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Abstract 

In this work, polarized Raman spectroscopy has been used to undertake a systematic study 

upon quantifying the orientation of graphene and its derivative, graphene oxide (GO), in bulk 

nanocomposites. Highly-aligned basic graphene units made via chemical vapour deposition 

(CVD) and highly-ordered pyrolytic graphite (HOPG), together with the randomly-aligned 

glassy carbon have been used as reference materials. It is found that when a polarized laser 

beam is parallel to the cross-section of the graphene, the Raman band has its strongest/lowest 

intensity (I) when the polarization is parallel/perpendicular to the plane of the graphene, 

ideally following a ~cos
4
 dependence on angle. Based on this, a theory has been developed to 

quantify the degree of reinforcement orientation in nanocomposites. 

 

 

1. Introduction 

 

There has been a rapid development of the application of composites in recent years. Among 

the key issues in the study of composites, the orientation of the reinforcement is one of the 

most critical issues, for its significant influence on property both mechanically and 

functionally. Nowadays, with nanoscale reinforcements such as graphene, carbon nanotubes 

and clay there is becoming increasing focus upon their high surface areas and high aspect 

ratios. However with such large aspect ratios, the orientation of reinforcement needs to be 

carefully characterized, since even small deviations from the expected values will result in 

poor estimates of final properties. Additionally the nano-dimensions also make it difficult to 

be characterized. 

 

2. Experimental Section 

 

2.1 Materials 

 

Graphite (Grade 2369) was supplied from Graphexel Ltd. HOPG (43834, 10x10x1mm) and 

Glassy carbon (42821, 3mm thick, type 1) was purchased from Alfa Aesar. Poly(vinyl 

alcohol)(PVA) (Mw~89000-98000, 99+% hydrolyzed) was purchased from Sigma Aldrich. 

Other reagents are analytical grade and used without further purification. Copper foil was 

purchased from Alfa Aesar (product number 10950, 99.9999% purity, 0.025 mm thick,) 

which was cleaned in acetone and isopropanol prior to use.  
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2.2 CVD Graphene Preparation 

 

Graphene was grown via low-pressure chemical vapour deposition (LP-CVD) on cleaned 

copper foils.[1] The foils were heated from room temperature to 1000 
o
C in a tube furnace 

with one inch quartz worktube under a hydrogen flow of two standard cubic centimetres per 

minute (sccm), with a resultant pressure of 10
-2

 mbar. The hydrogen flow was maintained 

constant throughout the growth process. After annealing for 20 minutes at 1000 
o
C, 35 sccm 

of methane was introduced for a further 10 mins. The methane flow rate was reduced to 5 

sccm while the sample was cooled to 600
o
C, after which, the flow was stopped. 

 

2.3 GO Preparation 

 

GO was prepared with a modified Hummers’ method.[2, 3] Briefly, 3 g graphite was added to 

70 ml concentrated sulphuric acid under stirring at room temperature. Then the mixture 

system was kept at 0
 o

C after 1.5 g sodium nitrate was added. Under stirring, 9 g potassium 

permanganate was gradually added slowly. The mixture system was place into a 40
 o

C water 

bath for 0.5 h, followed by addition of 140 ml water and kept stirring for another 15 min. 

Then 20 ml 6 % w/v H2O2 and 500 ml water were added subsequently. After being washed 

with 250 ml 1:10 HCl aqueous solution by repeating centrifuging for 3 times, the mixture was 

washed with water until neutral for later use.  

 

2.4 GO/Poly(vinyl alcohol) (PVA) Nanocomposites Preparation 

 

GO/PVA nanocomposites were prepared by liquid casting.[4] The 10 wt% PVA aqueous 

solution were mixed with GO to obtain several dispersions with GO concentration of 1 wt%, 

2 wt%, 3 wt% and 5 wt%. Those dispersions were sonicated to obtain homogenous 

dispersions followed by standing overnight to fully remove the bubbles in it. Then the 

dispersions were cast onto petri dishes at room temperature for film formation.  

 

2.5 Polarized Raman Spectroscopy 
 

Raman test was conducted using HeNe laser (λ=633 nm) with a laser spot around 2 μm.[5] A 

Cartesian coordinate system with ‘X’, ‘Y’ and ‘Z’ axis was defined to describe the 

experimental settings (Fig.1), where samples was tested in two ways.[4] In ‘Z’ direction, the 

propagation of laser is along the Z axis, perpendicular to the top surface of sample; In ‘X’ 

direction, sample is settled vertically with the propagation of laser along X axis, perpendicular 

to the cross section. The ‘VV’ polarization configurations were applied, where the 

polarization of incident and scattered radiation both are parallel to ‘Y’ direction. Raman 

polarization configuration was fixed and the sample was rotated to different angle θX and θZ in 

‘X’ and ‘Z’ direction, respectively, in the full range of 90
o
 with a step of 10

o
. The XVV and ZVV 

are defined for polarized Raman tests in ‘X’ and ‘Z’ directions, respectively. For tests in the 

‘X’ direction, HOPG and CVD graphene were cold mounted with polyester resin, and the 

cross section was further polished until graphene was exposed.  
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Figure 1. (a) Illustration of Raman spectroscopy test in ‘Z’ and ‘X’ directions. (b) top view and side view in 

‘VV’ configuration. The red, green and purple arrows represent the direction of laser propagation, incident 

radiation and scattered radiation, respectively. 

 

3. Result and Discussion 

 

Initially the most commonly used form of graphite – HOPG, with a perfect crystalline 

graphite structure,[6] was studied. The Raman spectra of HOPG in both ‘Z’ and ‘X’ directions 

are shown in (Fig.2(a)). In the spectrum, the Raman G band is located around 1580 cm
-1

, 

corresponding to the E2g phonon at the Brillouin zone (BZ) centre (Γ point).[7] The strong 

band around 2650 cm
-1

 called 2D band, also known as G’ band, resulted from the two 

phonons with opposite momentum in the highest optical branch near the K point.[8] In the 

spectrum of XVV, there are the D band around 1300 cm
-1 

and the D’ band around 1620 cm
-1

, 

originating from inter- and intra-valley scattering at the Brillouin zone boundary,[9] which 

need to be activated by defects, in this case possibly the discontinuity of the graphene flake in 

X direction. They are absent in ZVV because of the defect-free HOPG basal plane.[10] 

 

 

The G band intensity (IG) variation of HOPG in XVV and ZVV are shown in (Fig.2(b)). The 

intensity has been normalized to the fitted value, respectively. In XVV, IG varies 

anisotropically, with the maximum and minimum intensity being at θX = 0
o
 and 90

o
, 

respectively. In ZVV, IG keeps constant. Ideally for few-layer graphene with the propagation of 

laser along its normal, the Raman band intensity exhibits an oscillating behaviour[11, 12] as 

its edge geometry (zigzag/armchair) changes.[13, 14] While in the basal plane, the band 

intensity shows no polarization dependence.[14, 15] In mixed composite system with 

different graphene edge geometries, edges from every direction make a contribution to the 

Raman band intensity, resulting in an invariant IG in ZVV. 

     

Figure 2. (a) The Raman spectra and (b) IG variation of HOPG in XVV and ZVV, respectively. The solid lines are 

the curve fitting using Eq.2 and the dashed line is guide to eyes. 
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As predicted before,[16, 17, 18] the variation of Raman band intensities with θX (defined in 

Fig.1) for single crystal graphite with a laser beam in the X direction (parallel to the graphene 

planes) with VV polarization should be of the form: 

 

          XI 4

VV cos∝                                                            (1) 

 

It can be seen in Fig.2(b) that Eq.1 is not followed strictly, implying the imperfect graphene 

orientation, possibly resulting from the local wavy structure or debris. It can be modified to 

give a better fitting by adding the parameters C1 and C2 (Eq.2), where C1 + C2 equals unity. 

The reason why the parameters are added are due to the fact that the partially oriented 

graphene would contribute to the integral intensity from all the directions, inconsistent with 

the original Eq.(1) which relies on premise of perfect oriented graphene. This will be 

discussed later in detail. 

 

                                2

4

1VV cos∝ CCI X                                                        (2) 

 

In the following analysis, the most basic unit – graphene is studied. Fig. 3(a) shows the 

Raman spectra of the CVD graphene in both XVV and ZVV. In ZVV, the low-intensity D band 

implies high-quality of the CVD graphene.[8, 19] As the G band for CVD graphene is 

partially superimposed in the mounting polymer bands, the Raman 2D band intensity (I2D) 

variation in both XVV and ZVV is used (Fig. 3(b)). 

 

     

Figure 3. (a) The Raman spectra and (b) I2D variation of CVD graphene in XVV and ZVV, respectively. The solid 

lines are the curve fitting using Eq.2 and the dashed line is guide to eyes. 

 

The behaviour of the CVD graphene for the different polarization configurations is very 

similar to that of HOPG. It has a maximum intensity at X = 0 and decreases with X 

increasing in XVV, with a constant I2D in ZVV being independent of Z again (Fig. 3(b)). The 

data in XVV has also been fitted using Eq.2, with values of the parameters C1 and C2 being 

similar to those obtained for HOPG. 

 

 

Beyond these two kinds of graphene materials with well-defined crystalline structure, glassy 

carbon with a randomly oriented structure[20] was compared as well. Fig.4(a) shows the 

Raman spectra of glassy carbon in both XVV and ZVV, which has a distinctive D and G band, 

and a flat 2D band, probably implying isotropy.[20] This has been confirmed by the invariant 
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IG in both XVV and ZVV (Fig.4(b)). This is because in glassy carbon, the porous structure leads 

the graphite flakes to be randomly oriented.[20, 21] 

 

     

Figure 4. (a) The Raman spectra and (b) IG variation of glassy carbon in XVV and ZVV, respectively. The dashed 

lines are guide to eyes. 

 

   

   

Figure 5. The Raman IG variation of (a) 1wt% , (b) 2wt% , (c) 3wt% and (d) 5 wt% GO/PVA nanocomposites in 

XVV and ZVV, respectively. The solid lines are the curve fitting using Eq.2 and the dashed lines are guide to eyes. 

 

The orientation of GO in PVA nanocomposites with different GO loadings was also evaluated 

using polarized Raman spectroscopy (Fig. 5). It was known from an earlier study[4] that the 

method of production of the nanocomposite led to the GO flakes being aligned in the plane of 

the nanocomposite film. Based on IG variation, it can be seen that the GO flakes are 

moderately aligned at 1% loading but that their polarization dependence go less significant to 
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5 % loading. It is thought that the alignment of the GO occurs by settlement at the bottom of 

the mold during the evaporation of the water solvent. It appears that the settlement for higher 

loadings of GO does not take place so easily and leads to less well-aligned GO flakes. 

 

 

Figure 6. Illustration of the orientation distribution model in the side view. α represents the angle between the 

GO flakes and Y axis, and the definition of others are the same as that in Fig.1. 

 

As mentioned above, the graphene orientation in the materials is by no mean perfect. Some of 

the graphene are located at an angle to the reference Y axis, as shown schematically in Fig.6. 

In order to predict the graphene orientation and also its effect upon the mechanical properties 

of a nanocomposite, it is assumed that the variation of the angular orientation of the flakes 

relative to the Y direction takes the form of a Lorentzian distribution, with a probability 

density function of the form: 

 




222 cos

1

tan

1
),0;(

r

r
rf


                               (3) 

 

where r represent the scale parameter (r  0), and α represents the variable in angle. It means, 

graphene appears at all angle in (-π/2, π/2,) but with the majority around the Y axis. That is the 

reason why even when the samples are tested at θ = 90
o
, there is still weak intensity. Based on 

this, the Intensity Ratio  (where 0    1) has been established and correlated with the 

well-established Krenchel orientation efficiency factor o.[22]  

 

 

As Eq.1 represents the ideal situation and Eq.2 shows the real situation: 
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The Krenchel orientation efficiency factor[22] is given by an equation of 
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 do                                                          (5) 

 

Thus it can be given in terms of the intensity ratio  as: 
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In this case, for perfectly oriented materials, C1 = 1, C2 = 0,  = 0 and o =1; for randomly 

oriented materials, C1 = 0, C2 = 1,  = 1 and o =3/8, thus a constant I2D in XVV will be 

observed like that in Z direction. This result corresponds to the Krenchel orientation 

efficiency values calculated before, further confirming its validity in charactering the 

graphene in either graphene itself or graphene-based nanocomposites.  

 

 

 

Figure 7. The Intensity Ratio  and Krenchel orientation efficiency factor o of those graphene-based materials 

(solid square and circle). The points with perfect orientation is indicated by the open square/circle. 

 

It is shown in Fig.7 that when the graphene-based materials go from model materials to 

nanocomposites, their Raman intensity ratio keep increasing, together with the decreasing 

Krenchel orientation efficiency factor until it reaches 3/8, which represents the random 

graphene orientation, indicating the less graphene orientation. Based on the polarized Raman 

spectroscopy, the graphene orientation can be quantified and it is envisaged that this theory 

will be applicable to a wide range of composite systems reinforced with nanoplatelets. 

 

4. Conclusion 

 

Polarized Raman spectroscopy has been used to establish a systematic study upon quantifying 

the orientation of HOPG, CVD graphene, glassy carbon and graphene-based nanocomposites. 

It is found that the Raman bands intensity and the angle between laser polarization and 

graphene follows a function of I = C1cos
4
θ + C2. The value of C2 can be a reflection of the 

degree of graphene orientation, being higher for a degree of lower orientation, until it reaches 

1, which is a character for isotropic materials like glassy carbon. Based on the polarized 

Raman spectroscopy, the graphene orientation could be quantified and it is envisaged that this 

theory will be applicable to a wide range of composite systems reinforced with nanoplatelets. 
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