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Abstract 
 

Since the late 1990’s, research has been underway in 
our group at Michigan State University to investigate the 
fabrication of new nano-size carbon material, exfoliated 
graphite nanoplatelets [xGnP]. The xGnP is fabricated from 
natural graphite and can be used as nanoreinforcements for 
polymers as an alternative to expensive carbon-based 
nanomaterials. Extenisve work in our lab has produced a 
xGnP around 5-10 nm with a surface area larger than 100 
m2/g.  The diameter (and hence the aspect ratio) can be 
controlled from sub-micron level to few hundred 
micrometers. Since graphite is the stiffest material found in 
nature (Young’s Modulus = 1060 MPa), having a modulus 
several times that of clay, accompanied with excellent 
strength, electrical and thermal conductivity, the xGnP 
should have similar properties to carbon-based 
nanomaterials, including carbon nanotubes, nanofibers, and 
fullerenes, yet the estimated cost is far less than these 
materials. The cost of the graphite nanoplatelets was 
estimated to be $5/lb or less, which makes the material 
highly cost effective. 

One of the biggest problems found in nanocomposite 
research area is the dispersion of the nano-fillers in polymer 
matrix systems. Since many carbon-based materials have 
very stable chemical and physical structure, it is often very 
difficult to introduce appropriate functional groups onto 
their surfaces to improve the dispersion in a polymer 
matrix, leading to poor composite properties.  

In this research, many surface treatments have been 
applied and a variety of functional groups have been 
introduced onto the surface of xGnP. XPS investigation 
revealed the amount and type of the functional groups can 
be controlled, indicating the surface condition of the xGnP 
can be optimized to many polymer systems. 
 

1. Experiment 
 
1.1. Graphite Samples 

The graphite nanoflakes were fabricated from 
graphite-intercalated compounds [GICs] offered by UCAR 

Carbon Co. The grade of the graphite was GrafGuard™ 160-
50A, which contains about 20 wt% of acid mixtures 
(sulfuric and nitric acid) intercalated into the galleries of 
graphite layers. Upon rapid heating, these acid contents 
were vaporized and forced graphite layers apart, forming 
worm-like rods. Following ultrasonic treatment, these 
expanded graphite rods were pulverized into flakes with an 
average size of around 15 um (xGnP-15). The average size 
of the graphite flakes became less than 1 um after applying 
vibratory ball milling (xGnP-1). The BET measurements 
gave the surface area data of the pulverized and milled 
graphite as 105 m2/g and 94 m2/g, respectively. The 
thickness of these flakes was calculated as around 9 to 10 
nm based on the surface area data, which is in agreement 
with TEM images of the milled graphite flakes. 
 
1.2. Surface Treatments 

According to the XPS data of exfoliated graphite 
samples, these materials have very few functional groups 
on their surface, implying poor interaction with polymer 
matrices. To improve the surface condition of exfoliated 
graphite samples, various surface treatments were applied 
and the surface condition was investigated by XPS. The 
treatments used were liquid oxidization by nitric acid [1], 
nitric and sulfuric acid, and nitric acid, sulfuric acid, and 
ozone; plasma treatment under oxygen, heating under ozone 
atmosphere, UV treatment under ozone atmosphere, and 
grafting amine grafting [2]; and acrylamide polymerization 
[3].   

 
1.3. X-Ray Photoelectroscopy (XPS)  

X-ray photoelectron spectra were obtained from a 
Physical Electronics PHI 5400 ESCA system.  A non-
monochromatic Mg source (with a Kα1,2 wavelength at 
1253.6 eV) was used with a take-off angle of 45 degrees.  
Data was collected by a multi-channel detector with an 
Omni VI lens assembly.  The instrument was operated with 
a pass energy of 93.90 eV for survey scans and 29.35 eV 
for regional scans.  All peaks were referenced to 
adventitious carbon at 284.6 eV.  Semi quantitative atomic 
concentrations were calculated using pre-determined 
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sensitivity factors.  XPS samples were prepared by applying 
the graphite directly to double side copper tape on a 
stainless steel stub. A non-linear least square curve fitting 
routine was used to interpret the carbon, nitrogen, and 
oxygen peaks into functional groups, which exist on 
graphite samples. [4 -7] 
 

2. Results and Discussion 
 

2.1. Surface Chemistry of Graphite Samples  
Surface chemistry of exfoliated graphite samples was 

investigated with XPS. Five to seven data points were 
collected and the average values were calculated. Based on 
these data, the ratio of oxygen/carbon (O/C) and 
nitrogen/carbon (N/C)  was calculated. These data revealed 
that the diameter affects the functionality of graphite flakes 
while thickness does not. Calculations show that the edge 
area of flake materials increases significantly when the 
diameter becomes small, while it is affected very little by 
thickness of the flakes, which supports these XPS results. 
Thus, it is concluded that the graphite flakes with smaller 
diameter could have more functional groups than those with 
larger diameters. Also the results revealed that these 
materials have no nitrogen or sulfur. Curve fitting analysis 
of XPS data showed that the graphite flakes with smaller 
diameters have more hydroxyl and ether groups than those 
with larger diameters do, but the amount of carboxyl group 
was almost the same for all of these graphite flakes. 
 
2.2. The Effect of Various Surface Treatments 
 
 O2 Plasma Treatment 

XPS data showed that the O/C ratio increased in all 
cases, suggesting functional groups were introduced. 
Functional group analysis revealed that the O2 plasma 
treatment could introduce mainly hydroxyl and carbonyl 
groups. The hydroxyl groups could improve surface 
condition and enhance adhesion to some polymers. 

 
•      Nitric Acid Treatment 

XPS data showed the O/C ratio was not increased as 
much as it was in the case of the O2 Plasma treatment. Also 
functional group analysis showed little increase in 
functionality. Thus, it is concluded that the nitric acid 
treatment was not as effective as O2 plasma treatment. 

 
• Nitric Acid/Sulfuric Acid Treatment 

However, when xGnP is treated with a combination 
of nitric and sulfuric acid, a significant increase in the O/C 
ratio is observed.  Most of this uptake comes in the form of 
hydroxyl groups. 

 
• Acid/Oxidizer Treatment 

When ozone is added to the nitric and sulfuric acid 
mixture, not only is a large increase in oxygen observed on 
the xGnP surface, but a significant increase in the carboxyl 
as well as hydroxyl functionalities are observed. 

•      Ozone/Heat Treatment 
XPS data revealed that the O/C ratio was not 

increased after the treatment, suggesting this treatment is 
not effective for these graphite materials. Functionality 
analysis supported this conclusion. It is considered that this 
treatment is effective for amorphous regions of graphite 
samples, but not for highly crystalline graphite structures. 

 
•       UV/Ozone Treatment 

XPS data revealed that the O/C ratio was not 
increased after the treatment, suggesting this treatment was 
not effective for these graphite materials. Functionality 
analysis showed this process could introduce carboxyl 
groups, but not significantly. It is considered that this 
treatment is also effective for amorphous regions of 
graphite samples, but not for exfoliated graphite samples, 
which have highly crystalline structures. 

 
• Amine Grafting Treatment 

XPS data revealed the O/C ratio was not increased after 
the treatment, but nitrogens was introduced and N/C ratio 
increased significantly, suggesting many functional groups 
that include nitrogen were attached to the surface of the 
sample. Functionality analysis revealed that the primary and 
secondary amines were the main functional groups 
introduced on the graphite surface. Also amide groups were 
added. TGA measurement showed about 1.56 wt% of 
organic content was introduced after the treatment. 

 
• Acrylamide Grafting Treatment 

XPS data revealed that both the O/C ratio and N/C 
ratios were increased significantly, suggesting many 
functional groups that include oxygen, nitrogen, or both 
were introduced. In fact, acrylamide grafting treatment 
showed the biggest increase in both oxygen and nitrogen 
contents. The functionality analysis revealed that amide 
groups were the main functional groups introduced. Also 
primary and secondary amines were added. These 
functional groups can form covalent bonds with some 
polymers, including epoxies, and improve adhesion 
between the matrix and reinforcements. TGA analysis 
showed about 34 wt% of organic content was introduced 
after the treatment. 
 
 

3. Conclusions 
 

Various surface treatments were applied to the 
exfoliated graphite samples. Among these, O2 plasma, nitric 
acid and sulfuric acid, nitric/sulfuric acid and ozone, amine 
grafting, and acrylamide grafting treatments showed 
increased O/C and/or N/C ratio. Nitric acid, ozone/heat, and 
UV/ozone treatments did not increase these atomic contents 
and were considered to be less effective methods to treat 
these samples. Since these samples are highly pure 
crystalline graphite, it is difficult to improve functionality 
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by some surface treatments used for conventional carbon 
fibers. 

Curve fitting analysis was completed on the XPS 
data of the exfoliated graphite samples before and after 
various surface treatments. It revealed that the nitric and 
sulfuric acid treatment introduced hydroxyl groups, O2 
plasma treatment introduced hydroxyl and carbonyl groups, 
but not ether or carboxyl groups while the 
nitric/sulfuric/ozone treatment introduces hydroxyl and 
carboxyl groups. Amine grafting treatment introduced 
primary amine, secondary amine, amide bond, and oxidized 
amine groups. Acrylamide grafting introduced a large 
number of functional groups, especially amide, 
primary/secondary amines, and carboxyl groups. Among 
these functional groups shown, hydroxyl, carboxyl, 
primary/secondary amines, and amide groups have ability 
to react with epoxy molecules and make covalent bonds, 
which gives good interaction between graphite flakes and 
epoxy matrix. 
 
 

References 
 
1. Pittman, Jr., C. U., He, G-R., Wu, B., and Gardner, S. 

D., Carbon, 35, 317, 1997. 
 
2. Pittman, Jr., C. U., Wu, Z., Jiang, W., He, G-R., Wu, 

B., Li, W., and Gardner, S. D., Carbon, 35, 929, 1997. 
 
3. Yamada, K, Haraguchi, T., and Kajiyama, T., J. Appl. 

Polym. Sci., 75, 284, 2000. 
 
4. Proctor, A., and Sherwood, P. M. A., J. Electron 

Spectrosc. Relate. Phenom., 27, 39, 1982. 
 
5. Xie, Y., and Sherwood, P. M. A., Appl. Spectrosc., 43, 

1153, 1989. 
 
6. Sherwood, P. M. A., “In Practical Surface Analysis by 

Auger an X-Ray Photoelectron Spectroscopy, 2nd 
Edition.”, Briggs and M. P. Seah editors, Wiley & 
Sons., 1990. 

 
7. Xie, Y., and Sherwood, P. M. A., Appl. Spectrosc., 44, 

797, 1990. 
 

 

78 NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-6-5 Vol. 1, 2006


	573.pdf
	Centre de Recherche sur la Matière Condensée et Nanosciences – CNRS
	ABSTRACT
	2. COMPUTATIONAL METHODS
	The pristine and relaxed after a heat treatment structures show a spectrum with only one peak corresponding to the unit cell of the zeolite proving that the integrity of the template was conserved. Lee, Han and Hyeon shown experimentally a peak appearing at 23 (2*θ) corresponding to 1.8 Å-1. This peak could be associated to an amorphous region remainder from the experimental method. Moreover, we can see the comparison with an amorphous structure corresponding to a coke of saccharose obtain at 400 K [ ] confirming this possiblity. Recently, Hou et al [ ] have shown a new method to obtain replica with after heat treatment, they improved the texture of the replica. We calculated the Bulk modulus of the faujasite using a GULP model [ ], which is a core-shell potential, giving the Hessian matrix, and after diagonalization, we obtain a Bulk Modulus of Bo=59 GPa. Thus, the hydrostatic properties of the replica were obtain from the calculation of the energy as a function of the hydrostatic pressure, giving a Bo=700GPa for a density of 0.9cc/g. Thus, we have simulated the molecular nitrogen adsorption isotherms at 77K, using a Grand Canonical Monte-Carlo method, and with a LJ model. We obtained a good agreement with some results depending of the samples (see figure 3). However, we did not attribute why we obtained an insufficiency in the quantity of gas adsorbed compared to the best replica of Kyotani, unless an increasing of the porosity during the zeolite leaching, or a mesoporosity underestimated in their experiments or even if a resulting part of amorphous carbon is coexisting in their samples.
	Therefore, to go into the discussion, we calculated the PSD estimated with the Gelb-Gubbins method (see figure 4). Due to this topological method, we can calculate precisely the PSD of our structures and then compare to the DFT method applied to the N2 isotherms. First, the differential PSD curve show that our replica is a completely made of spherical pores with a size of 10 Ǻ diameter offering a high microporosity. Besides, we obtained an adsorbed volume around 0.7cc/g, in good agreement with experimental results.  
	4. CONCLUSION
	We have performed Grand Canonical Monte-Carlo (GCMC) simulations of Chemical Vapour Deposition of carbon faujasite zeolites based on a tight binding model for the adsorbate-adsorbate interactions that enables to account for covalent bonding along with a realistic model for adsorbate-substrate interactions. We obtain a 3D interconnected porous carbon structures from the zeolite faujasite, that is stable upon matrix removal. Beside, we characterized the textural structure of this replica, the nitrogen adsorption properties, and his pore size distribution. The hydrostatic mechanical properties of this replica has exhibited a very higher bulk modulus compared to the faujasite and is really interesting for its very low density. It is presently considered as a possible gas storage device for methane and hydrogen.

	1102.pdf
	Role of Nanoscale Topography on the Super-Hydrophobicity: 
	A Study of Fluoro-Based Polymer Film on vertically Carbon Nanotubes 

	1194.pdf
	ABSTRACT
	1.1 Materials

	1241.pdf
	3.  SUMMARY AND CONCLUSIONS

	1152.pdf
	METHODS

	894.pdf
	ABSTRACT
	CHEMICAL DECONTAMINATION
	BIOLOGICAL DECONTAMINATION


	324.pdf
	ABSTRACT
	Keywords: Polystyrene, Nanoparticles, Glass transition tempe
	INTRODUCTION
	Micron and nano-sized polymer particles have wide field of i
	EXPERIMENTAL
	Materials Preparation
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENT

	REFERENCES




	489.pdf
	 
	Materials


	1576.pdf
	CRCA Cantilever Property




