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One of the most promising applications of nanomaterials is as nanofillers to enhance the 20 

properties of polymeric materials.  However, the effect of nanofillers on polymers subjected to 21 

typical environmental stresses, such as ultraviolet (UV) radiation, high humidity, or elevated 22 

temperatures, is not well understood.  This stems partly from a lack of a single analytical method 23 

to assess these impacts.  In this study, multiwall carbon nanotube (MWCNT) epoxy 24 

nanocomposite materials were exposed to carefully controlled UV doses (equivalent of up to ≈ 4 25 

years in Florida).  A suite of microscopic, spectroscopic and gravimetric techniques were 26 

optimized and used to assess changes occurring in the sample mass, surface chemistry, and 27 

surface and sub-surface morphology after UV irradiation.  Overall, photodegradation of the 28 

epoxy matrix was retarded by the presence of the 3.5% MWCNT filler, suggesting that 29 

MWCNTs may enhance the lifetime of nanocomposite materials.  Multiple microscopic and 30 

spectroscopic techniques clearly showed accumulation of MWCNTs on the nanocomposite 31 

surface that grew with increasing UV dose, a finding that may be significant with regard to the 32 

potential risk of MWCNT release during the nanocomposite lifetime. These analytical methods 33 

will help enable a robust and informative assessment of transformations in polymer 34 

nanocomposites subject to environmental stresses. 35 

 36 

 37 

  38 



  

1. Introduction 39 

One prominent area of nanotechnology that is expected to dramatically increase in future years is 40 

use of nanocomposites in a variety of consumer, industrial, and manufacturing applications.  41 

Nanocomposite materials contain a nanofiller, which is defined as any particle with a 42 

characteristic dimension between 1 nm and 100 nm, incorporated into a matrix material (e.g., 43 

polymer, ceramic, etc.) in order to enhance the useful properties of the original matrix material.  44 

For example, incorporating multiwall carbon nanotubes (MWCNTs) into polymer matrices  (i.e., 45 

MWCNT polymer nanocomposites) yields materials whose properties can readily be engineered 46 

for applications in aerospace [1], construction [2], and consumer products [3].  MWCNT 47 

nanocomposites offer important novel or substantially improved properties (e.g., mechanical, 48 

electrical, and light weight) compared to traditional fiber-reinforced polymer composites [4, 5].   49 

While incorporating nanofillers to form a polymer nanocomposite have received 50 

significant research interest, far fewer studies have assessed the impact of environmental stresses 51 

(e.g., biodegradation, ultraviolet (UV) light, and rain) on nanocomposites and on the potential 52 

release of nanomaterials [3, 6-10]. The release of carbon nanotubes (CNTs) from 53 

nanocomposites has been investigated during machining processes (e.g., sanding, solid core 54 

drilling, and cutting) [11-15] and in end use applications during which the nanocomposites may 55 

be exposed to abrasion, photo or hydrolytic degradation [14, 16-21].  CNT release is particularly 56 

important given their potential environmental and human health risks [6, 22-24]. In 57 

environmental uptake studies, CNT accumulation at high concentrations has been observed in 58 

water fleas (Daphnia magna) [25, 26] but not in soil or sediment organisms [6, 27-31].  CNTs 59 

have also shown the capacity to cause inflammation, oxidative stress, and potential genotoxicity 60 

that may cause risks for workers if exposure is not controlled [23, 32]. 61 



  

Studies on MWCNT release from polymer nanocomposites have sought to determine 62 

release rates and whether MWCNTs are released as free particles or are encapsulated in a 63 

polymer.  While two studies have shown the release of free MWCNTs from an epoxy-based 64 

nanocomposite after abrasion [17] and sanding (but only for the 4 % MWCNT condition) [15], 65 

release of individual MWCNTs has generally not been detected [11-14, 16, 21]. These 66 

observations do not, however, preclude the possibility of MWCNT release under certain 67 

circumstances.  In order to assess the likelihood of free MWCNT generation, it is necessary to 68 

understand the mechanisms that may lead to its occurrence. This information is needed for life 69 

cycle assessments of polymer nanocomposites. In this study, we focus on the effects of matrix 70 

degradation induced by UV radiation (i.e., photodegradation) – the most important degradation 71 

process for polymeric materials exposed to weathering environments [33]. While several studies 72 

have shown MWCNT surface accumulation after UV exposure [14, 16, 20, 21], the changes in 73 

the structure and surface chemistry of the nanocomposite were not fully assessed – principally 74 

due to a lack of optimized analytical methods – making the development of accurate mechanistic 75 

models, and thus prediction of release scenarios, challenging. 76 

In this study, we have developed and applied a comprehensive suite of analytical methods 77 

to investigate dose-dependent effects of UV irradiation on the fate of MWCNTs and surface 78 

chemistry and structure of a MWCNT epoxy nanocomposite.  Accelerated testing was performed 79 

using intense UV irradiation in the same spectral regime as the UV portion of natural sunlight 80 

(295 nm to 400 nm) at elevated temperature (50 °C) and humidity (75 % relative humidity).  81 

Surface and bulk material chemistry and structure were analyzed using gravimetry, scanning 82 

electron microscopy (SEM), atomic force microscopy (AFM), Fourier transform infrared 83 

spectroscopy in attenuated total reflection mode (FTIR-ATR), and X-ray photoelectron 84 



  

spectroscopy (XPS).  Additionally, the sub-surface structure of the nanocomposites was 85 

investigated using SEM, bright-field transmission electron microscopy (TEM), and energy-86 

filtered TEM (EFTEM) after preparing cross-sections using cryo-fracturing or a focused ion 87 

beam (FIB).  This allowed for an investigation of the mechanism of damage to polymer 88 

MWCNT nanocomposite as a function of increasing UV exposure. As we show, no single 89 

analytical method provided all the necessary information – it was essential to develop and 90 

optimize a range of techniques to provide a complete picture.  While most prior studies focused 91 

almost exclusively on NP release, this is the first study to investigate in depth the transformations 92 

of both the surface chemistry and surface morphology of a MWCNT polymer nanocomposite 93 

during UV degradation processes using a suite of optimized analytical methods.  Further, the 94 

results obtained are helpful in assessing potential risks during the life cycle of MWCNT polymer 95 

nanocomposites, and the methods developed will facilitate a robust assessment of the impact of 96 

environmental stresses on polymer nanocomposites in future studies.      97 

2. Experimental Section 98 

MWCNT epoxy nanocomposite samples were prepared by mixing a MWCNT-pre-dispersed 99 

liquid epoxy resin with an aliphatic amine curing agent, and the mixture was then drawn down 100 

on a Mylar sheet to produce free standing films.  These samples were subjected to a series of 101 

precisely controlled UV doses up to 1089 MJ/m
2
 using the National Institute of Standards and 102 

Technology (NIST) SPHERE (Simulated Photodegradation via High Energy Radiant Exposure) 103 

[34] in a  50 
o
C and 75 % relative humidity (RH) environment. Samples prepared identically but 104 

without MWCNTs were also fabricated and were similarly exposed.  The UV-irradiated 105 

MWCNT epoxy nanocomposites were then analyzed with a suite of methods to investigate the 106 

bulk material, its surface chemistry, and the surface and sub-surface structure.  The methods will 107 



  

be described in the order of macroscopic analysis (gravimetry), followed by surface analysis 108 

techniques (FTIR-ATR, XPS, AFM, and SEM), and then assessments of the nanoscale features 109 

of cross-sections using EFTEM.  Finally, scratch lithography using AFM was investigated as a 110 

novel technique to assess the potential release of MWCNTs from the surface and test the 111 

resistance of the surface to scratching at different normal loads. 112 

2.1 Materials 113 

The epoxy polymer was a stoichiometric mixture of a typical diglycidyl ether of 114 

bisphenol A epoxy resin (189 equivalent mass) (EPON 828, Resolution Performance Products) 115 

and an aliphatic polyetheramine curing agent (73.3 equivalent mass) (Jeffamine T403, Huntsman 116 

Corporation). MWCNTs were supplied commercially as a 5 % mass fraction (based on the mass 117 

of the epoxy resin) pre-dispersed in the same liquid epoxy resin (Zyvex). Besides the epoxy resin 118 

and the MWCNT concentration, other information about this nanofiller pre-dispersed epoxy 119 

product, including the MWCNT manufacturer, amount of residual catalyst, additive or 120 

surfactant, etc., is not available. To better understand the starting material, the sizes of the 121 

MWCNTs were investigated using SEM after extraction from the epoxy resin (see Supplemental 122 

Material).  The average MWCNT diameter was 23.4 nm ± 5.8 nm (n=200; uncertainty represents 123 

one standard deviation), and the lengths predominately ranged between 200 nm and 2 µm; 124 

challenges associated with accurately obtaining a MWCNT length distribution have been 125 

previously described [35].  Micrographs and a histogram of the MWCNT diameters are provided 126 

in Figure S1. 127 

Free-standing films of unfilled (neat) epoxy and epoxy nanocomposite containing approximately 128 

3.5 % mass fraction of MWCNTs (based on mass of solid amine-cured epoxy) were prepared 129 

following the steps shown in Figure S2. Accordingly, amine curing agent was added to the neat 130 



  

epoxy resin or thoroughly stirred 5 % MWCNT-containing epoxy resin, and the mixture was 131 

stirred for 1 h using a magnetic stirrer. (Note that after adding the amine curing agent, the 5 % 132 

mass fraction MWCNT in the neat epoxy resin becomes 3.5 % mass fraction MWCNT in the 133 

cured epoxy composite.) After the mixing step, the epoxy/amine and the epoxy/amine/MWCNT 134 

mixtures were degassed for 1 h at room temperature and drawn down on a Mylar sheet (a good 135 

release paper for epoxy-based products) to produce free standing films with a dry-film thickness 136 

between 125 μm and 150 μm. Unfilled and nanocomposite films were cured at ambient 137 

conditions (24 °C and 45 % relative humidity) for 4 d, followed by post-curing at 110 °C for 1 h 138 

in an air circulating oven. The 4 d ambient cure allowed a gradual increase in viscosity, which 139 

facilitated the escape of any residual trapped air that was introduced during mixing and film 140 

application. The quality of all composite films was good with no evidence of air bubbles or 141 

defects and the air surface was smooth (highly glossy), as shown in the AFM images given in the 142 

result section (e.g., Figure S6). All specimens were well cured, as evidenced by no further 143 

Fourier transform infrared spectroscopy (FTIR) intensity decrease of the epoxide band at 915 144 

cm
-1

. The glass transition temperature, Tg, of the cured film was 102 ± 2 
o
C (by dynamic 145 

mechanical analysis; uncertainty represents one standard deviation, n = 3). The chemical 146 

structures of the epoxy resin, the amine curing agent, and the crosslinked cured epoxy have been 147 

previously described [8]. 148 

 149 

2.2 UV Irradiation 150 

Specimens of neat epoxy and  nanocomposites having a dimension of 25 mm x 25 mm 151 

were exposed to 50 
o
C/75 % RH condition in a 2 m integrating sphere-based weathering 152 

chamber, referred to as the NIST SPHERE [34].  The elevated temperature was used to 153 

accelerate the chemical degradation, while the 75 % RH is a typical summer value. This 154 



  

SPHERE UV device utilizes a mercury arc lamp system that produces a collimated and highly 155 

uniform UV flux of approximately 480 W/m
2
 in the 295 nm to 400 nm wavelength. It can 156 

precisely control the relative humidity (RH) and temperature. A table showing the UV dose after 157 

exposure in the SPHERE for various durations is provided in Table S1. Dose, in MJ/m
2
, is 158 

defined as the total energy of UV radiation impinging on the specimen surface at a particular 159 

time per unit irradiated area.  The highest accelerated UV dose was equivalent to ≈ 4 years in 160 

Florida; the NIST SPHERE only supplies radiation from 295 nm to 400 nm and this comparison 161 

is for the estimated dosage in Florida (285 MJ/m
2
 per year) for the wavelengths between 295 nm 162 

and 385 nm [36].   Because the visible and infrared radiation of the UV source had been 163 

removed, without external heating, the temperature in this UV chamber is about 27 
o
C ± 2 

o
C. 164 

Thus, an external heat source was used to increase the temperature to 50 
o
C to promote more 165 

rapid degradation. Specimens having the air surface facing the UV source, which were mounted 166 

on a special sample holder, were removed at specified accumulated doses (i.e., at specified time 167 

intervals) for characterization.  168 

2.3 Mass Loss Measurements 169 

Mass loss of both neat epoxy and nanocomposite as a function of exposure to UV 170 

radiation were measured. The mass loss was determined with an analytical balance (Mettler 171 

Toledo AB265-S, Columbus, OH) having a mass resolution of 10
-5

 g. 172 

2.4 Fourier transform infrared spectroscopy-attenuated total reflection (FTIR-ATR) 173 

Chemical degradation was assessed by FTIR-ATR using a ZnSe prism and at a 45° 174 

incident angle. For an ideal prism-sample interaction, the probing depth of the ATR technique is 175 

a function of incident angle, radiation wavelength, and refractive indices of the internal reflection 176 

element (i.e., prism) and the sample. For the ZnSe prism and 45º incident angle used in this 177 



  

study, the probing depth of ATR technique in the epoxy polymer (refractive index 1.5) in the 178 

infrared region of 800 cm
-1 

to 3600 cm
-1

 wavenumber, as calculated by the internal reflection 179 

penetration depth equation [37], is between 0.5 μm and 2.5 μm from the surface.  All FTIR 180 

spectra were the average of 128 scans and recorded at a resolution of 4 cm
-1 

using a spectrometer 181 

equipped with a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector (Nexus 670, 182 

Thermo Nicolet, Madison, Wisconsin). Dry air was used as the purge gas. The peak height was 183 

used to represent the infrared intensity, which is expressed in absorbance, A. All FTIR results 184 

were the average of three specimens. 185 

2.5 X-ray photoelectron spectroscopy (XPS) 186 

XPS was performed on a Kratos Axis Ultra DLD spectrophotometer (Chestnut Ridge, 187 

NY).  Sample preparation involved loading all MWCNT epoxy nanocomposites onto a sample 188 

bar, with the samples being held down by metal fasteners.  All spectra shown in this study were 189 

acquired using 150 W (10 mA, 15 kV), monochromatic, Al Kα X-rays with photoelectrons being 190 

collected by a hemispherical analyzer at 0 degrees from the surface normal at a pass energy of 20 191 

eV.  Data collection for each C (1s) region was taken at 0.030 eV steps with a dwell time of 800 192 

ms/step for 2 sweeps.  When activated, the charge neutralizer operated at 1.86 A and 3.64 V.  193 

Lastly, controls were run for both the MWCNTs and the pure epoxy, the latter of which could 194 

only be measured with the charge neutralizer due to its insulating properties.  However, it is 195 

important to note that unless specified, XPS data presented was taken without the charge 196 

neutralizer.  Spectral analysis was conducted using CasaXPS (CasaXPS LTD, Teignmouth, UK) 197 

and Shirley backgrounds were fitted to each C (1s) region.  Chemical compositions were not 198 

determined in this study due to either charging or inability to separate the asymmetric MWCNT 199 



  

peak from the epoxy components.  All neat epoxy and MWCNT epoxy nanocomposite spectra 200 

are presented with no energy adjustment. 201 

2.6 Atomic Force Microscopy (AFM) 202 

AFM was performed using a Cypher AFM (Asylum Research/Oxford Instruments, Santa 203 

Barbara, CA) for all samples except for the highest UV dose sample (1089 MJ/m
2
).  Due to the 204 

large roughness of this sample, it was imaged using an MFP-3D AFM (Asylum Research/Oxford 205 

Instruments, Santa Barabara, CA) which has a larger scan range.  All images were acquired in air 206 

at room temperature and in tapping mode using Si cantilevers with a spring constant of ≈ 40 N/m 207 

and a resonant frequency of ≈ 300 kHz.  Image processing was performed using Gwyddion [38] 208 

in order to produce the 3D renderings of sample topography, as well as to remove minor streaks 209 

and steps in the topography, which are associated with AFM tip contamination.  210 

2.7 Scanning Electron microscopy (SEM) 211 

Surface and subsurface morphologies of the UV irradiated MWCNT epoxy 212 

nanocomposites were analyzed by SEM using a Zeiss Supra-55VP Field Emission SEM.  213 

Surface analysis was performed using a 5 kV acceleration voltage.  Cross sections for subsurface 214 

analysis were prepared by freeze fracture.  To visualize the MWCNT morphology within the 215 

embedded matrix by charge contrast imaging, the cross-sectional analysis was performed at 216 

15kV acceleration voltage [39]. 217 

2.8 Transmission Electron microscopy (TEM) 218 

Though freeze fracture cross sections are useful for SEM analysis, they are not a true 219 

planar section that would allow for nanoscale imaging of the subsurface.  For a nanoscale 220 

resolution of planar cross sections, TEM samples were prepared using a FEI Helios NanoLab 221 



  

650 Focused Ion Beam Scanning Electron Microscope (FIB SEM) equipped with a 222 

micromanipulator (Omniprobe Autoprobe 200.2 micromanipulator, Dallas, TX).  The UV 223 

irradiated MWCNT epoxy nanocomposite samples were sputter coated with Au using a sputter 224 

coater (Cressington 208HR sputter coater, Watford, UK) to prevent charging and also to provide 225 

protection against the ion beam damage during the TEM sample preparation process.  TEM thin 226 

sections were created using an in situ lift out method similar to that previously described [40].  227 

Briefly, a thin layer (200 nm) of Pt was deposited using the electron beam at 2 kV and 6.4 nA 228 

and sample at 0 tilt.  One 2-µm layer of Pt was deposited using the ion beam at 30 kV and 0.23 229 

nA on the same location.  Area surrounding the protective layer was removed using 9.3 nA and 230 

2.5 nA ion beam and U shaped undercut was made using 0.23 nA ion beam.  The remaining 231 

thick coupon was attached to the probe needle and reattached to a grid straddling a v-shaped 232 

groove on a TEM grid (Figure S3).  Additional 1 µm of Pt was deposited on top of the coupon as 233 

well as the side walls of the coupon.  Side wall Pt deposition was achieved by rotating the 234 

sample stage ± 90 degrees at 0 tilt.  These Pt sidewalls provide the necessary stiffening of the 235 

thin polymer section.  The coupon was thinned to 2 kV electron transparency using 30 kV ion 236 

beam and progressively lower beam currents ranging from 0.43 nA to 80 pA and then further 237 

cleaned using a 5 kV, 41 pA ion beam.  238 

TEM using a FEI Titan™ 80-300 S/TEM equipped with an imaging filter (Gatan Model 239 

963 Quantum, Pleasanton, CA) was used to collect bright-field and energy-filtered transmission 240 

electron microscopy (EFTEM) data.  EFTEM images were collected at 300 kV using a slit of 5 241 

eV centered at 18 eV and at 27 eV with 5 s exposures using a CCD (charge-coupled detector) 242 

with 2x binning.  The 27 eV and 18 eV images were corrected for spatial drift [41] and a ratio of 243 

the 27 eV and 18 eV images were performed for contrast enhancement. 244 



  

2.9 Scratch Lithography 245 

In scratch lithography, lines are patterned on a sample surface by dragging an AFM tip 246 

across the surface while maintaining a constant normal load. In this study, a series of increasing 247 

normal loads were used to produce several such lines in order to assess the load-dependence of 248 

surface damage from the AFM tip.  To establish the same regions of interest for AFM and post 249 

scratch analysis SEM, Pt markers (2 µm by 8 µm, 0.5 µm thick) were ion beam deposited using a 250 

Focused Ion Beam Scanning Electron Microscope (FIB SEM; FEI Helios NanoLab 650, 251 

Hillsboro, OR).  Scratch lithography was performed using a Cypher AFM.  A diamond coated 252 

AFM tip (model DCP11, from NT-MDT) was used in order to avoid artifacts associated with tip 253 

wear during scratching.  The spring constant of the lever was 10.8 N/m ±1 N/m as measured 254 

using the thermal spectrum method [42].  According to the manufacturer, the diamond coating is 255 

≈ 100 nm thick, and the radius of curvature is ≈ 100 nm.  Scratching was performed in contact 256 

mode at a tip speed of 1 µm/s, and at a fixed normal load for each scratched line.  A single pass 257 

was made at each scratched line.  After scratching the sample, the tip was changed to a standard 258 

tapping mode tip and the scratched region was then imaged in tapping mode.  Post scratch 259 

lithography SEM analysis was performed using a 5 kV acceleration voltage also using the FEI 260 

Helios NanoLab 650 Focused Ion Beam Scanning Electron Microscope (FIB SEM). 261 

3. Results and Discussion 262 

3.1 Effects of UV Irradiation on Bulk Material  263 

The mass loss of neat epoxy and 3.5 % MWCNT epoxy nanocomposite samples as a 264 

function of UV dose in the NIST SPHERE is displayed in Figure 1. Except for a small increase 265 

in mass at very early exposure, the mass loss in both materials increased with increasing UV 266 



  

dose. The early mass increase was probably due to moisture uptake when the samples were 267 

transferred from the 45 % RH ambient condition to the 75 % RH of the exposure chamber. At 268 

this early stage, the mass gained by the moisture uptake was greater than the mass loss caused by 269 

the nanocomposite degradation; thus, a net mass increase was observed. Figure 1 shows that both 270 

the amount and rate of mass loss for the MWCNT epoxy nanocomposite were lower than those 271 

for the neat epoxy. At a dosage of 1089 MJ/m
2
, the mass loss of the neat epoxy was more than 272 

twice that of the MWCNT epoxy nanocomposite, approximately 2.3 % and 1 %, respectively. 273 

These results are consistent with a previous report for a 0.72 % MWCNT epoxy nanocomposite 274 

[20].  The lower rate of mass loss of the nanocomposite is attributed to the ability of MWCNTs 275 

to retard the degradation of the epoxy matrix (i.e., photostabilization), as will be later 276 

demonstrated by the FTIR results (see Figures 2 and 3).   277 

3.2 Effects of UV Irradiation on Nanocomposite Surface Chemistry 278 

 FTIR-ATR was used to follow the chemical degradation of neat epoxy and 3.5 % MWCNT 279 

epoxy nanocomposites (see Figures 2 and S4). Any chemical changes observed for neat epoxy 280 

and MWCNT epoxy nanocomposite (assuming that the refractive index of the surface layer of 281 

the 3.5 % MWCNT epoxy nanocomposite is similar to that of the neat epoxy) are an average of 282 

the material layer within 2.5 μm from the surface. The chemical degradation by UV irradiation of 283 

polymers and their nanocomposites can be conveniently studied by following the intensity 284 

changes of various FTIR bands as a function of UV dose or exposure time. In this study, we 285 

utilized the FTIR difference spectroscopy technique, in which an increase or a decrease of a 286 

particular functional group can be easily discerned and quantified.  Figure 2 displays difference 287 

spectra (spectra taken at various UV doses minus the spectrum of the sample before irradiation) 288 

as a function of UV dose for neat epoxy (Figure 2A) and 3.5 % MWCNT epoxy nanocomposite 289 



  

(Figure 2B). As the UV dose increased, the intensity of various bands of the epoxy structure 290 

decreased, including the bands at 1508 cm
-1

 (benzene ring) and at 1245 cm
-1

 (C-O), while new 291 

bands appeared in the 1620 cm
-1 

to 1740 cm
-1

 region due to the formation of C=C and various 292 

carbonyl groups (C=O) such as aldehydes and ketones. These changes are due to 293 

photodegradation of amine-cured epoxy by UV radiation in the 295 nm to 400 nm wavelength, 294 

leading to extensive scission of the main chains of the epoxy [43-46]. Although amine-cured 295 

epoxy polymers are used extensively for a variety of exterior applications, the presence of UV 296 

absorbing aromatic rings and electron-donor nitrogen in the chemical structure makes this epoxy-297 

based material susceptible to UV attack. Details of the photodegradation mechanisms of amine-298 

cured epoxies are beyond the scope of the present study but can be found in the above references.  299 

The strongest absorption band of the epoxy chemical structure at 1508 cm
-1

 and the 300 

newly-formed band at 1726 cm
-1

 (attributed to aldehyde C=O stretching) were employed to 301 

follow the degradation and oxidation, respectively, of neat epoxy and 3.5 % MWCNT epoxy 302 

nanocomposite samples as a function of UV dose. These results are depicted in Figure 3. Note 303 

that, although the highest exposed UV dose was 1089 MJ/m
2
, the FTIR intensity change vs. dose 304 

curves were plotted only up to 425 MJ/m
2
. This is because specimens exposed beyond this UV 305 

dose became very rough, which resulted in substantial increases in the standard deviations of 306 

both the bands of interest and the reference band, rendering the FTIR-ATR data unreliable. The 307 

intensity changes have been normalized to the least-changed band at 1380 cm
-1 

(i.e., adjusting so 308 

that the intensity of the 1380 cm
-1

 band (due to the gem-dimethyl group) is the same before and 309 

after exposure) to minimize the effect of surface morphological changes on the ATR probe-310 

sample contact. It should be mentioned that, in the ATR technique, the intensity is a direct 311 

function of the contact area between the probe and the sample. However, the topography of a 312 



  

polymer surface subjected to UV radiation tends to undergo inhomogeneous changes [47]. 313 

Therefore, the FTIR-ATR spectra taken from degraded samples must be normalized to an 314 

internal standard or to a least-changed band to compensate for surface morphological changes. 315 

The small error bars shown in Figure 3 indicate good reproducibility of the FTIR degradation 316 

data for both neat epoxy and MWCNT epoxy nanocomposite. 317 

        As seen in Figure 3, both neat epoxy and 3.5 % MWCNT epoxy nanocomposite samples 318 

underwent rapid chemical degradation under this UV/RH/T environment. The rates of intensity 319 

change with UV exposure between zero and 166 MJ/m
2
 dose for the 1508 cm

-1
 (degradation) 320 

and 1726 cm
-1

 (oxidation) bands were similar for both materials. However, the degree of 321 

degradation and oxidation of the two materials differed thereafter. For the MWCNT epoxy 322 

nanocomposite, these changes reached a plateau at approximately 166 MJ/m
2
 dose, but they 323 

continued to advance until 270 MJ/m
2
 for the neat epoxy. A slight intensity decrease of the band 324 

at 1726 cm
-1

 at the highest dose, which is also seen in the spectra of Figure 2, is probably due to 325 

the substantial accumulation of MWCNTs on the sample surface (evidenced by SEM as 326 

presented in a later section). This would decrease the ATR probing depth in the oxidized epoxy 327 

layer. The higher resistance to degradation of the MWCNT epoxy nanocomposite than that of 328 

the neat epoxy observed in Figure 3 suggests that MWCNTs photostabilize the degradation of 329 

epoxy, similar to the results reported previously for 0.72 % MWCNT epoxy composite exposed 330 

to UV radiation [20] and for poly(methyl methacrylate) (PMMA) matrix containing various 331 

amounts of MWCNT subjected to high-energy radiation [48]. The photostabilization of 332 

polymers due to MWCNTs has been explained as due to the electron ring of the CNT network, 333 

which can disperse and filter the incident energy, and the strong interaction between free 334 

radicals (generated during irradiation) and CNTs [48].  The reversed trend of the spectrum at 335 



  

425 MJ/m
2
 observed in Figure 2B and 3B was probably due to both the rough surface 336 

topography caused by the photodegradation and the MWCNT layer accumulated on the surface 337 

(as shown later by SEM), which decreased the sample - ATR probe contact (hence intensity) and 338 

the band intensity of the epoxy matrix, respectively. 339 

XPS spectra of the MWCNT epoxy nanocomposites at increasing doses of UV irradiation 340 

are presented in Figure 4A for the C (1s) region.  Prior to UV irradiation (0 dose), the surface 341 

composition of the C (1s) region consisted of a broad, asymmetric peak located between 295 eV 342 

and 296 eV.  This C (1s) feature is poorly resolved and shifted more than 10 eV towards higher 343 

binding energies, as compared to previous composite studies [7], due to the highly insulating 344 

nature of the epoxy.  The epoxy control (Figure 4C, right) at 0 dose exhibited the same insulating 345 

properties, requiring the application of a charge neutralizer to properly resolve the spectra, 346 

whereas the MWCNT control (Figure 4C, left) was sufficiently conductive and did not require a 347 

charge neutralizer.  When applying the neutralizer to the MWCNT epoxy nanocomposites (See 348 

Figure S5, 0 dose), a similar three component C (1s) region was observed that was comparable to 349 

the epoxy control.  These observations of the pristine nanocomposites suggest that the initial 350 

surface was composed predominantly of epoxy. 351 

 As the UV dose increased up to 166 MJ/m
2
, the most obvious change recorded by the 352 

XPS was a shift in the MWCNT nanocomposite‟s epoxy peak position from ≈ 295 eV to  ≈ 289 353 

eV (Figure 4A).  This systematic shift of the C (1s) peak position towards binding energies 354 

typical of a carbon/nitrogen/oxygen containing polymer surface suggests that the surface of the 355 

MWCNT epoxy nanocomposite was becoming more conductive.  Additionally, the C (1s) peak 356 

at low doses also appeared to gain some resolution, exhibited by a shoulder towards higher 357 



  

binding energies.  This may be a result of different chemical features, such as carbon bound to 358 

oxygen, becoming more evident due to reduced charging.   359 

The presence of a new peak at ≈ 284.5 eV was the second change, as observed at a dose 360 

of 258 MJ/m
2
 (Figure 4A).  Interestingly, if one focuses in around 284.5 eV, the new 361 

contribution can be viewed at a dose as low as 92.3 MJ/m
2
 and is definitely observed at 166 362 

MJ/m
2
 (See Figure 4B).  This peak continued to grow to a dose of 775 MJ/m

2 
at which point the 363 

spectrum was quite comparable with the MWCNT control samples (See Figure 4C, left), with the 364 

exception of a slightly more intense tail to higher binding energies.  This suggests that the peak‟s 365 

presence is largely representative of the highly conductive MWCNT component dominating the 366 

surface of the UV exposed nanocomposite sample.  The peak intensity at 284.5 eV subsided at 367 

1090 MJ/m
2
 and broadened, a phenomenon that may be attributed to either of the following:  A) 368 

UV-induced damage to the surface of the CNT‟s as previously observed [49, 50]; or B) residual 369 

epoxy now re-exposed.  Both of these choices would explain the observed transformation in the 370 

spectra but neither can be eliminated at this time.  Lastly, the „charged‟ epoxy peak that was 371 

around 289 eV drifted slowly to lower binding energies, becoming indistinguishable from the 372 

MWCNT tail and is perhaps the reason for a higher photoelectron count in the higher binding 373 

energy tail.   Additionally, this may be the reason why the MWCNT peak changed slightly at 374 

1090 MJ/m
2
 where the oxidized epoxy contributions are sufficiently low enough to no longer 375 

charge and become part of the overall C (1s) spectra. 376 

Qualitatively, Figure 4 demonstrates that the surface of the MWCNT epoxy 377 

nanocomposite is becoming dominated by the presence of MWCNTs with increasing UV dose in 378 

two ways.  First, the most obvious change is of the development of the characteristic asymmetric 379 

peak representative of MWCNTs graphene-like carbon at 284.5 eV.  Since XPS is surface 380 



  

sensitive (depth of analysis < 10 nm) and the development of the MWCNT spectral feature is 381 

observed with and without the charge neutralizer at long UV exposures, this suggests that the 382 

surface concentration of MWCNTs was increasing.  The benefit of not using the charge 383 

neutralizer is the ability to see the increase in the surface concentration of MWCNTs at much 384 

lower UV doses (Compare Figure 4 and Figure S5).  385 

Secondly, the shift of the „charged‟ epoxy peak to lower binding energies and subsequently 386 

diminishing in its presence suggests that the insulating properties of MWCNT epoxy 387 

nanocomposite are subsiding, likely due to the photo-oxidation of epoxy based material resulting 388 

in a corresponding increase in the surface concentration of MWCNTs.  This photo-oxidative 389 

mechanism has been previously observed in other epoxy-based nanocomposites [7, 8].   Further 390 

evidence of an oxidation process can be observed in the charge neutralized XP spectra for the 391 

MWCNT epoxy nanocomposites at low doses (See Figure S5) and the UV exposed epoxy 392 

control (Figure 4C, right top) by the increase in highly oxidized C (denoted as COO prior).  The 393 

photo-oxidative removal of the epoxy in the MWCNT epoxy nanocomposite samples is 394 

consistent with the decrease of the benzene ring absorbance at 1508 cm-1 and the increase in the 395 

aldehyde stretch at C=O as measured by ATR-FTIR (Figure 3) as well as the mass loss data 396 

(Figure 1). 397 

3.3 Effects of UV Irradiation on Nanocomposite Structure 398 

AFM images of the nanocomposites show that the exposure of MWCNTs on the 399 

nanocomposite surface increased with UV dose (Figure 5 A, B, and C).  The exposed MWCNTs 400 

show up in these AFM images as nanometer-scale surface roughness, while the unexposed 401 

surface is comparatively smooth (Figure S6A). A higher resolution AFM image depicting how 402 

the individual MWCNTs contribute to the nanometer-scale surface roughness is shown in Figure 403 



  

S7, while a comparison of the topography for neat epoxy and nanocomposite samples is shown 404 

in Figure S6. The surface of the 0 dose sample was nearly free of exposed MWCNTs (Figure 405 

S6A), while the surface of the highest UV exposed sample (1089 MJ/m
2
) was almost completely 406 

covered by exposed MWCNTs (Figure 5C).  The regions of exposed MWCNTs were 407 

topographically raised with respect to those areas that did not have exposed MWCNTs, with this 408 

height difference increased with UV dose. The initial surface started with sub-micron roughness 409 

(Figure S6A) and evolved to a micrometer-scale topography of “hills and valleys”, where the 410 

highest and lowest features span a range of ≈ 8 µm (Figure 5C).  We attribute the increasing 411 

height difference to screening of the epoxy degradation by the exposed MWCNTs. That is, once 412 

MWCNTs were exposed on the surface of the epoxy, those areas were at least partially protected 413 

from further epoxy degradation and surface mass loss. This is consistent with the results of 414 

Figures 1 and 3. 415 

The surface morphology changes seen by AFM are also reflected in the SEM images 416 

(Figure 5D, 5E, and 5F).  At a UV exposure of 166 MJ/m
2
, the nanocomposite sample showed a 417 

relatively flat surface with pitting, undulation, and some areas of the subsurface MWCNT 418 

network beginning to become exposed (Fig. 5D).  With increasing UV dose (425 MJ/m
2
), 419 

surface roughness of the MWCNT nanocomposite increased and bundles of MWCNTs were 420 

clearly visible on the surface as shown in Figure 5E (top right corner), forming rough, uneven 421 

MWCNT hills and relatively smooth epoxy rich valleys.  At 1089 MJ/m
2 

of
 
UV dose, the epoxy 422 

rich valleys became depleted leaving a surface of exposed undulating bundled MWCNTs (Figure 423 

5F).  The formation of an uneven distribution of MWCNT hills and valleys comes from the 424 

uneven sub-surface distribution of MWCNTs, as observed in charge contrast cross section SEM 425 

images (Figure S8) of the pristine nanocomposite.  426 



  

Using EFTEM in the low-loss region on cross-sections, imaging can be performed where 427 

contrast between crystalline (i.e., MWCNTs) and amorphous (i.e., epoxy) carbonaceous phases 428 

can be distinguished [51].  The contrast can be further enhanced by two-window ratio imaging, 429 

where sample thickness artifacts can be normalized as long as the sample is not thick enough to 430 

have plural scattering [52].  The bright-field TEM images are shown in Figure S9 parts A, B, and 431 

C, while the EFTEM images used to obtain the EFTEM ratio images are shown in Figure S9 432 

parts D through I.  At a UV dose of 166 MJ/m
2
, EFTEM of the cross sections showed MWCNTs 433 

near the surface, which is still relatively flat (Figure 5G), a result in agreement with the AFM 434 

and SEM images obtained for nancomposite samples irradiated with this UV dose (Figure 5 A 435 

and D).  Upon further UV irradiation (425 MJ/m
2
), EFTEM of the cross sections revealed a 436 

region of compressed MWCNTs at the surface (Figure 5H).  After 1089 MJ/m
2 

of
 
UV exposure, 437 

EFTEM of the cross sections showed that the near-surface layer consisted primarily of a dense 438 

network of MWCNTs.  Though the MWCNTs become highly exposed on the surface, the 439 

entanglement of MWCNTs in a network that has “roots” in the epoxy matrix may prevent the 440 

MWCNTs from readily being released from the surface. 441 

3.4 Potential for MWCNT Release Assessed Using Scratch Lithography 442 

In order to assess the attachment of the exposed nanotube layer to the bulk 443 

nanocomposite, we employed an AFM-based scratch test. Although the results of such a test are 444 

not directly comparable to tests performed using macroscopic abrasion tools, such as metal rakes 445 

or sanding wheels [17, 21, 53, 54], they can be used to assess whether the stress required to 446 

permanently deform the epoxy matrix is larger or smaller than the stress required to permanently 447 

deform the exposed nanotube layer. We expect that if the nanotube layer is more resistant to 448 

scratching than the matrix, then it is unlikely to be readily released from the surface. 449 



  

AFM-based scratch lithography was used to assess the potential release of MWCNTs 450 

using the nanocomposite sample that had been exposed to a UV dose of 425 MJ/m
2
.  After the 451 

scratches were made on the surface, the surface damage was assessed using tapping mode AFM 452 

(Figure 6 A and B) and SEM (Figure 6 C and D). In Figure 6A, normal loads greater than 5 µN 453 

caused visible scratches in the MWCNT-covered region.  In contrast, scratches were visible in 454 

the epoxy rich region (Figure 6 B) at loads as low as 0.5 µN.  These results suggest that the 455 

region covered by MWCNTs was substantially more resistant to mechanical force compared to 456 

the epoxy region.  However, the rough surface associated with the exposed MWCNTs region 457 

may have obscured small changes that would have been visible on the relatively smooth epoxy 458 

surface. In order to detect any such small changes to the MWCNT region, SEM was also 459 

performed on the post scratch lithography regions.  At normal forces of 5 µN and 10 µN, the 460 

SEM images revealed multiple breaks in the MWCNTs in the scratch path (shown in Figure 6 C 461 

and D).  In the zoomed-in region (Figure 6 D) of the 2.5 µN scratch path, no observable 462 

alteration in MWCNTs was evident.  However, along the 1 µN path, discontinuities indicative of 463 

possible breaks in MWCNTs were detected. For normal loads smaller than 1 µN, no alterations 464 

in the MWCNTs along the scratch path were observed.  While loads of 5 µN and 10 µN caused 465 

clear scratch lines in the MWCNT region based on the AFM data, SEM images showed 466 

relatively few break discontinuities in the MWCNTs. These loadings may have permanently 467 

compressed the MWCNTs into the surface, rather than breaking them or releasing them from the 468 

surface. In summary, both AFM and SEM measurements indicated that near the edge of the 469 

exposed MWCNT regions, the MWCNT covered regions were more mechanically resistant to 470 

scratching than the epoxy rich region.    471 



  

The methods described in this manuscript can be used to assess different aspects of the 472 

transformations that can occur during UV irradiation of polymer CNT composites.  Gravimetric 473 

measurements revealed changes to the bulk sample, while FTIR provided detailed chemical 474 

alterations of the polymer matrix. However, neither of these measurements provided information 475 

about the fate of MWCNTs. Conversely, microscopic (SEM, TEM, and AFM) and XPS 476 

measurements all revealed increasing MWCNT concentrations at the sample surface with higher 477 

UV doses. Importantly, XPS provided chemical confirmation on the presence of MWCNTs on 478 

the sample surface, while SEM and AFM analyses showed the presence of tube shaped structures 479 

that appeared to be MWCNTs but lacked definitive identification. The combination of XPS with 480 

SEM or AFM can provide identification of MWCNTs, their relative proximity, to the surface and 481 

information about the sample's surface topography.  EFTEM analysis revealed that MWCNTs 482 

can be distinguished from the polymer background using the unique MWCNT chemical 483 

configuration, and confirmed the surface accumulation of MWCNTs. However, this technique 484 

requires significant user expertise and thus is unlikely to be used for routine analysis. Finally, 485 

scratch lithography has demonstrated the capability to assess the potential release of surface 486 

accumulated MWCNTs. Which set of techniques are most relevant for a particular investigation 487 

depends on what information is needed (potential for MWCNT release, information about the 488 

bulk sample, presence of MWCNTs on sample surface, etc.) and instrument availability. 489 

  490 

4. Conclusions 491 

By using a comprehensive suite of analytical methods we have identified two primary 492 

trends for MWCNT polymer composites exposed to UV radiation: a photostabilization effect 493 

from the presence of the MWCNT nanofiller and increasing accumulation of a dense, entangled 494 



  

MWCNT layer on the surface of the nanocomposite samples with increasing UV dose. The 495 

increasing surface coverage by MWCNTs was strongly supported by both spectroscopic and 496 

microscopic techniques showing the convergence of the different methods. The results obtained 497 

by these methods show that the epoxy-rich surface layer of the nanocomposite is removed 498 

relatively rapidly, leaving a surface covered almost completely with MWCNTs. 499 

The methods described in this manuscript, such as the innovative XPS method to identify 500 

MWCNTs on the surface of nanocomposite samples, are generally applicable for studies on 501 

related topics such as characterization of nanocomposites during manufacturing and assessment 502 

of MWCNT distribution in biological organisms. However, the scratch lithography results shown 503 

here and the lack of identifiable broken MWCNTs suggest that MWCNTs will not be readily 504 

released from the polymer nanocomposite, in agreement with most earlier studies [11-14, 16]. 505 

Additional research is needed to evaluate the conditions required (abrasion, hail, high wind, etc.) 506 

for MWCNT release from the MWCNT accumulated on the surface, to investigate the impact of 507 

UV irradiation using a broader range of conditions (i.e., different MWCNT loadings, polymers, 508 

MWCNT functionalization, and environmental stresses), and to assess the potential human 509 

health and ecological impacts of any released MWCNTs.  Information on the formation and 510 

accumulation of a dense, entangled MWCNT layer on the nanocomposite surface after exposure 511 

to solar-like UV wavelengths is useful for assessing and mitigating the potential risks of 512 

MWCNT epoxy nanocomposites during their life cycles.  513 
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 684 

Figure 1. Mass loss as a function of UV radiation dose for neat epoxy and 3.5% MWCNT epoxy 685 

nanocomposite samples exposed to UV at 50 ºC and 75% relative humidity. Results are the 686 

average of five specimens, and error bars represent one standard deviation. 687 

 688 



  

 689 

Figure 2. Difference FTIR-ATR spectra recorded at different UV irradiation doses for (A) neat 690 

epoxy, and (B) 3.5 % MWCNT epoxy nanocomposite. 691 

 692 



  

 693 

 694 

Figure 3. Changes in FTIR-ATR intensity for (A) 1508 cm
−1

 and (B) 1726 cm
−1

 bands for neat 695 

epoxy and 3.5% MWCNT epoxy nanocomposite samples before and after UV irradiation with 696 

varying doses. Each data point was the average of three specimens, and the error bars represent 697 

one standard deviation.  698 

 699 



  

 700 

Figure 4.  XPS results of the surface transformations of MWCNT epoxy nanocomposites with 701 

increasing dose of UV irradiation.  A)  Stack plot of the C (1s) region from 0 to 1089 MJ/m
2
.  B) 702 

Magnification of low dose studies with a focus on the CNT component of the C (1s) region.  C) 703 

Control spectra of pure CNT powder (left) and epoxy (right).  The pure epoxy sample has a 704 

reference at 0 and 462 MJ/m
2
 UV dose. 705 
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 707 

 708 

Figure 5. Microscopic evaluation of MWCNT epoxy nanocomposite samples using AFM (A, B, 709 

C), SEM (D, E, F), and EFTEM (G, H, I).  The samples were exposed to UV doses of 166 MJ/m
2
 710 

(A, D, G), 425 MJ/m
2
 (B, E, H), and 1089 MJ/m

2
 (C, F, I).  3D AFM images and SEM images 711 

are of the surface while EFTEM images are of cross-sections prepared by a focused ion beam.  712 

The boundary of the top surface of the nanocomposite is highlighted by the dash line.  Scale bars 713 

for SEM and EFTEM images are 200 nm. 714 
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 716 

Figure 6. AFM scratch lithography on the MWCNT epoxy nanocomposite sample exposed to 717 

425 MJ/m
2
 UV dose.  The normal force at each scratch path is indicated by arrows.  (A) AFM 718 

topography image after scratching and (B) filtered AFM topography image of the boxed region 719 

shown in part A. (C, D) Post scratch lithography examination in SEM.  SEM scale bars are 720 

500nm.  Specific breaks in MWCNTs are highlighted by circles. 721 
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