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Introduction 

Zinc Oxide (ZnO) has properties of high refractive index, 

high binding energy, high thermal conductivity, good 

biocompatibility, and antibacterial and UV protection. It 

has numerous applications in electronic devices, 

photocatalysis, gas sensing, biomedical, skin treatment, 

filter in cigarettes, and biometric membranes [1-3]. ZnO is 

an n-type semiconductor with a band gap of 3.3 – 3.4 eV 

and exciton binding energy of 60 meV, transparent in the 

visible region, and a less toxic material. ZnO has 

preferential cytotoxicity against cancer cells which kills 

cancerous cells without affecting normal cells. The 

requirement of UV light in the photocatalytic application 

of ZnO has been reported to get nullified on metal ion 

doping [4,5].  

 Graphene oxide (GO) due to its morphology provides 

a larger surface area for efficient dispersion of metal oxide 

nanoparticles avoiding agglomeration. GO and reduced 

GO( r-GO) are helpful for photothermal catalysis, dye and 

contaminant adsorption, and catalytic esterification, and 

have been employed as catalyst supports due to their good 

adsorption performance, high stability, and high surface 

area [6-9]. 

 ZnO/rGO composites have been reported to have 

many applications like anticorrosion, gas sensing, 

photocatalytic (with H2 production), esterification of 

acetic acid, heterogeneous catalysis for the synthesis of 

various 3-substituted indoles in water and anti-cancer. The 

enhanced charge transport phenomena in rGO/ZnO have 

also been utilized in photodetection and heterojunction 

solar cells [10-19].  

 ZnO nanoparticles have been prepared by various 

physical and chemical methods [20-28]. Sol-gel 

techniques are one of the easiest techniques for the 

synthesis of ZnO with the possibility of doping or other 

alterations tuning the properties. In addition to the benefit 

of low cost, the sol-gel process has also the advantage of 

precise composition control of films making it suitable to 

examine material properties dominated by composition 

[29]. In this work, we have synthesized rGO/ ZnO 

composites by the Sol-gel method (being simple and 

easily tunable) and analyzed the effect of increasing the 

rGO percentage by increasing the concentration of the 

reducing agent ammonia (NH3) during synthesis. 

Ammonia is preferred over other gases for doping 

purposes due to its high chemical reactivity.  

 

The rGO-ZnO composite was found promising improvement over the photocatalytic ability of pure 
ZnO and is useful for other Opto-chemical applications. ZnO/rGO composite was synthesized by 
the sol-gel method. The morphology of rGO caused better dispersion of the ZnO crystallites The 
reducing agent ammonia was varied in concentration during the synthesis.  A reduction in the 
crystallization was observed for lower concentrations (0 – 1%) of ammonia which got stabilized in 
higher concentrations (>1%). The crystalline morphology showed variations from being close to 
amorphous to 38 nm. The average crystallite size was 15 nm. The rGO induced nonradiative 
phononic modes in the optical transition process when present in lower concentration but 
interestingly aided the crystallization process in a preferential crystallographic orientation which 
however got lowered in intensity for >2% ammonia concentration. The defect states formed in the 
rGO/ZnO composite in the form of oxygen vacancies, zinc interstitials, and vacancies caused a 
decrease in band gap due to indirect transitions. The role of ammonia in the performance of the 

composites was found to be significant.  
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Experimental methods  

Zinc oxide nanoparticles were synthesized through the sol-

gel method using zinc nitrate as a precursor. 5.9513 g of 

zinc nitrate with 40 ml of water is prepared and added 

with 1.0048 g of urea. The sample was kept for stirring for 

3 hr. with a temperature of 120
o
C. As a result, ZnO is 

formed and transferred to a Petry dish. Calcination was 

done in an oven for 10 hr. at 100
o
C temperature. 0.1 g of 

prepared ZnO is taken with 20 ml of distilled water to 

prepare the ZnO solution.  

 Reduced Graphene oxide (rGO) was synthesized by 

using the well-known modified Hummers method. The 

graphite flakes (2 g) and NaNO3 (1 g) were mechanically 

mixed. and transferred into concentrated H2SO4. KMnO4 

(6 g) was slowly added to the resultant solution under 

vigorous stirring. About 20 ml rGO in liquid solution form 

is taken. Both the solutions underwent ultrasonication for 

30 min. The solutions were mixed and stirred for 1 hour 

by adding ammonia solution dropwise. Ammonia 

(NH3.H2O) acts as a reducing agent.  Four (4) samples 

were prepared with 1ml, 2ml, 3ml and 4ml ammonia or 

1%, 2%, 3% and 4%. All four samples were washed five 

times to maintain the sample pH of 7. Calcination was 

done for 10 hrs. The respective weights of samples 

obtained after drying were 0.0640 g, 0.0780 g, 0.0650 g, 

and 0.0683 g. The characterizations were done using XRD 

(Proto A-XRD with Cu Kα = 1.54Å), UV-Vis 

spectrometer (UV 3600 Plus, Shimadzu, Japan and 

Photoluminescence spectrometer (Fluromax-4, Horiba 

Scientific, USA).  

 

Results and discussions 

Composites of ZnO and rGO by different ammonia 

concentrations (1-4%) were synthesized. Ammonia being 

the reducing agent of GO, shall cause a higher 

concentration of rGO upon increasing its concentration. 

The XRD spectra of synthesized compounds are shown  

in Fig. 1(a) along with the XRD of undoped ZnO in  

Fig. 1(b) (JCPDS 36-1541). The peaks for 1 % ammonia 

addition are shown separately in Fig. 2(a) with their 

deconvolution in Fig. 2(b). The intense peak of GO 

indicates that the reduction of GO to rGO is in the nascent 

state for 1% ammonia.  

 The average crystallite size was close to 15 nm as 

shown below. Extra peaks other than ZnO and GO were 

found to be existing due to complex centers containing 

nitrogen substituting oxygen and Zn interstitial atoms  

(Zn-No). They act as intrinsic defects responsible for 

phononic indirect optical transitions as revealed below 

[30].   

 Increasing the percentage of NH3 which acts as the 

reducing agent of GO has caused an increased crystallinity 

as observed from the peaks with higher intensity. The 

maximum difference is observed between 1 and 2 % 

doping.  

(a) 

 
(b) 

 

Fig. 1. XRD of GO-doped ZnO at different ammonia doping 

concentrations and pristine ZnO and (b) XRD of undoped ZnO 

synthesized (Reprinted under CC BY License from Mater Sci Res India 

13, 07(2016). Copyright 2016 Oriental Scientific Publishing Company 

[20]. 
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Fig. 2. (a) XRD of GO-doped ZnO at 1% ammonia doping concentration 

(b) Gaussian fit of XRD of ZnO at 1% ammonia doping concentration. 

Table 1. Parameters obtained from Gaussian Fit find the 

crystallite size. 

2θ (degrees) 36.9 36.2 35.5 32.0 𝞫(degree) 0.23 1 1.79 0.68 

D(nm) 38  10 5  15  

 

 We observed a slight decrease in intensity with an 

increase in ammonia concentration from 2 % to 4 %.  The 

peaks between 30
o 

to 40
o 

  which are characteristic of ZnO 

were found to be broadened at the base and sharpened 

upwards. The particle size from Scherer’s’ formula 𝐷 = 𝑘𝜆𝛽 𝑐𝑜𝑠𝜃 came as 5nm, 15nm, and 38nm corresponding 

to the 2θ values of, 35.5o
, 32.0

o
 and 36.9

o
 respectively 

(Table 1), where D is the crystallite size, λ is the 
wavelength of the X-Ray (1.54 Å), β is the FWHM and θ 
is half of the Bragg angle. It can be inferred from getting 

intensity distribution of peaks (JCPDS 36-1541) and 

crystallite size distribution, that although nucleation of 

crystallites takes place in a preferential crystallographic 

orientation, nanoparticles are formed at the base. The peak 

at 10
o
 is due to GO. 

 The PL and UV spectra of this sample are shown in 

Fig. 3(a,b). Deconvolution using Gaussian fits was done 

of the PL spectra. In PL, luminescence centers arise due to 

defects like vacancies and interstitials giving different 

peaks. There are tetrahedral and octahedral sites in the 

wurtzite structure of ZnO. Oxygen ions are preferentially 

found in the octahedral sites and oxygen vacancies are 

also predominant in ZnO compared to Zn
+2

 interstitials 

due to lower energy [31].  
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Fig. 3. (a) Photoluminescence and (b) UV spectra of 1% NH3 –GO doped 

ZnO. 

 The emission peaks are mainly due to band-to-band 

excitons’ transition or by the transition of electrons from 

the level of the ionized oxygen vacancies to the valence 

band. The spectrum has a small violet-blue band at 438 

nm, primarily caused by surface imperfections. This small 

intensity peak is due to a radiative transition between the 

electron in the conduction band edge and oxygen 

vacancies (Vo). Two broad green emission bands between 

500 – 600nm were observed which is due to the radiative 

recombination of an electron from the conduction band 

edge to the deep-level holes. The broadness of the peak is 

indicative of the fact that phonon-assisted non-radiative 

transitions are also present. Such non-radiative 

recombination takes place via levels within the band gap 

of the semiconductors. The two broad green peaks from 

500-600 nm are due to ionized oxygen vacancies (Vo+). 

The optical centers related to impurities including intrinsic 

defects are commonly detected in the wavelength range of 

450–650 nm Strong emission bands in the visible range at 

500 - 600 nm are formed by the electronic transition in the 

defect levels for ZnO. Oxygen vacancies are responsible 

to produce green emissions [32,33]. 

 
Fig 4. Changes in Luminescence due to vibrations and defects. 

 

 The lifetime of an excited state is 10
-8

 s whereas the 

frequencies of lattice vibrations are 10
-13

 s. Thus, an 

electron excited to the next vibrational level may not be at 

the equilibrium (lowest energy) state and may move to 

equilibrium by non-radiative phonon emission giving a 
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lower luminescence frequency or higher wavelengths. A 

radiation-less transition is also possible with heat 

dissipation decreasing the luminescence spectra as shown 

in Fig. 4 where G corresponds to the ground state and A 

the excited state due to lattice defects.  

 The UV–vis reflectance spectrum is shown in Fig. 

3(b). The band gap energy of nanomaterials may be 

calculated by Kubelka–Munk equation (eq 1, 2). 

𝛼 = 𝐹(𝑅) = (1−𝑅)2(2𝑅)                   (1) (𝛼ℎ𝜈)1 𝑛⁄ = 𝐴(ℎ𝜈 − 𝐸𝑔)                 (2) 

where 𝛼 is the absorption coefficient, 𝑅 is reflectance, ℎ𝜈 

is the incident photon energy; 𝐴 is a constant, and 𝑛 

depends on the type of transition: 𝑛 = 1/2 and 2 for direct 

and indirect transition, respectively. The Tauc plot showed 

a reduction in the band gap of ZnO due to indirect 

transitions (Fig. 5(a,b)).  
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Fig 5. Tauc plot of a) rGO–GO direction transition and (b) indirect 

transitions due to defect states along with direct transition due to ZnO.  

 

 The absorption coefficient α is related to the optical 
energy band gap (Eg) for high photon energies [34, 35]. 

For direct transitions between conduction and valence 

bands, it is considered that there is no change in the 

electron wave vector, and the absorption coefficient for 𝛼 

(E= hν) for direct transitions can be expressed as Eq 3 

αdir (hν<E)= 0 and 𝛼𝑑𝑖𝑟(ℎ𝜈 ≥ 𝐸𝑔) = 𝐴(ℎ𝜈 − 𝐸𝑔)1/2     (3) 

where A is the constant for direct transition. The linear 

dependence of 𝛼(hν)
2
 with hν, therefore, indicates direct 

transition with the determination of Eg possible using a 

linear fit [36-38]. Having a long tail is a sign of 

indirectness which was found in all the cases. It is 

indicative of the fact that a fraction of indirectness is 

present in direct transitions. The absorption coefficient for 

indirect transitions can be expressed as  (eq 4) 

αind (E<Eg) = 0 and  αind (E ≥ Eg) ∝ (E ± ℏΩ - Eg)
n     

      (4) 

 where n = 2 and ℏΩ denotes a phonon being emitted 

(+ℏΩ) or absorbed (-ℏΩ). The equation shows that 
deviation from linearity is related to indirectness as the 

order index changes from ½ to 2 and can be used to find 

the indirect band gap of 1.9 eV as shown in Fig. 5(b) in a 

plot of α(hν) vs E (eV) [39].  

 The direct band gap of 3.3 eV is due to ZnO. The 

indirectness has been induced due to doping. causing non-

radiative transition as also observed from the broad peaks 

in the PL studies. The difference between the two i.e., 1.4 

eV is due to phononic modes and is equal to ℏΩ (phonon 
absorption). The phonon frequency is then estimated to be 

2π (0.34) femto Hz. which is about 2π (1100) cm-1
. These 

lattice vibrations cause a reduction in the band gap.  

 As an increased amount of rGO due to an increase in 

ammonia concentration has caused better crystallization of 

the ZnO particles. The indirectness is also expected to get 

reduced. Due to surface defects like the surface oxygen 

sites in GO can form OH…. N and O…HN hydrogen 
bonds with NH3 and enhance charge transfer between 

them [40]. These observations are indicative of the fact 

that. The rGO concentration should be below 2% to get 

good photocatalytic properties. However, for 

photoconductive properties a percentage more than 2% of 

ammonia is beneficial. The reaction kinetics between ZnO 

and NH3 as shown below (Eq 5) involves the generation 

of Zn atoms which go to the interstitial positions and N2 

which substitutes the oxygen atoms forming Zn-No 

intrinsic defects as mentioned previously 

3ZnO + 2NH3 N2 +3Zn +3H2O                 (5) 

 The substitutional, as well as interstitial N doping, 

create deep electronic trap states improving charge 

separation and delaying e- h recombination. and also form 

Oxygen vacancies. Required for efficient photocatalysis 

[41]. The defects associated with ZnO within the band gap 

are either donor-type zinc interstitials (Zni ++; Zni+; Zni* ) 

and oxygen vacancies (VO +; VO ++ and VO) or acceptor-

type zinc vacancies (VZn “and VZn ‘). 
 A representation of the different states and related 

transitional wavelengths obtained from PL and UV studies 

are given in Table 2 and shown pictorially in Fig. 7. The 

zinc interstitials (Zni*) are lattice defects that cause strain 

and result in peak shifts as observed in the XRD studies.  

They are 0.22eV below the conduction band (CB) i.e., 
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~3.14 eV and the neutral Zn vacancy state is 0.30 eV 

above VB.  They are formed by Frenkel reactions as Zn  

Zni* + VZn’ creating a zinc vacancy as well. These 

interstitials can undergo further ionizations to form Zni ++ 

and Zni+ losing one electron in each step. These extended 

zinc interstitial states are 0.54 (2.82 eV) to 0.635 (2.72eV) 

eV below CB. A transition from Zni++ state to VB 

emitting blue radiation (438 nm) is confirmed.  The 

neutral oxygen vacancy state Vo is usually 0.86 (2.5 eV) 

eV below CB. The oxygen vacancy state VO +; can either 

capture an electron from CB to form a Vo state from 

which a transition to VB occurs emitting a green light 

(~500 nm). or it can form VO ++ by capturing a hole from 

the VB. The Vo++ state is found 1.16 eV above VB and 

therefore electron recombination at the Vo++ state leads to 

the emission of green light of a higher wavelength (~566 

nm = 2.19 eV)  as found in our case [41].  

 The new intrinsic defect states formed are made as i, 

ii, ii. iv, v. The states i and ii emit yellow and red light 

respectively while the other states iii, iv, and v are phonic 

states due to strain induced by Zn-No. They are very close 

in space (like a band) and are responsible for non-radiative 

transitions. The GO while interacting with NH3 can lead to 

the formation of ammonium ions (NH
4+

) and can act as an 

efficient catalyst in reactions of biological significance 

[42]. Ammonia also enhances the antibacterial properties 

of ZnO by causing a reduction in Zn
+2

 ions which explains 

the less crystallization observed initially due to ammonia 

inclusion [44].  

 
Table 2. The representation of energy states formed due to 

intrinsic defects in rGO-ZnO nanocomposites.  

Wavelength 

(nm) 

(from PL) 

Position in 

the Bandgap 

(in eV) 

Identity Radiation 

438 2.82 Zni ++  VB Blue 

566 2.19 Vo+  Vo++  VB Green 

596 2.08 (i) Yellow 

686 1.80 (ii) Red 

739 1.68 (iii) Phononic 

764 1.62 (iv) Phononic 

777 1.59 (v) Phononic 

Fig. 7. Position of the intrinsic defect states in the band gap of ZnO and 

corresponding radiations. The unit of the numerical values is eV. 

 

Conclusions 

The rGO-doped ZnO showed nucleation of crystallites  

in a preferential crystallographic orientation. A lower 

concentration (< 1%) of the reducing agent ammonia 

creates intrinsic defect states causing nonradiative optical 

transitions. The crystallite growth got enhanced with an 

increase in ammonia concentration. Effects of crystal 

defect were evident from the PL spectra. The direct band 

gap of 3.3 eV for the ZnO got lowered in the rGO/ZnO 

composite and the formation of Vo took place. Hence 

higher photocatalytic activity can be inferred from these 

materials. Several other defect states were identified to be 

arising with radiative or non-radiative transitions. The 

research shows the possibilities of improving and tuning 

the performance of rGo/ZnO for photocatalytic and other 

Opto-chemical applications.  
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