, and 62.4° corresponds 

to (220), (311), (400), (511), and (440) plans of cubic γ-Fe2O3. Figure 6A.1b represent 

the TGA analysis in air atmosphere from which dramatic mass gain of 12% between 

150-365 
o
C was observed. This signifies the oxidation of metallic Cu in Cu/Fe2O3 in 

air atmosphere [34]. N2 adsorption/desorption experiments was performed to 

investigate the surface and textural property of the synthesized NPs and presented in 

Figure 6A.1c. The BET surface area of Cu/Fe2O3 is calculated to be 30.3 m
2
/g. 
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Figure 6A.1: (a) XRD patterns of the Fe2O3, Cu and Cu/Fe2O3, (b) TGA analysis of 

Cu/Fe2O3 in air atmosphere, and (c) N2 adsorption-desorption isotherm of Cu/Fe2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6A.2:  (a-d) TEM images of Cu/Fe2O3, inset of (c) shows the SAED pattern 

and (e-g) HRTEM images of Cu/Fe2O3 showing the lattice fringes of Cu and Fe2O3. 
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 TEM and HRTEM images of the Cu/Fe2O3 NPs are shown in Figure 6A.2. The 

particles crystallizes mostly in spherical shape in the size range of about 30–60 nm. 

Figure 6A.2(a-d). The micrographs indicated the nanostructure nature with some 

agglomeration, which is obvious because of the magnetic nature of the particles.  

HRTEM image of the marked region is shown in Figure 6A.2e and the crystal lattice 

fringes of Cu and Fe2O3 was clearly observed. The measured lattice spacing inside the 

NPs is 0.20 nm, corresponding to the (111) plane of Cu [35] (Figure 6A.2f) and 0.252 

nm corresponding to the (311) plane of Fe2O3 [36] as shown in Figure 6A.2g. The 

SAED pattern Figure 6A.2g.  The SAED pattern (inset of the Figure 6A.2c) shows 

bright spots forming ring structures, which are characteristics of polycrystalline nature 

of the NPs.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6A.3:  (a) XPS survey spectrum of Cu/Fe2O3. High-resolution XPS spectra of 

(b) Cu 2p, (c) Fe 2p, and (d) O 1 s for Cu/Fe2O3. 
 

 

The Cu/Fe2O3 NPs are further analyzed by XPS, and the obtained results are 

shown in Figure 6A.3. The Figure 6A.3a represent the survey scan of the Cu/Fe2O3 



 

 139              Ph.D. Thesis 
 

Chapter 6 Magnetic Nanoparticles and Catalysis 

 NPs and all the peaks are indexed to Cu, Fe, O and C.  The Cu 2p spectrum of the 

sample is shown in Figure 6A.3b. Two photoelectron peaks at binding energies of 

932.2 and 952.3 eV can be observed which are assigned to Cu 2p3/2 and Cu 2p1/2 of 

zero-valent Cu, respectively [37]. Figure 6A.3c displays the Fe core-level XP spectrum 

of the NPs. Two peaks at 710 and 723.6 eV are clearly visible which correspond to the 

Fe 2p3/2 and Fe 2p1/2 core-level energies for iron oxide. Their positions are a clear 

indication that the iron oxide in our NPs is maghemite (γ-Fe2O3) [38–40]. The 

corresponding values for magnetite (Fe3O4) occur at slightly higher energies at 711.8 

and 725.3 eV, respectively which evidence the absence of Fe3O4 [41]. Figure 6A.3d 

displays the XP spectra of O 1s level of the Cu/Fe2O3. The O 1s peak can be 

deconvoluted into two peaks at binding energies of 529.7 and 531.4 eV. The peak 

located at 529.7 eV is due to the lattice oxygen of the Fe2O3, and peak at 531.4 eV 

suggests some adsorbed species, such as, H2O, OH, carbonate are present on the 

surface of the NPs [42].  

 

6A.1.2 Catalytic Activity Studies monometallic Cu, Fe and Cu/Fe2O3 NPs 

The catalytic reduction of 4-NP was carried out in the presence of 

monometallic Cu, Fe and Cu/Fe2O3 catalysts and aq. NaBH4 as reducing agent. The 4-

NP solution exhibits a strong absorption peak at 315 nm in neutral or acidic 

conditions [43]. Upon addition of NaBH4 solution, the absorption peak of 4-NP shifts 

from 315 to 400 nm immediately, which corresponds to a colour change of light 

yellow to yellow-green due to the formation of 4-nitrophenolate ion. After the addition 

of NPs, the colour of the 4-nitrophenolate ions diminishes after different time intervals 

for various NPs. Meanwhile, the characteristic absorption peak of 4-nitrophenolate ion 

at 400 nm gradually decreases, while a new peak at 300 nm develops which is 

ascribed to 4-aminophenol (4-AP). 

The catalytic data for the reduction of 4-NP to 4-AP over Cu/Fe2O3, Cu and Fe 

NPs are presented in Figure 6A.4. The metal NPs started the catalytic reduction by 

relaying electrons from the donor BH4

 to the acceptor 4-NP right after the adsorption 

of both onto the particle surfaces. As the initial concentration of NaBH4 was very high, 

it remained essentially constant throughout the reaction. For the evaluation of the 
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 catalytic rate, the pseudo-first-order kinetics with respect to 4-NP is a reasonable 

assumption. (See chapter 2) 

The Kapp apparent rate constant of this catalytic reaction in the presence of 

different NPs are presented in Table 6A.1 as measured from the plot of ln(At/A0) vs. 

time. 

 

Figure 6A.4: Time-dependent absorption spectra of the reaction solution of 4-NP 

reduction to 4-AP over (a) Cu, (b) Fe2O3, (c) Cu/Fe2O3 and (d) plot of ln(At/A0) 

against the reaction time of the catalytic reduction of 4-NP to 4-AP over Cu/ Fe2O3. 

 

Table 6A.1: Comparison of kapp of Cu, Fe2O3 and Cu/Fe2O3 for the reduction of 4-NP 

SI No. Catalyst kapp (x 10
-2

 min
-1

) 

1 Cu/Fe2O3 61.54 

2 Cu 6.32 

3 Fe 0.573 
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 From these values it can be concluded that the Cu/Fe2O3 is superior in 

comparison to the other NPs for the reduction of 4-NP. This may be attributed to the 

unique physical and chemical properties possessed by Cu/Fe2O3 coupled due to 

synergistic effect of the both the metal. 

 

6A.1.3: Catalytic Performance of the Cu/Fe2O3 NPs for the Reduction of Various 

Nitroaromatics 

Table 6A.2: Optimization of Reaction Condition for the Reduction of 4-NP 

 

 

 

 

 

 

a
Reaction condition: 1 mmol of 4-nitrophenol was used. 

b
isolated yield, 

c
room 

temperature 
 

 

To examine the generality of the Cu/Fe2O3 catalytic system for the reduction of 

various nitrocompounds, at first, we carried out the reduction reaction in different 

condition to find out the optimized parameter of the reaction. When 10 wt% of 

Entry 
Catalyst 

(wt%) 

NaBH4 

(mmol) 

Solvent       

(5 mL) 
Time Yield (%)

b
 

1 10 5 MeOH 35 min 98 

2 10 3 MeOH 35 min 96 

3 5 3 MeOH 35 min 94 

4 5 2 MeOH 35 min 78 

5 5 3 EtOH 35 min 96 

6 5 3 iPrOH 35 min 96 

7 5 3 H2O 45 min 92 

8
c 

5 3 H2O 70 min 92 

9 5 - H2O 400 min 20 

10 - 3 H2O 400 min 32 

NO2

Cu/Fe2O3, NaBH4

60 0C, Solvent

OH

NH2

OH
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 Cu/Fe2O3 catalyst and 5 mmol of NaBH4 was used in the reduction of 4-NP (1 mmol) 

using MeOH  at 60 °C, the reduction reaction results 98% yield in 60 min  (Table 

6A.2, entry 1). With decrease in the NaBH4 amount to 3 mmol, the reaction results 

96% yield in 60 min (Table 6A.2, entry 2). Further decrease of the catalyst amount to 5 

mmol, a comparable yield of 94% (Table 6A.2, entry 3) was obtained. With 5 mmol 

catalysts and 3 mmol NaBH4, optimizations were done in EtOH, iPrOH, and H2O, in 

60 °C (Table 6A.2, entries 5–7). To our delight, we observed that using H2O, the 

reduction reaction proceeds with 92% isolated yield (Table 6A.2, entry 7). Therefore, 

the most suitable solvent for the reaction is H2O. To further see the effect of 

temperature, we carried out experiment in room temperature obtained 92% yield. 

Therefore, further studies were conducted in room temperature using H2O as solvent 

(Table 6A.2, entries 8). Moreover, when the reaction was performed without catalyst 

or NaBH4 traces of the product could be found indicating that reduction proceeds only 

in the presence of metal catalyst and the reductant (Table 6A.2, entries 9–10). With the 

optimised reaction condition, a series of nitroaromatics with structurally diverse 

functional groups were examined. All the results are summarized in Table 6A.3. It 

could be seen that the reduction of all the functionalized nitroaromatics could be 

completed with high conversion and almost > 99% selectivity at room temperature and 

within a short time of less than 120 min.  

Table 6A.3: Catalytic performances of the Cu/Fe2O3 NPs for reduction of 

various nitroaromatics using NaBH4 

Entry Substrate Reaction Time 

(min) 

Conversion 

(%) 

Selectivity 

(%) 

1 NO2

 
80 >99 >99 

2 Cl NO2

 
40 >99 >99 

 

3 
 

50 >99 >99 

4 NO2I

 
50 >99 >99 

NO2

Cl
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a
Reaction condition: 1 mmol of reactant, 5 wt% of catalyst, 3 mmol NaBH4, room 

temperature, Conversion and Selectivity was analysed by GC-MS. 

 

  

The halogen (F, Cl, Br, I )-substituted nitroaromatics selectively reduced to 

their corresponding anilines with no discernible dehalogenation (Table 6A.3 entries 2-

5, 7-9). This is very important because, halogenated anilines are a series of vital 

intermediates and raw materials for the synthesis of drugs, pesticides, dyes, and 

photosensitive materials [44]. It was seen that m-substituted halonitroaromatic showed 

somewhat less reactivity compared to their p-substituted counterpart (Table 6A.3, 

entries 2 & 3, 4 & 5, 7 & 8). This concludes that our catalytic system is sensitive to 

steric effects. This type of similar observation was also observed by Fan and his co-

5 
NO2

I

 

60 >89.2 >99 

6 NO2Me

 
60 >99 >99 

      7 NO2Br

 
50 >99 >99 

8 
NO2

Br

 

60 >99 >99 

9 NO2F

 
60 >99 >99 

10 NO2H2N

 
70 >99 >99 

11 
NO2

H2N

 

80 >99 >99 

12 
NO2

NH2

 

90 >99 >99 

13 NO2HO

 
70 >99 >99 

14 
NO2

OH

 

60 >99 >99 

15 
NO2

OHCl

 

100 >99 >99 
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 workers using ammonium formate and Au/TiO2 as a catalyst [45]. The 4-NP takes less 

time to reduce the corresponding aniline than the 2-nitrophenol since the reaction 

proceeds through the formation of nitrophenolate ions (Table 6A.3, entries 13 and 14), 

[46,47]. 4-nitrophenolate ion is stable because the negative charge on the oxygen atom 

is effectively delocalised the benzene ring and the structure becomes resonance 

stabilized. 2-nitrophenolate is somewhat less stable than 4-nitrophenolate because of 

less effective resonance due to of steric effect. Other functional groups, such as amino 

2-, 3-, 4-nitroaniline was also affording the corresponding aryl amines with high 

selectivities within 80 min (Table 6A.3, entry 12, 11, 10). Other electron donating 

group such p-toluidine also afforded excellent conversion and selectivity within 60 

min. Moreover nitroaromatics with more than one substituted functional group also 

showed good conversion and selectivity to the respective anilines at little longer 

reaction times than the monosubstituted nitroaromatics. Table 6A.3, entry 15. 

 

6A.1.4: Probable Reaction Mechanism for the Reduction of Nitroaromatics Catalyzed 

by the Cu/Fe2O3 NPs 
 

According to the Layek et al. [48], the 4-NP with NaBH4 reduction reaction 

usually proceeded in following ways. First, NaBH4 ionises in aqueous medium with 

the production of BH4
-
 which adsorb onto the surface of the metal NPs and react to 

form a metal hydride complex. Nitrocompounds also adsorbs onto the metal NPs 

surface and both of these processes are reversible i.e., adsorption accompanied by 

desorption. Once both the substrates are chemisorbed onto the metal NPs surface there 

is a hydrogen transfer from the metal hydride complex to the nitrocompounds. Based 

on the electrochemical model presented by Haber there are two probable routes for the 

reduction of nitro group to amino group, the direct route and the condensation route 

(see Scheme 6A.1) [48]. In the direct route, the aromatic nitrocompound is first 

reduced to the nitroso-compound and then further to the corresponding hydroxylamine 

in two very fast consecutive steps. Finally, the hydroxylamine is reduced to the aniline 

is the rate determining step of the reaction (direct route, see top in Scheme 6A.1). The 

second route involves the condensation of one molecule of the nitroso-compound with 

a molecule of the hydroxylamine to give the azoxy-compound, which sequentially gets 

reduced in a series of successive steps to the azo-, hydrazo-, and aniline-compounds 
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 (condensation route, Scheme 6A.1). Layek et al. [48], Zhang et al. [49], Bendi et al. 

[50], and Liu et al. [51] proposed that NaBH4 nitro reduction takes place by direct 

route, therefore it is reasonable to predict that the reduction process in this work 

undergoes via direct reduction route rather condensation route. Moreover, in the 

present case   no azo- and azoxy-compounds are observed from UV-visible as well as 

GC-MS analyses. Thus the above results justify the direct route toward reduction of 

various nitroaromatics over Cu/Fe2O3 NPs. 

 

 

 

 

 

 

 

 

Scheme 6A.1: Reaction mechanism proposed by Haber for reduction of nitroaromatics 

compounds. 

 

6A.1.5: Reusability Studies of the Cu/Fe2O3 NPs and Kinetic Analysis  

As a heterogeneous catalyst, one of the most significant factors is that it should 

be separated and reused easily. Herein, the recycle performance of the Cu/Fe2O3 is 

evaluated by 4-NP reduction monitored by UV-visible analyses of reaction solutions. 

In a typical procedure, to 20 mL (0.1 mmol L
−1

) aqueous 4-NP purged with N2 (to 

remove the dissolved oxygen) 5 mL (20 mmol L
−1

) freshly prepared NaBH4 was 

added. After the completion of the reaction, the contents were magnetically separated 

from the reaction mixture. The catalyst was then thoroughly washed with distilled 

water and used in the next cycle. This catalyst was used for another five reaction 

cycles. The conversion of 4-NP, kapp, and R
2
 values were calculated following the 

procedures mentioned above and in chapter 2 and presented in Table 6A.4 and Figure 
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 6A.5. It can be seen that there is a gradual decrease in kapp with each reaction cycle. 

Mainly it may be due to the gradual loss in weight of the catalyst during recycling or 

may be owing to changes in structure of the catalyst on repeated use. 

 

Table 6A.4: Reusability Studies of the Cu/Fe2O3 NPs up to 5
th 

cycles 

Reaction Cycle 1
st
 2

nd
 3

rd
 4

th
 5

th
 

Conversion (%) 98 97 96 96 94 

 kapp (×10
-2

 min
-1

) 49.2 46.5 44.1 41.6 25.7 

 R
2
 0.9953 0.98503 0.97922 0.99847 0.99454 

 

 

 

 

 

 

 

 

Figure 6A.5: (a) Conversion against number of cycles, (b) plot of ln(At /A0) against 

the reaction time of the catalytic reduction of 4-NP to 4-AP for  different cycles. 

  

 

 

 

 

 

 

 

 

 

Figure 6A.6: The magnetic hysteresis loops of the Cu/Fe2O3 NPs.  Inset shows the 

separation of Cu/Fe2O3 NPs from aqueous solution accomplish by an external magnet. 

(a) (b) 
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 In order to confirm the magnetic properties of the hybrid Cu/Fe2O3 NPs VSM 

analysis was conducted at room temperature. The measurement shows that the 

Cu/Fe2O3 NPs have magnetization saturation value of 41.6 emu/g, as shown in Figure 

6A.6. This data suggests that the NPs have superparamagnetism feature due to the 

nanosized maghemite, [52,53] which can be easily separated from their media by the 

use of an external magnetic field.  

 

6A.2.  Conclusions 

In summary, we have reported the synthesis and characterization of embedded 

Cu/Fe2O3 NPs for the reduction of nitroaromatics in water at room temperature. The 

catalysts are highly capable and quantitatively reduce a variety of functionalized 

nitroaromatics to the corresponding aniline in >99% selectivity and conversion. It was 

seen that m-substituted halonitroaromatic showed somewhat less reactivity compared 

to their p-substituted counterpart. The halogen (F, Cl, Br)-substituted nitroaromatics 

are also reduced to their corresponding amines with no discernible dehalogenation. 

The catalyst is highly stable and can be reused up to 5
th

 cycle without significant loss 

of catalytic activity.  
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 Section 6B: Non-precious Magnetically Retrievable CuNi Alloy Catalyst:  

Transfer Hydrogenetion of Nitroaromatics in 2-Propanol. 

In the section, we demonstrate the synthesis and application of magnetically 

retrievable CuNi NPs for the reduction of nitroaromatics through transfer 

hydrogenation using 2-propanol. The CuNi NPs was prepared by hydrothermal 

method. The NPs exhibit unique catalytic activity for the reduction of various 

substituted nitroaromatics to the corresponding value-added products giving excellent 

yields of > 95%. 

 

6B.1  Results and Discussion 

6B.1.1 Characterization of the CuNi NPs 

The crystal structure and purity of CuNi NPs was examined by XRD and 

presented in Figure 6B.1. The characteristic peaks at 2θ = 43.4°, 50.6°, and 74.4° 

corresponds to the crystal planes of (111), (200), and (220), respectively of fcc CuNi 

alloy (JCPDS 65-7246) with cell parameter, a = 3.561 Å. No impurity phases such as 

copper-nickel oxides and hydroxides were detected. Comparing the XRD pattern of 

the nanoalloy database of Cu (JCPDS 85-1326, a = 3.615 Å) and Ni (JCPDS 87-0712, 

a = 3.523 Å), it is clear that the diffraction peaks as well as unit cell parameter of the 

nanoalloy were located in between the corresponding peaks of Cu and Ni [54]. The 

nanoalloy patterns also show no evidence of any individual metallic peaks, which 

suggest that binary nucleation process has been the major nucleation process involved 

in the formation of these alloys [55]. 

 

  

 

 

 

 

Figure 6B.1: XRD pattern of CuNi NPs along with diffraction lines from JCPDS 

database corresponding to Cu and Ni. 
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 The morphology, size, and dispersion of the CuNi NPs were examined by TEM 

(Figure 6B.2a,b) and HR-TEM analyses Figure 6B.2c,d. NPs showed a 

homogeneously distributed spherical shape and an average size of ∼4-6 nm. HRTEM 

analysis shows the lattice fringe of ∼0.19 nm which is characteristic of (111) facet on 

the CuNi NPs. Similar lattice fringes have also been observed for CuNi bimetallic NPs 

[56]. The SAED pattern of the NPs shows in the inset of the Figure 6B.2d which 

clearly  exhibit bright spots forming rings confirming the polycrystalline nature of the 

NPs. 

 

Figure 6B.2: TEM (a,b) and HR-TEM (c,d) of CuNi NPs. Inset in the figure (d)  

shows the SAED pattern of the NPs. 

 

XPS is commonly employed to characterize the surface chemical states and 

composition of NPs. The presence of strong XPS signals at ~853 and ~931.7 eV in the 

survey spectrum of CuNi NPs corresponds to Ni 2p and Cu 2p respectively (Figure 

6B.3a). For the Cu 2p spectrum (Figure 6B.3b), the photoelectron peaks at binding 

energies of 932.16 and 952.05 eV corresponds to the Cu 2p3/2 and Cu 2p1/2 of Cu, 

From the deconvoluted spectra it has been observed that the binding energies of 

934.08 and 954.10 eV is also present, which corresponds to the Cu 2p3/2 and Cu 2p1/2 

of Cu
2+ 

states respectively [57]. Moreover, two additional peaks at binding energies of 

943.17 and 962.87 eV are also noticed, which are assigned to shake-up satellite of Cu 
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 2p3/2 and Cu 2p1/2, respectively [58,59]. This specifies the existence of CuO on the 

surface. The existence of other valence states on the surface were due to the high 

oxophilicity of Cu(0), which has high affinity to form oxides under aerobic 

atmosphere. The Ni 2p XP spectrum of CuNi NPs is shown in Figure 6B.3c. Two 

peaks at binding energies of 854.4 and 870.8 eV can be observed, which are assigned 

to Ni 2p3/2 and Ni  2p1/2 of zero-valent Ni, respectively [60]. Moreover, the peaks at 

854.4 and 873.2 eV are index to the Ni
2+

 2p3/2 and Ni
2+

 2p1/2 state, Additionally, the 

appearance of two strong satellite peaks, are observed corresponding to Ni 2p3/2 (859.6 

eV) and 2p1/2 (878.4 eV) [61,62]. The O 1s photoelectron can be deconvoluted into 

two peaks at binding energies of 530.3 and 531.9 eV. The peak located at 530.3 eV is 

due to the lattice oxygen of the CuNi NPs, and other peak at 531.9 eV corresponds to 

the NPs adsorbed oxygen species on the surface [63]. (Figure 6B.3d) 

 

 

Figure 6B.3: (a) XPS survey spectra of CuNi, core level XP spectra of (b) Cu 2p and 

(c) Ni 2p and (d) O1s. 
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 6B.1.2 Catalytic performance of the CuNi NPs  

1 mmol of the reactant was dissolved in 10 mL 2-propanol followed by 

addition of 15 wt% of catalyst and 3 mmol KOH to a two neck 100 mL round bottom 

flask. The reaction mixture was refluxed at 83 °C for the required time period. The 

progress of the reaction was monitored by TLC. After the completion of the reaction, 

the catalyst was separated from the reaction mixture by centrifugation. The catalyst 

was first washed with distilled water and then with acetone to eliminate any traces of 

organic substance. The filtrate containing the reaction mixture was extracted with 

HPLC grade ethyl acetate and dried over anhydrous Na2SO4, the conversion/selectivity 

and product identification were done by GC-MS analysis. 

 
 

 

 

 

 

Scheme 6B.1: Transfer hydrogenation of nitroaromatics to corresponding anilines 

over bimetallic CuNi NPs.  

Table 6B.1: Catalytic performances of the CuNi NPs for reduction of various 

nitroaromatics using 2-propanol KOH as base 

Entry Substrate 
Reaction 

time (h) 

Conversion 

(%) 

Products Selectivity 

Aniline 

(%) 

Azo 

(%) 

Azoxy 

(%) 

1.  Cl NO2

 
7 98 56 10 34 

2.  
NO2

Cl

 

8 100 82 12 6 

3.  
NO2

Cl

 

8.5 100 75 20 5 

4.  NO2I

 
4 100 94 4 2 

5.  
NO2

I

 

4.5 100 67.5 26.5 6 

NO2

CuNi Catalyst

2-propanol, KOH, 85oC

NH2

RR
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6.  

NO2

I

 

5 100 70 22 8 

7.  NO2H2N

 
9 100 86 10 4 

8.  
NO2

H2N

 

6 100 82 12 6 

9.  
NO2

NH2

 

8 100 80 12 8 

10.  NO2Br

 
5 100 75 18 7 

11.  
NO2

Br

 

5.5 90.7 97.5 2.5 - 

12.  NO2H2N

 
6 100 93 5 2 

 

Reaction Conditions:  1 mmol of nitroaromatics, 15 wt% of catalyst, 3 mmol KOH and 

10 mL of 2-propanol refluxed at 85 °C. Selectivity/Conversion was determined by 

GC-MS.  

 

To examine the scope of the CuNi catalytic system for the catalytic transfer 

hydrogenation of the nitro-group, a series of nitroaromatics with structurally diverse 

functional groups were examined. The catalytic system was found to be very efficient 

regardless of the presence of electron-donating or electron-withdrawing substituents in 

the aromatic ring as conversion of the reaction was more than 90% (Entry 4 and 12 

Table 6B.1). Reduction data shows that along with corresponding aniline other 

intermediate products like azo- and azoxy-compounds are also formed. Although the 

azo- and azoxy-products are formed as side product, these compounds have great value 

in the field of medicine, dye, polymer etc. Moreover, in case of halonitroaromatics, 

current catalyst system can efficiently convert to halogenated anilines without 

unwanted dehaloganated product (Entry 1-6, 10, 11). For heterogeneous catalyst, 

recyclability is the crucial matter for the practical application of the catalyst, 

recyclability tests of the catalyst were carried out using 4-iodo-1-nitrobenzene, reused 

the recovered catalyst up to three times (Table 6B.2). The catalyst was collected with 
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 an external magnet. The catalyst was first washed with distilled water (3 x 15 mL) to 

remove the excess base and then with acetone (3 x 15 mL) to eliminate any traces of 

organic substance. The catalyst was vacuum dried at 55 °C before using in the next 

run. The reactions were carried out by keeping the stoichiometry of reactant and 

recovered catalyst as earlier. Results show that the catalyst remains active up to three 

cycles without significant lost in catalytic activity. The recovered catalyst was further 

characterized by XRD (Figure 6B.4a). The recovered catalyst showed some oxide 

phase of CuO, as the catalyst exposed to air during catalytic study. 

Table 6B.2. Recyclability test of the reduction of 4-iodo 1-nitrobenzene with CuNi 

catalyst system 

No. of runs Isolated yield 

1 92 

2 90 

3 88 

 

 

 

 

 

Figure 6B.4: (a) XRD pattern of CuNi NPs after three catalytic cycles. 

 

6B.1.3: Plausible Reaction Mechanism for the Reduction of Nitroaromatics Catalyzed 

by the CuNi NPs through Transfer Hydrogenation 
 

 Based on the electrochemical model as presented by Haber there are two 

possible routes for the reduction of nitro group to amino group, the direct route and the 

condensation route. (Scheme 6A.1) [64]. Subramanian et al. have beautifully 

demonstrated that the direct route is the preferred pathway for the transfer 

hydrogenation of nitrocompounds on Cu-NPs/zeolite when reaction was carried out in  
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 autoclave bomb and condensation route is preferred pathway when reaction was 

carried out in oil bath [65]. In the present case to obtain an insight into the reaction 

pathway involved in CuNi catalyzed reduction, the presence of azoxy- and azo-

benzene in the reaction mixture probably signifies that the condensation route is the 

preferred one for reduction. Thus it may be concluded that the condensation rote 

involving nitrobenzene → nitrosobenzene → phenylhydroxylamine → azoxy → azo 

→ hydrazo → aniline is the most likely path followed for the catalytic transfer 

hydrogenation of nitroaromatics using CuNi NPs and 2-propanol act as both solvent 

and reducing agent. To confirm whether the reduction of nitroaromatics catalyzed by 

CuNi NPs follows a heterogeneous pathway, we tried to scrutinize the reaction by two 

different method (i) filtration test and (ii) Hg-poisoning test. At first we started two 

reactions in two separate RB by taking 4-iodobenzene as substrate and maintaining the 

reaction condition as described in the experimental section. After 2 h when the reactant 

converted nearly 50%, from first RB the catalyst was separated from the reaction 

mixture and allowed the reaction to continue.  In 2
nd

 RB access mercury was added to 

the reaction mixture and the reaction was continued. After continuing the reaction for 

5 h no conversion was observed in both the RB. This observation suggests that the 

reaction follows the heterogeneous pathway.  

  

 

 

 

 

 

 

Figure 6B.5: Room-temperature magnetization curve of the CuNi NPs. 
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 Table 6B.3: Comparison table for previously reported catalytic system for the 

reduction of nitrobenzene through transfer hydrogenation:  

Entry. 
Catalytic 

system 
H2 Source Solvent/Base 

Temperature 

(
O
C) / Time (h) 

Yield 

(%) 
Ref. 

1 Pd(OAc)2 PSF DMF/ - 120/ 6-12 <90 68 

2 Au NPs 2-propanol -/ KOH 40/6 100  76 

3 Ni-MCM-41 2-propanol -/ KOH Reflux/ 3.5- 5 >75 78 

4 Cu-

NPs/zeolite 

2-propanol -/- 80/ 1-3 >90 65 

5 Ru
0
-AT-Mont 2-propanol -/ NaOH 82/ 4-12 >98 75 

6 Fe3O4/C 2-propanol -/ KOH 85/ 0.6-0.3 >99 69 

7 Ru(II)/ligand 2-propanol -/ NaO
i
Pr 110/5 >98 70 

8 [RuCl2(PPh3)2] HCOOH EtOH/ Et3N 125/5 >90 71 

9 ReIO2(PPh3)2 PhMe2SiH Toluene/ - Reflux/ 1-45 >98 72 

10 Cu NPs HCOONH4 Ethylene 

glycol/ - 

120/ 12 >90 73 

11 FeBr2PPh PhSiH3 Toluene/ - 110/ 16 <99 74 

12 Ag-Fe3O4-GD 

GD=Graphene 

derivative 

2-propanol -/ KOH 100/24 96 77 

 

Figure 6B.5 shows the magnetic properties of the CuNi NPs at room 

temperature. CuNi NPs exhibited a saturation magnetization of approximately 8.17 

emu/g which corresponds to super paramagnetic properties; this magnetic property 

value is essential to recover the catalyst from the reaction mixture with an external 

magnet for reuse [66,67]. The inset of Figure 6B.5 shows the magnetic separation of 

CuNi NPs which can be easily recovered from the reaction mixture using an external 

magnet avoiding complex separation. The outstanding magnetic property makes the 

NPs system as easily reusable catalyst. Finally, a glimpse of our quick survey on the 

reduction of nitroaromatic compound  through transfer hydrogenation over different 

catalysts is presented in Table 6B.3. 
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 6B.2.  Conclusions  

In summary, we present an efficient and practical approach for the synthesis of 

various value-added compounds from corresponding nitroaromatics using CuNi alloy 

NPs whose catalytic activity is comparable to those of precious metals. This is 

ascribed to the remarkable synergistic effect between Cu and Ni as confirmed by XRD 

and XPS analyses. Moreover by careful examination of the NPs through XPS analysis, 

it is found that the successful combination metallic CuNi with oxide CuO-NiO. This 

can induce the whole CuNi/CuO-NiO NPs. The presence of both the metallic and 

oxide phase in the NPs, the electroflipping between various oxidation states of the Cu 

and Ni is easier, which can ultimately promote the catalytic activity by enhancing the 

electron transport during the reduction of a variety of nitroaromatics. Additionally, the 

catalyst can be easily separated by filtration as well as by an external magnet. The use 

of 2-propanol as both solvent and reducing agent instead of other harmful and risky 

reducing agent makes the process very efficient. Moreover, the replacement of 

precious metal catalysts with less-expensive transition metal in many transformation 

reactions will be of great significance due to the less availability and high cost of noble 

metals. 
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