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MnO2 Nanowires Anchored on Amine Functionalized Graphite 
Nanosheets: Highly Active and Reusable Catalyst for Organic 
Oxidation Reactions  

A. Chakravarty,a D. Sengupta,b B. Basu,b* A. Mukherjeea and G. Dea* 

A facile method of synthesizing MnO2 nanowire on amine functionalized graphite nanosheet (AFGNS) has been 

accomplished. A probable mechanism has been proposed where the –NH2 groups on AFGNS surface create a weakly basic 

environment assisting the reduction of KMnO4 to MnO2 nanoparticles followed by its anchoring and oriented growth to 

form MnO2 nanowires. The as prepared MnO2@AFGNS composite has been efficiently used as a selective heterogeneous 

catalyst for oxidation of primary and secondary benzyl alcohols to corresponding carbonyl compounds under aerobic 

condition in high yields in the absence of any other oxidizing or activating agent. While MnO2 is considered as the most 

efficient and selective catalyst for the oxidation of benzyl and allyl alcohols, its large excess use (200 mol% with respect to 

the substrate) has been circumvented in this work by using heterogeneous AFGNS supported MnO2 (only 7 mol% with 

respect to the substrate).The synergistic effect between the  1–D MnO2 nanowire and AFGNS facilitates very fast e- 

transfer enabling such huge enhancement of the catalytic activity of the MnO2@AFGNS composite. The composite also 

shows sufficient reuse capability and stability after 3 cycles of catalysis thus making it a potentially cheap and active 

catalyst in the field of organic catalysis. 

1. Introduction 

Oxidation of alcohol to carbonyl compound is a fundamental 

organic transformation from both synthetic and industrial 

points of view owing to the wide range application of the 

products as intermediates and precursors for several reaction 

systems.1 For example, 4–methoxybenzaldehyde has high 

demand in food and perfume industries, as precursor for 

synthesis of drugs and UV–B agent and in metal plating with an 

estimated minimum global demand of 7000 tpa.2 The simplest 

reaction pathway to satisfy such huge global demand of 

carbonyl compounds involves oxidation of their corresponding 

alcohols. Stoichiometric amount of high valent metal oxidants 

have been traditionally used to accomplish this 

transformation. But they have high toxicity and economic 

issues.3 For example, chromium and ruthenium-based 

reagents are toxic, irritants and corrosive. Manganese dioxide 

(MnO2) being cost effective and environment–friendly has 

been used over the years as a highly efficient and selective 

catalyst for oxidation of allylic and benzylic alcohols to 

aldehydes, amines to imines, oxidation of CO, H2O2 

decomposition, oxygen reduction, oligomerization of methane 

and hydrogenolysis of propane.4-10 

MnO2 exists in different crystallographic forms such as α, β 

and γ with 1–D tunnels in their structure, δ having layered 2–D 

structure and λ with a 3–D spinel structure. Their activity is 

also dependent on the different crystallographic structures 

due to the different types of interlinking of the MnO6 

octahedral units in the different polymorphs.11 1–D MnO2 

nanowires and nanorods have low dimensionality, high specific 

surface area, short diffusion paths for e− and tendency to 

facilitate redox reactions. They also show enhanced catalytic 

performance and have been the focus of intense 

investigations.12 However, the low inherent electrical 

conductivity of MnO2 hinders the process of e− transfer during 

catalysis thereby partially reducing their efficiency11 and hence 

requiring large quantity of the reagent. 

Graphite nanosheets (GNS) are 2–D graphite nanomaterials 

having a completely conjugated sp2 hybridized framework with 

lateral thickness >5 nm.13 The planar structure of GNS with 

large surface area leads to increase in interfacial contact with 

metal oxide nanoparticles (NP). This coupled with the high 

electrical conductivity of GNS leads to increased charge 

transfer to the NP thus significantly enhancing catalytic 

performance of the NP making GNS an efficient catalyst 

support in heterogeneous catalytic system.13,14 Although 

graphite nanomaterials have been used as support for 
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synthesis of MnO2 nanowires,15,16 the application of their 

composite is limited as anode materials in lithium ion 

batteries,17 with very few reports of their use as catalyst in 

organic reactions. Only recently, MnO2 nanorods–graphene 

oxide (GO) composite has been successfully used as an active 

and cheap heterogeneous catalyst for the synthesis of amides 

from alcohol and amines and conversion of aromatic amines to 

azo compounds.16,18  

Synthesis of 1–D nanowires by the oriented growth of 

MnO2 NP generally require soft template, solid template or 

patterned catalyst to acquire the desired nano–architecture, 

which makes the process arduous.19,20 A self seeded method of 

synthesis of MnO2 nanowire is always more desirable for large 

scale production. Again, oxidation of graphite and graphene to 

create functional groups on their surface is imperative in 

anchoring of the MnO2 NP with homogeneous distribution.21,22 

The most common methods for synthesis MnO2 nanowire 

GO/graphite/graphene composite includes co–precipitation in 

the presence of MnCl2 and KMnO4,16,21 hydrothermal 

process,15,23–25 electrochemical deposition,26 high temperature 

reflux,27 and solution phase assembly of graphene sheets and 

MnO2 nanowires.28 But there are some drawbacks related to 

GO such as its nearly insulating graphitic framework, which is 

incompletely regained on reduction to RGO with concomitant 

loss of functional groups.24 This leads to aggregation of NP on 

their surface affecting their catalytic efficiency on reuse.29 

Alternative route for controlled chemical functionalization of 

GNS with lesser damage to the graphitic framework is thus 

essential presently. Interestingly, amine (–NH2) group is 

effective in anchoring metal and metal oxide NP,30 and 

recently we have reported synthesis of Cu2O–amine 

functionalized GNS (AFGNS) composite where –NH2 group has 

been successfully used for anchoring and stabilizing Cu2O NP at 

room temperature.13 

In connection with our interest in this potential field of 

material sciences and subsequent applications in organic 

catalysis we presumed that combination of the inherent low 

electron transfer ability of MnO2 and high electron conductor 

AFGNS might give rise to a nanocomposite, which would 

exhibit enhanced catalytic activity in the oxidation process and 

thus avoiding the large excess use of MnO2. During the 

synthesis of MnO2 nanowire, the AFGNS matrix creates a basic 

environment which facilitates the reduction of KMnO4 to 

MnO2 NP. The –NH2 functional groups on AFGNS surface also 

help to anchor MnO4
– and subsequently stabilize the MnO2 NP, 

which undergoes an oriented growth to form nanowire 

structure. The as prepared composite exhibits high catalytic 

efficiency in the oxidation of primary and secondary benzyl 

alcohols to corresponding carbonyl compounds in aerobic 

condition. To the best of our knowledge, such organic 

oxidation reaction with MnO2–functionalized GNS composite 

has not yet been explored. It is noteworthy here that the 

MnO2@AFGNS catalyst is selective towards oxidation of 

primary alcohol to aldehyde, not giving any further oxidized 

product. Moreover, the oxidation reaction in presence of 

MnO2@AFGNS does not require any other oxidizing agents 

such as peroxides and molecular O2
31,32 or activating agents 

such as inorganic bases in the reaction medium unlike in case 

of other MnO2 based catalysts used for this purpose.33,34 

Further, the molar equivalent of MnO2 with respect to alcohol 

substrate used for the oxidation reaction by MnO2@AFGNS 

was distinctly lower compared to the other supported MnO2 

catalyst system33–36 thus making MnO2@AFGNS ideal for large 

scale industrial application. The AFGNS matrix makes the 

catalyst easily separable and the reusability capacity of the 

composite was found to be sufficiently high even up to 3 

cycles. Oxidation of benzyl amine to corresponding imine and 

aldehyde was also carried out with MnO2@AFGNS to explore 

the versatility of the composite towards application in organic 

catalysis. The material being cost effective with facile method 

of preparation can have large scale application as highly 

efficient active reusable catalyst in the field of catalytic organic 

processes. 

2. Experimental Section 

2.1 Materials  

The following chemicals were used as received: graphite 

powder (<20 µm, synthetic), KMnO4, benzyl alcohol and other 

chemicals were purchased from Sigma–Aldrich, India. Na2S 

(purified), H2SO4 (36 N), HNO3 (16 N) were supplied by Merck. 

For column chromatography, silica (60–120 mm) (SRL, India) 

was used. For thin layer chromatography (TLC) plates (Merck) 

coated with silica gel 60, F254 were used and 0.22 µm 

poly(vinylidene fluoride) (PVDF) membrane was purchased 

from Millipore. High pure water (18 MΩ) was obtained from a 

Milli–Q system (Millipore). 

 

2.2 Characterization 

High angle X–ray diffraction (XRD) measurements of the 

powders were performed with a Rigaku SmartLab X–ray 

diffractometer operating at 9 kW (200 mA; 45 kV) using Cu–Kα 

radiation. Fourier transform infrared (FTIR) absorption spectra 

of the samples were recorded using a Nicolet 380 FTIR 

spectrophotometer by KBr pellet method. Raman spectra were 

obtained using a Renishaw In Via reflex micro Raman 

spectrometer with excitation of argon ion (514 nm) lasers. The 

resolution was 1 cm–1 and sufficiently low laser power was 

used in order to avoid heating of the samples. X–ray 

photoelectron spectroscopy (XPS) measurements were done 

on a PHI 5000 Versaprobe II XPS system with Al Kα source and 

a charge neutralizer at room temperature, maintaining a base 

pressure about 6 × 10−10 mbar and energy resolution of 0.6 eV. 

High–resolution scans of Mn 2p, O 1s, C 1s, and N 1s were 

taken. Atleast two separate locations were analyzed for each 

sample. The concentrations of Mn in the composites have 

been estimated by inductively coupled plasma atomic emission 

spectroscopy (ICP–AES) using Spectro Ciiros Vision, Germany. 

The average Mn content of the composites was determined 

from three different sets of composite samples of different 

weights. For the sample preparation for ICP analysis, a 

precisely weighed amount of the composite (4.5 mg) was 

treated at 950 °C for 5 h to remove the graphitic particles. The 

residue was digested with 6 mL of aqua regia in a Teflon 
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container and evaporated to dryness at 50 °C. The process was 

repeated 3 times each with 3 mL of aqua regia. The solid 

residue obtained finally was dissolved in 5 vol % of aqueous 

HNO3 in a 250 mL volumetric flask. Finally this solution was 

used for the estimation of Mn by ICP analysis. The same 

experiment was repeated using 3.9 and 5.5 mg sample. 

Transmission electron microscope (TEM) measurements were 

carried out with JEOL JEM 2100F operating at 200 kV. Field 

emission scanning electron microscope (FESEM) 

measurements was carried out using a ZEISS SUPRA 35 VP 

FESEM. 1H and 13C NMR spectra were taken in CDCl3 using 

Bruker Avance AV–300 spectrometer operating at 300 MHz 

and 75 MHz respectively. Chemical shifts are reported in ppm 

with the solvent resonance as the internal standard (CDCl3: δ 

77.00 ppm). 

 

2.3 Synthesis of amine functionalized graphite nanosheet 

(AFGNS) 

The synthesis was done following our previously reported 

method.37 For synthesis of AFGNS, initially 200 mg of 

microcrystalline graphite powder was ultrasonicated with 200 

mL of 1:1 (v/v) mixed H2SO4 (36 N) and HNO3 (16 N) in an 

ultrasonic bath for 30 min and then stirring at 25 °C for 24 h 

for synthesis of –NO2 functionalized GNS. The solution was 

then quenched in 1 L of distilled water and filtered through 

0.22 µm PVDF membrane and washed until the filtrate 

reached neutral pH. The residue thus obtained was dried 

overnight in vacuum. For synthesis of –NH2 groups, 100 mg of 

the –NO2 functionalized GNS sample was dispersed in 30 mL of 

distilled water and sonicated in an ultrasonic bath for 45 min. 

Then 1.5 g of Na2S was added to the mixture and refluxed at 

160 °C for 24 h. The product was filtered through 0.22 µm 

PVDF membrane and thoroughly washed with 250 mL of 

distilled water to remove the excess Na2S and the other by 

products formed during the reaction. This AFGNS powder thus 

obtained was then dried in vacuum and collected. 

 

2.4 Synthesis of MnO2@AFGNS composite  

For the synthesis of MnO2 nanowire on AFGNS support, 30 mg 

AFGNS was homogeneously dispersed in 42.5 mL distilled 

water by ultrasonication for 30 min in an ultrasonic bath. 

Correspondingly, KMnO4 (35 mg, 2.2x10−4 mol) was dissolved 

in distilled water (42.5 mL) in a round–bottom flask. To the 

aqueous dispersion of AFGNS, KMnO4 solution was then added 

dropwise slowly under continuous stirring. After complete 

mixing, the mouth of the round–bottom flask was fitted with a 

cork and the solution was kept at 80 °C under stirring 

condition. After 48 h the solution was filtered, washed 

thoroughly with distilled water and the MnO2@AFGNS 

composite thus obtained was dried in vacuum. From ICP 

analysis composition of the composite was determined. It was 

found that 7.6 wt % MnO2 was present in MnO2@AFGNS 

composite. 

 

 

 

2.5 Representative procedure for the oxidation of benzyl 

alcohol  

A mixture of 4–methoxybenzyl alcohol (0.5 mmol), 

MnO2@AFGNS (40 mg, 0.035 mmol equivalent MnO2) in 1,4–

dioxane (3 mL) was heated at 100 °C with gentle magnetic 

stirring under aerobic condition. The progress of the reaction 

was monitored by checking TLC and after 12 h it was observed 

that the 4–methoxybenzyl alcohol was completely consumed. 

The reaction mixture was cooled, diethyl ether (5 mL) was 

added, centrifuged and the supernatant liquid was separated. 

The process was repeated thrice and the combined organic 

layer was concentrated under vacuum to afford an oily 

residue, which was purified through column chromatography 

over silica gel and elution with 4% ethyl acetate–light 

petroleum to furnish 4–methoxybenzaldehyde as colourless 

liquid,38 (56 mg, 82%); 1H NMR (CDCl3, 300 MHz): δ/ppm 3.89 

(s, 3H, OCH3), 7.00 (dd, J = 1.8 and 6.6 Hz, 2H, ArH), 7.84 (dd, J 

= 1.8 and 6.6 Hz, ArH), 9.88 (s, 1H, CHO); 13C NMR (CDCl3, 75 

MHz): δ/ppm 55.5, 114.2, 129.8, 131.9, 164.5, 190.8. All other 

related products were characterized by comparison with 

respective literature data, like m.p. and/or NMR–spectral data.  

 

2.6 Procedure for the oxidation of benzyl amine 

A mixture of benzyl amine (1 mmol), MnO2@AFGNS (40 mg, 

0.035 mmol equivalent MnO2) in 1,4–dioxane (3 mL) was 

heated at 100 °C for 12 h with gentle magnetic stirring under 

aerobic condition. The reaction mixture was cooled, diluted 

with diethyl ether (5 mL) and centrifuged to separate out the 

supernatant liquid. The process was repeated three times and 

the combined organic part was evaporated to afford an oily 

residue. The residue was purified by passing through a short 

column of silica gel bed and eluting with 2% ethyl acetate–light 

petroleum as colourless liquid. Although the TLC of the 

product showed a single spot, the NMR spectra (1H and 13C) 

revealed a mixture of benzaldehyde and N–

benzylidenebenzylamine in the ratios 1:10. The peaks for the 

N–benzylidenebenzylamine,39 in the mixture are prominent; 1H 

NMR (CDCl3, 300 MHz): δ/ppm 4.8 (d, J = 1.2 Hz, 2H, CH2), 

7.24–7.43 (m, 8H, ArH), 7.76–7.80 (m, 2H, ArH), 8.39 (t, J = 1.2 

Hz, 1H, CH); 13C NMR (CDCl3, 75 MHz): δ/ppm 65.0, 127.0, 

127.9, 128.2, 128.5, 128.6, 130.7, 136.1, 139.2, 162.0. 

 

2.7 Separation and reuse of the MnO2@AFGNS catalyst  

After removing the ethereal washings, the remaining catalyst 

was washed further with diethyl ether twice to remove any 

organic material and then dried under vacuum (50 °C at 0.1 

mm Hg for 2 h) for further use. 

3. Results and Discussion 
 

3.1 Structure and morphology of MnO2 nanowires  

Raman spectral analysis is an important and efficient tool for 

identifying metal oxide NP owing to their electron–phonon 

coupling. Thus, for the structural analysis of the composite 

formed, Raman spectral analysis of MnO2@AFGNS and AFGNS 

were carried out which are shown in Fig. 1a. It has been 
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reported earlier that the Raman spectrum of MnO2 shows 

major features from 500–700 cm–1 due to the stretching mode 

of MnO6 octahedra.4 In the present case also, Raman spectrum 

of MnO2@AFGNS shows a prominent peak at 573 cm–1 due to 

the deformation modes of the Mn–O–Mn chain of MnO2 with 

an adjacent weak peak at 508 cm–1 and another strong peak at 

642 cm–1 due to the Mn–O stretching modes which are the 

characteristic peaks of β–MnO2.4,40 Another peak was 

observed at 324 cm–1 (inset of Fig. 1a) upon magnification of 

the spectrum of MnO2@AFGNS within the range of 275–350 

cm–1. This peak was assigned to the interaction between the 

metal centre i.e. Mn and –NH2 which helps in stabilizing the 

nanowires formed on the AFGNS surface.41 Along with the 

characteristic peaks of MnO2, peaks at 1345 and 1580 cm–1 

corresponding to the disordered graphitic lattice (primarily 

along the edge due to functionalization), D–band and ideal 

graphitic lattice, G–band of AFGNS were also observed in the 

spectrum of MnO2@AFGNS.42 The D/G ratio was ~0.25 which 

was attributed to the functionalization of GNS with –NH2 

group in AFGNS.37 However, along with the peak due to D–

band, a smaller hump was observed at 1220 cm–1 due to 

disordered graphitic lattice (A1g symmetry or polyenes) in the 

Raman spectrum of MnO2@AFGNS.42 The origin of this peak is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) Raman spectral analysis of (i) AFGNS and (ii) 

MnO2@AFGNS. Marking of the peaks are shown in the body of 

the figure; (b) XRD pattern of MnO2@AFGNS. 

believed to be due to some deformation in the nanosheets of 

AFGNS owing to self limiting redox reaction between KMnO4 

and AFGNS.25,43,44 

The XRD pattern of MnO2@AFGNS composite (Fig. 1b) 

shows the diffraction peaks at 2θ = 28.4, 37.1, 55.9 and 58.7° 

which matched perfectly with the (110), (101), (211) and (220) 

planes of β–MnO2 (JCPDS card no. 00–004–0591 having 

tetragonal symmetry with P42/mnm space group and lattice 

constant of a=b=4.44, c=2.89). Along with the peaks for MnO2, 

peaks at 2θ = 21.7, 26.4, 44.6 and 54.4° for the graphitic 

domain of AFGNS (JCPDS card no 00–008–0415)13 was also 

observed in the XRD pattern of MnO2@AFGNS composite. The 

peak at 21.7° for an inter planar distance of 4.1 Å is due to 

intercalation of few –NH2 group in between the nanosheets 

during synthesis of AFGNS.13,37 It is noteworthy to mention 

here that in case of MnO2 there is an increase in the ratio of 

the intensities of (110) and (101) diffraction peaks compared 

to the conventional value (3.4 versus 1.25 calculated with 

respect to counts). This indicates the oriented growth of the 

MnO2 NP along the (110) plane leading to the formation of 

nanowires.44,45 The analysis of the XRD pattern also shows the 

presence of an amorphous phase. This was mainly due to the 

partial oxidation of AFGNS by KMnO4 as a consequence of the 

redox reaction as mentioned earlier. Such amorphous phase is 

typically the characteristic feature of oxidised graphite.46 

The XPS analysis provides useful information regarding the 

oxidation state of MnO2. The peak position for Mn 2p3/2 in the 

high resolution Mn 2p spectrum shown in Fig. 2a was observed 

at 642.3 eV which indicates that Mn is in +4 oxidation state 

and it corresponds to β–MnO2.22 Further, the peak for Mn 

2p1/2 was observed at 653.8 with 11.5 eV spin energy 

difference between Mn 2p1/2 and Mn 2p3/2 which is consistent 

with that observed for MnO2.21 The high resolution O 1s 

spectrum (Fig. 2b) upon deconvolution by voigt function37  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 High resolution (a) Mn 2p, (b) O 1s, (c) C 1s and (d) N 1s 

XPS spectra of MnO2@AFGNS. 
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100nm

100nm

50nm

shows peaks at 529.7 eV corresponding to Mn–O–Mn and 

532.3 eV for the oxygen containing functional groups such as  

–OH and –COOH.47,48 As already mentioned earlier, the KMnO4 

being a very strong oxidizing agent, it creates some  

─OH and –COOH groups on the surface of AFGNS which is the 

reason for the origin of the peak at 532.3 eV. The high 

resolution C 1s spectrum (Fig. 2c) upon deconvolution shows 

peaks at 284.6, 285, 285.6, 286.3, 288.7 and 290 eV for C–C, 

C=C, C–N, C–O–H, –COOH and π–π* for the C–C bond shake up 

respectively.37,49 It is noteworthy here that the peak observed 

for C–N at 285.6 eV is very prominent in the C 1s spectrum 

which confirms the presence of –NH2 group in AFGNS 

surface.37 The high resolution N 1s spectrum (Fig. 2d) shows 

peaks at 399.5 eV corresponding to the C–N bond for nitrogen 

embedded in GNS with three carbon neighbors.13 Another 

peak at 401.4 eV for –NH2 was also observed which was 

however at slightly higher binding energy compared to free  

–NH2 group due to Mn–N interaction present.13,37 As a result, 

the N 1s electron is present in a more bound condition 

compared to free state which provides a direct evidence 

regarding the interaction between the –NH2 group and MnO2. 

The very low intensity of the N 1s spectrum is attributed to 

high surface coverage by MnO2 nanowire thus reducing the 

extent of their detection.50 

FESEM analysis helps us to get a clear visual idea about the 

morphology of MnO2@AFGNS composite. FESEM micrograph 

of AFGNS and MnO2@AFGNS powder samples are shown in 

Fig. 3a and b, respectively. The FESEM micrograph of 

MnO2@AFGNS (Fig. 3b) clearly shows the presence of MnO2 

nanowires on the AFGNS surface in stark contrast to the 

smooth surface of AFGNS (Fig. 3a). The higher magnifications 

image of the composite (Fig. 3c) showed a similar nanowire 

structure. However, it is to be noted that on further  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 FESEM micrographs of (a) AFGNS; (b) MnO2@AFGNS; (c) 

higher magnification of MnO2@AFGNS with portions magnified 

in the insets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Bright field TEM image of (a) AFGNS showing few 

overlapping nanosheets and (b) MnO2@AFGNS. (c) EDS 

spectrum over the region shown in (b) confirming the 

presence of Mn. Signal of Cu is from the Cu grid used for TEM 

analysis. (d) and (e) HRTEM images of MnO2 nanowire on 

AFGNS. The magnified images of the MnO2 nanowire and 

AFGNS and their corresponding FFTs are shown in upper left 

and lower left insets, respectively in (e). (f) SAED pattern with 

labelling of different crystalline planes. 

 

magnification of few nanowires, the oriented alignment of the 

NP in a particular direction was visible. This corroborated with 

the observation from XRD analysis that preferential growth of 

the MnO2 NP along (110) direction leads to the formation of 

the nanowires. 

TEM image shown in Fig. 4 also provides some useful 

information regarding the morphology of MnO2@AFGNS 

composite. The bright field TEM image of AFGNS (Fig. 4a) 

shows nanosheets of size around 150 nm with smooth surface. 

On the other hand, the bright field TEM image of 

MnO2@AFGNS (Fig. 4b) shows the uniform distribution of 

nanowire like structures on the nanosheet surface. The EDS 

spectrum (Fig. 4c) over the same region reconfirms the 

presence of MnO2 nanowires on the nanosheet surface. The 

high resolution TEM (HRTEM) image of MnO2@AFGNS (Fig. 4d 

(a) (b)

(c)

(a) (b)

(d)
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and e) shows several MnO2 nanowire with ~3–4 nm diameter 

on the surface of AFGNS. The HRTEM of a single MnO2 

nanowire (Fig. 4e) with a portion of the nanowire magnified 

(upper left inset, Fig. 4e) shows fringes, and the corresponding 

fast Fourier transform (FFT) exhibit the feature which is a 

signature of (110) plane of β–MnO2 with the spacing of d110 = 

3.14 Å. The fringes for the graphitic lattice with interlayer 

spacing of 3.4 Å was also clearly visible and has been magnified 

along with the corresponding FFT in the inset of Fig. 4e (lower 

left). The selected area electron diffraction (SAED) pattern 

acquired from a lower resolution TEM image (Fig. 4f) shows 

the characteristic crystalline spots of β–MnO2 along with the 

spots for the (002) plane of AFGNS corroborating with the XRD 

patterns. Thus the FESEM and TEM analysis gives a complete 

visual microscopic evidence of the presence of MnO2 

nanowires on AFGNS surface in MnO2@AFGNS composite. 

 

3.2. Plausible mechanism for synthesis of MnO2@AFGNS  

The schematic representation of synthesis of AFGNS, the 

formation of MnO2 NP and their oriented growth on AFGNS 

surface over 48 hrs to form nanowires have been shown in Fig. 

5.51 Formation of the –NO2 group on GNS surface in the 

intermediate stage during the synthesis of AFGNS was 

confirmed from FTIR spectral analysis of –NO2 functionalized 

GNS (Fig. S1; ESI†). Here prominent peaks at 1390 and 1582 

cm-1 for the N–O stretching were observed confirming the 

presence of –NO2 functional groups on GNS surface.37 Along 

with the peaks for –NO2 group, peaks at 2924 and 3444 cm-1 

for C-H stretching of GNS and O-H stretching of adsorbed 

moisture were also observed in the FTIR spectrum of –NO2 

functionalized GNS.37 Subsequently the –NO2 group was 

reduced to –NH2 in presence of Na2S to form AFGNS. This was 

also confirmed from the corresponding FTIR analysis (Fig. 6(i)) 

where no peaks due to –NO2 group was present but instead 

the peaks due to out of plane N–H bending, C–N stretching 

and in plane N–H bending were observed at 754, 1027 and 

1660 cm–1, respectively due to the –NH2 groups present on 

AFGNS surface.13,37 

During the synthesis of the composite, the –NH2 group on  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Schematic representation of synthesis of AFGNS and 

MnO2@AFGNS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 FTIR spectra of (i) AFGNS and (ii) MnO2@AFGNS. The 

marking of the peaks have been shown in the body of the 

figure. 

 

the surface of the AFGNS at the very onset of the reaction help 

to anchor the permanganate ion (MnO4
–),52 similar to a 

previous report by Wang et al for RGO.25 It is a well known 

phenomenon that KMnO4 in basic medium undergoes 

reduction to form MnO2.53 In the present case also, the –NH2 

group on AFGNS surface creates a weakly basic medium 

(pH=7.4) and as a result the MnO4
– ions gradually get reduced 

to MnO2 NP with progress of reaction time. The probable 

reaction occurring can be represented as: 

 

MnO4
– + 2H2O + 3e– → MnO2 + 4 OH–   (1) 

 

A preferential growth of the MnO2 NP along the (110) plane  

occurs which gives rise to the 1–D nanowire structure.25,44 

Further, the MnO2 nanowires already formed act as the seeds 

to form longer MnO2 nanowires.25 The MnO2 nanowires thus 

formed are attached closely on the AFGNS surface and are 

stabilized and anchored by the –NH2 group present on the 

nanosheet surface.54 Evidence of this stabilization was 

observed from Raman spectra and XPS analysis, as discussed 

earlier, which was further supported from FTIR spectra 

analysis. On comparing the FTIR spectra of AFGNS and 

MnO2@AFGNS (Fig. 6), a significant decrease in the intensity of 

the peaks along with a shift in the position from 1027 to 997 

cm–1 and 1660 to 1636 cm–1 for the C–N stretching and in 

plane N–H bending in MnO2@AFGNS was observed which was 

due to the interaction of MnO2 with the –NH2 group on AFGNS 

surface that stabilizes the MnO2 nanowires.13 The absence of 

the peak at 754 cm−1 corresponding to out of plane N–H 

bending is due to reduction in free –NH2 group on AFGNS 

surface as most of the –NH2 groups are involved in interaction 

with MnO2 nanowire and stabilizing them. The FTIR spectrum 

of MnO2@AFGNS also shows a peak at 521 cm–1 with a 

shoulder at 462 cm–1 which is characteristic for the Mn–O 

bending vibration of MnO2 nanowires present on the surface 

of AFGNS.55 

It is noteworthy to mention here that, due to the strong 

oxidizing nature of KMnO4, a self limiting redox reaction 
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(ii)

(i)

    in plane 

N-H bending

     C-N 

stretching

 out of plane

N-H bending

Mn-O 

bending

T
r
a

n
sm

it
ta

n
c
e
 (

a
r
b

. 
u

n
it

)

Wavenumber (cm
-1
)

HNO3/H2SO4

(1:1 v/v ratio)

Ultrasonication

Na2S, ∆

KMnO4, stirring 

at 80 °C, pH=7.4

AFGNS

After 48 h

Oriented growth

Microcrystalline 

graphite

MnO2@AFGNS

-NH2

MnO2

nanowire

MnO2

nanoparticles

Page 6 of 13RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
9 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 E
C

O
L

E
 P

O
L

Y
T

E
C

H
N

IC
 F

E
D

 D
E

 L
A

U
SA

N
N

E
 o

n 
19

/1
0/

20
15

 1
6:

39
:0

9.
 

View Article Online
DOI: 10.1039/C5RA17777D

http://dx.doi.org/10.1039/c5ra17777d


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

between AFGNS and KMnO4 also occurs25,43–45 evidence of 

which was observed in the discussion of Raman, XRD and XPS 

spectra. This also leads to the synthesis of MnO2 NP on AFGNS 

surface. The probable reaction,25,43–45 occurring in this case can 

be represented as:  

 

4MnO4
– + 3C + H2O → 4MnO2 + CO3

2– + 2HCO3
–  (2) 

 

However, from the small D/G ratio observed in Raman 

spectrum (Fig. 2a), presence of sharp graphitic peak in XRD 

pattern (Fig. 2b) and lower peak areas for the oxygen 

containing functional group in the O 1s and C 1s XPS spectra 

(Fig. 3b,c), it can be inferred that this is not the primary 

reaction occurring in the present case for the synthesis of 

MnO2. This is because in case of synthesis of MnO2 only by the 

redox reaction between KMnO4 and graphite nanomaterials, 

extensive damage to the graphitic framework has been 

observed.44 However, as no such severe damage to the 

graphitic framework has been observed in case of 

MnO2@AFGNS, it indicates the less extent of this reaction. 

Nonetheless this reaction also contributes towards synthesis 

of MnO2 NP. 

A control reaction was also carried out to further confirm 

the anchoring effect of the –NH2 group in AFGNS by 

synthesizing MnO2 with microcrystalline graphite without any 

functionalization. It was observed from the XRD pattern and 

the Raman spectrum (Fig. S2 a,b; ESI†) that negligible amount 

of MnO2 was formed on the surface of the graphite in this 

case. Some amount of MnO2 that is formed on the surface of 

the graphite is by virtue of the self limiting redox reaction as 

shown in equation 2. But due to the absence of sufficient 

anchoring groups, the MnO2 are removed during washing 

which clearly points out to the importance of the –NH2 group 

in AFGNS towards stabilizing and anchoring the MnO2, and 

thus preparation of the MnO2@AFGNS composite. Another 

noteworthy observation was that the MnO2 formed in this 

case was of birnessite type (JCPDS card no. 00–018–0802) i.e. 

δ polymorph which generally possesses 2–D lamellar structure. 

This points out to the fact that the –NH2 group in AFGNS plays 

a role for the formation of 1–D nanowire structure. 

 

3.3 Optimization of the reaction condition for oxidation of 

benzyl alcohol 

The MnO2@AFGNS composite having a network of 1–D MnO2 

nanowire on the nearly undamaged graphitic framework of 

AFGNS surface was subsequently used in as prepared 

condition for organic oxidation reaction as catalyst. In order to 

optimize the reaction condition for oxidation of benzyl alcohol, 

we chose 4–methoxybenzyl alcohol as the model compound 

and conducted reactions under different loading of the 

catalyst at varying temperatures. It can be seen from the 

experimental observations presented in Table 1 that the 

desired oxidation takes place with 40 mg (0.07 mmol 

equivalent MnO2) catalyst mmol−1 of the substrate and at 100 

°C (entry 3). Reactions carried out in the absence of the 

catalyst (entry 1), lower concentration of catalyst (entry 2) 

showed poor performance. On lowering the temperature 

Table 1 Optimization of reaction condition using 

MnO2@AFGNS catalyst (7.6 wt% MnO2).a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[a] 4–methoxybenzyl alcohol (0.5 mmol), 1,4–dioxane (3 mL), 

reaction carried out under aerobic condition. [b] Isolated yield. 

[c] Using 1.5 eqv H2O2 (30%) under aerobic condition. [d] 

Under O2 gas. [e] 4–methoxybenzyl alcohol (0.5 mmol), water 

(3 mL), reaction carried out under aerobic condition. 

 

(entry 4) or adding additional oxidizing agent (30% H2O2) (entry 

5), the conversion went down, while carrying out the oxidation 

in the presence of O2 did not show any significant change 

(entry 6). Reaction was also carried out in presence of water 

which is a green solvent. But the reaction was not successful 

and only 14% oxidized product (p-anisaldehyde) was isolated 

(entry 7). 

 

3.4 Oxidation reaction of primary and secondary benzyl 

alcohols by MnO2@AFGNS composite 

The optimized condition for the catalytic oxidation of benzyl 

alcohols being confirmed, we explored the general 

applicability with different primary as well as secondary 

alcohols. The results are presented in Table 2. The primary 

benzyl alcohols such as 4–methoxybenzyl alcohol, 4– 

chlorobenzyl alcohol and benzyl alcohol (Table 2, entries 1–3) 

underwent smooth oxidation to the corresponding aryl 

aldehydes with sufficient isolated yields of 82, 79 and 77 %, 

respectively. Similarly, secondary alcohols such as 1– 

phenylethanol, 1–(4–methylphenyl)ethanol, 1–(3,4– 

methoxyphenyl)ethanol, 1–(2–napthyl)ethanol, 4–

(methoxyphenyl)(phenyl)methanol and diphenylmethnol 

(Table 2, entries 4–9, respectively) yielded aryl alkyl– or 

diarylketones in good to excellent yields (82–74 %). 

 We further investigated the efficiency of the catalyst in the 

oxidation of benzylamine to the N–benzylidenebenzylimine. 

The catalytic oxidation of benzyl amine to imine is also very 

important as imines are active synthons for the synthesis of 

industrial materials and biologically active molecules, though, 

this is a relatively unexplored field.56,57 The reaction is believed 

OH

OMe

MnO2 @AFGNS

100 oC

1,4-Dioxane

O

H

OMe

Entry Catalyst (mg) Temp. °C Time (h) Yield (%)b

1 Nil 100 24 trace

2

3

4

5c

6d

20 100 20 52

40

40

40

40

100

80

100

100

12

20

20

12

82

62

34

80

7e 40 100 24 14
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Table 2 Oxidation of alcohol and amine using MnO2@AFGNS catalyst.a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Entry R1 R2 Time (h) Product Yield (%)b 

1 

OMe  

H 12 

OMe

H

O

 

82 

2 

Cl  

H 12 

Cl

H

O

 

79 

3 

 

H 16 

H

O

 

77 

4 

 

Me 14 

Me

O

 

74 

5 

Me  

Me 14 

Me

O

Me  

76 

R1 R2

OH
MnO2@AFGNS

100 °C

1,4 - Dioxane R1

O

R2

R1 = Ar

R2 =  H / CH3 / Ar

NH2R1

MnO2@AFGNS

100 °C

1,4 - Dioxane

N

R1

R1 R1 H

O

+

R1 =  Ar
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[a] Reactions carried out: alcohol (0.5 mmol), MnO2@AFGNS (40 mg, 0.035 mmol equivalent MnO2), 1,4-dioxane (3 mL) heated 

at 100 oC in open air. [b] Isolated yield. [c] Reactions carried out: benzylamine (1.0 mmol), MnO2@AFGNS (40mg, 0.035 mmol 

equivalent MnO2) 1,4-dioxane (3 mL) heated at 100 oC in aerobic condition. [d] Conversion is ~ 90% (HPLC), and the ratios of 

benzaldehyde and N-benzylidenebenzylamine were found to be 1:10 (evaluated from 1H NMR spectrum). 

 

to proceed via initial oxidation of the amine to aldehyde and 

subsequent condensation with another molecule of amine 

eventually producing the imine.58 On carrying out the 

oxidation of benzyl amine (Table 2, entry 10) using our catalyst 

and conditions (40 mg catalyst i.e. 0.035 mmol equivalent 

MnO2 mmol−1 of the substrate), we isolated a mixture of 

benzaldehyde and N–benzylidenebenzylimine in the ratios of 

~1:10, as evaluated from 1H–NMR spectrum of the mixture of 

the products. Thus, from the above mentioned results, it is 

well established that MnO2@AFGNS composite can be used as 

an efficient heterogeneous catalyst for facile oxidations of 

primary, secondary benzyl alcohols to corresponding carbonyl 

compounds as well as for the oxidation of benzyl amine to 

imine. A scheme for the probable overall reaction of catalytic 

oxidation of alcohol by MnO2 is shown in Fig. 7a. MnO2 is 

known to be very selective towards oxidation of allylic and 

benzylic alcohol. The oxidation of benzylic alcohol occurs by 

radical mechanism as proposed by Goldman5,35,36 (Scheme 1). 

As MnO2 acts as an oxidant for alcohol, during redox reaction it 

gets reduced to Mn(OH)2 which undergoes rapid oxidation in 

air to give back MnO2.59 Thus the composite becomes reusable 

for application in subsequent reaction cycles. The 1–D 

nanowire structure is ideal for catalyst application as they have 

much higher surface area compared to bulk materials and thin 

film as a result of which they have more available reactive sites 

on their surface.12 However, it is noteworthy here that MnO2 

has low electrical conductivity as mentioned earlier which 

makes the electronic transfer through them during catalysis 

unfavourable.11 Here AFGNS plays significant role for their high 

electrical conductivity owing to nearly undamaged graphitic 

network. As AFGNS has a planar structure with several 

nanowires on the surface of the nanosheets, during the redox 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Schematic representation of (a) the overall reaction of 

catalytic oxidation of benzylic alcohol in presence of MnO2 

nanowire and (b) participation of AFGNS in enhancing the 

catalytic efficiency of MnO2 nanowire. 

Entry R1 R2 Time (h) Product Yield (%)b 
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OMe
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Ph NH2  
– 12 Mixture of benzaldehyde 

and imine 

Not separatedd 

R2Ar

O
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Scheme 1. Possible mechanism of oxidation of benzyl alcohol 

by MnO2. 

 

reaction, the e− from alcohol is transferred to the AFGNS 

matrix, which conducts it efficiently and rapidly to the 

different MnO2 nanowires increasing the catalytic efficiency of 

the composite as shown in Fig. 7b. As a result, with only 0.07 

mmol equivalent MnO2 per mmol benzyl alcohol, the reaction 

gives sufficiently high yields in the absence of any other 

oxidizing agent. Infact, this is the lowest molar equivalent of 

MnO2 reported till date to accomplish the reaction with 

sufficient yield. Otherwise, much excess of MnO2 (2 mmol 

equivalent or more per mmol benzyl alcohol) is generally used 

in order to carry out the oxidation reaction.5,33-36 Only very 

recently, the oxidation of benzyl alcohols by MnO2 supported 

on cellulose and wool has been reported in which the reaction 

was accomplished with a 1:0.1 molar ratio of substrate alcohol 

to MnO2 in presence of K2CO3.33,34 It is noteworthy here that 

this oxidation reaction was carried out in presence of an 

inorganic base (K2CO3) which not only acts as an activator for 

the alcohol but also as a scavenger of water in the organic 

medium which directly affected the yield of the products. 

Further, the synthesized MnO2 reported in ref 34 did not have 

any well-defined morphology and sufficient crystallinity, and 

hence in absence of inorganic activator K2CO3 yield of product 

was only 16% and 27% for MnO2 supported on cellulose34 and 

wool, respectively.33 It can be noted here that from green 

chemistry perspective, avoiding the use of such inorganic 

activators in the reaction system is a priority of the research 

community presently.60 In the case of MnO2@AFGNS, 

accomplishment of oxidation reactions by much less 

concentration of MnO2 is due to the synergistic effect of the 

highly crystalline 1–D MnO2 nanowire and AFGNS, as a result of 

which no extra inorganic activator is required to be added to 

the reaction medium and the reaction reaches completion 

with sufficient high yield (82%). In order to understand the 

contribution of the weakly basic environment created by the  

–NH2 group on the AFGNS surface towards the high catalytic 

efficiency of the composite in the oxidation reaction, we also 

prepared two other MnO2@AFGNS composites with varying 

quantities of MnO2, namely MnO2@AFGNS (3.1 wt%) and 

MnO2@AFGNS (6 wt%) with 3.1 and 6 wt% of MnO2 in the 

composite, respectively. We employed both materials in the 

catalytic oxidation of 4-methoxybenzyl alcohol using the same 

MnO2 content (0.07 mmol equivalent MnO2 per mmol benzyl 

alcohol) under similar conditions. As presented in Table S1 

(ESI†), MnO2@AFGNS (6 wt%) worked quite efficiently, while 

further lowering of MnO2 loading, i.e. MnO2@AFGNS (3.1 

wt%), led to relatively poor yield of the oxidized product. This 

suggests that the –NH2 group on the AFGNS surface might 

render its basicity to a certain extent and there is an 

optimization between the loading of MnO2 and the surface  

–NH2 group in AFGNS for carrying out the reaction efficiently. 

Thus on the basis of the above discussion, it is believed that 

MnO2@AFGNS can act as a very efficient catalyst for organic 

oxidation reactions. 

 

3.5 Reusability of the catalyst and characterization of the 

recovered catalyst 

The reusability efficiency of a catalyst is of significant 

importance from industrial point of view. The more reusable a 

catalyst is, the more is its potential for extensive industrial 

applications. Thus to check the reusability of MnO2@AFGNS 

catalyst in subsequent cycles of reaction, the composite was 

separated by the method mentioned in section 2.7. The 

presence of the AFGNS matrix makes the MnO2@AFGNS a 

heterogeneous catalytic system which makes them easily 

separable from the reaction medium. The recycling reactions 

were carried out with 4–methoxybenzyl alcohol and the yield 

was calculated in 3 subsequent reaction cycles. The isolated 

yield was found to be appreciable up to 3 cycles tested, the 

yield is decreasing from 82% in the first cycle to 80% in the 

second cycle and finally to 76% in the third cycle (Fig. S3; ESI†). 

This observation confirms the heterogeneous nature of the 

MnO2@AFGNS catalyst and asserts of the fact that the catalyst 

is potentially recyclable with sufficient reusability capacity. 

The MnO2@AFGNS catalyst was recovered from the 

reaction mixture after every cycle and characterized to check 

the stability of the composite in the reaction condition. Raman 

spectral analysis of the recovered composite after every cycle 

of reaction (3 consecutive cycles) and the starting 

MnO2@AFGNS composite (Fig. 8a) showed similar peaks 

indicating the unchanged oxidation state of the metal oxide. 

The main peaks at 573 and 642 cm–1 for the deformation mode 

of Mn–O–Mn chain and the Mn–O stretching mode of β–

MnO2
4,40 was clearly observed in the composite sample up to 3 

cycles of organic reaction which confirms the stability of the 

composite and that no change of MnO2 occurred during the 

course of the reaction. The XRD analysis as shown in Fig. 8b for 

the composite recovered after each cycle of catalytic reaction 

also supported this observation. The peaks for (110), (101), 

(211) and (222) planes of β–MnO2 were observed in all the 

three set of samples of composite after the 3 reaction cycles 

along with the peaks for AFGNS as discussed earlier. However, 

an interesting observation in this context was that the ratio of 

the intensity of the peaks (calculated with respect to counts) 

of the (110) and (101) planes of MnO2 changed from 3.4 

before catalysis to 2.7, 2.3 and finally 1.8 after first, second 

and third cycle of catalysis respectively. This indicates 

deterioration in the nanowire structure of MnO2 which 

subsequently leads to a slight decrease in the yield of the 

product in the third cycle (~6%) of the catalytic reaction. To 

confirm the above mentioned observation, TEM analysis of the 

catalyst recovered after the third cycle was performed (Fig. S4; 

ESI†). From the bright field TEM image, it was seen that 

although there are nanowire structures visible on the AFGNS 

surface, some agglomerated NP (marked in the inset) are also  

C6H5 –CH2OH
MnO2

C6H5 –CH2OH/MnO2

Adsorption

C6H5 –CH2O Mn(IV)
O

OHCoordination

C6H5 –CHO Mn(III)
OH

OH
Radical formation

●

C6H5 –CHO/Mn(II)
OH

OH
C6H5 –CHO + Mn(OH)2
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Fig. 8 (a) Raman spectra and (b) XRD patterns of (i) 

MnO2@AFGNS before catalysis and after the first (ii), second 

(iii) and third (iv) cycles of catalysis. 

 

observed corroborating the observation from XRD analysis. 

However, the extent of decrease in the catalytic efficiency for 

this deterioration in structure is comparatively less even after 

3 cycles as the active surface of MnO2 is still available for the 

reaction. Thus the MnO2@AFGNS composite being a cheap 

and cost effective functional material can have efficient 

applications in the field of organic catalysis and other related 

systems. 

4. Conclusion 

MnO2 nanowires have been synthesized on amine 

functionalized graphite nanosheet support to prepare 

MnO2@AFGNS composite. The –NH2 group on the surface of 

nanosheet helps simultaneously creating a mild reducing 

enviornment to reduce permanganate to MnO2, followed by 

anchoring the MnO2 nanoparticles on its surface and oriented 

growth to form nanowire structures. A mechanism has been 

proposed for the entire synthesis of MnO2 nanowire anchored 

AFGNS composite. This composite has been successfully used 

in catalytic oxidation of primary and secondary benzyl alcohols 

to corresponding carbonyl compounds selectively in the 

absence of any other oxidizing and activating agent with 

significantly high yield. Further, oxidation of amine to imine 

and aldehyde has also been performed demonstrating the 

versatility of the composite as the catalyst in organic oxidation 

reactions. Straightforward preparative method for the 

MnO2@AFGNS nanocomposite with oriented growth of MnO2 

nanowires, oxidation of benzyl alcohol and amine using a very 

low concentration of equivalent MnO2 as the catalyst, ease of 

recovery and reusability for three runs tested are notable 

features for the present work. The synergistic effect of MnO2 

nanowire and AFGNS sheet i. e. electron rich surface of AFGNS 

is presumably enhancing the process of electron transfer by 

MnO2 during catalysis that has been explained to be the cause 

of huge increase in catalytic efficiency of the composite. Thus, 

the MnO2@AFGNS composite can be used as a cheap high 

potential catalyst in organic oxidation reactions  
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MnO2 nanowires were synthesized on amine functionalized graphite nanosheet and excellent catalytic efficiency of as-prepared 

composite towards organic oxidation reactions was demonstrated. 
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