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a b s t r a c t 

The ultraviolet (UV)-induced degradation of graphene/polymer nanocomposites was investigated in this 

study. Specifically, the effect of few-layer graphene nanofillers on the degradation of a thermoplastic 

polyurethane (TPU) and the release potential of graphene from the degraded nanocomposite surfaces 

were assessed. Graphene/TPU (G/TPU) nanocomposites and neat TPU were UV-exposed under both dry 

and humid conditions in the NIST SPHERE, a precisely controlled, high intensity UV-weathering device. 

Neat TPU and G/TPU were characterized over the time course of UV exposure using color measurements 

and infrared spectroscopy, for appearance and chemical changes, respectively. Changes in thickness and 

surface morphology were obtained with scanning electron microscopy. A new fluorescence quenching 

measurement approach was developed to identify graphene sheets at the nanocomposite surface, which 

was supported by contact angle measurements. The potential for graphene release from the nanocompos- 

ite surface was evaluated using a tape-lift method followed by microscopy of any particles present on the 

tape. The findings suggest that graphene improves the service life of TPU with respect to UV exposure, 

but that graphene becomes exposed at the nanocomposite surface over time, which may potentially lead 

to its release when exposed to small mechanical forces or upon contact with other materials. 

Published by Elsevier Ltd. 

1

h

b

a

l

c

m

l

i

c

d

G

f

a

t

[

c

c

p

c

r

h

t

m

p

s

w

p

m

v

u

t

t

h

0

. Introduction 

Graphene nanomaterials, which are two-dimensional sp 

2 - 

ybridized sheets of carbon, have exceptional properties that can 

e useful in a wide range of applications. Graphene nanoparticles 

re typically nanometer-sized in thickness and micron-sized (or 

arger) in lateral dimensions. The high aspect ratio of graphene, 

oupled with its fused network of benzene rings, makes for a 

echanically strong, electrically conductive, thermally resistant, 

ow friction, and impermeable material [1] . Upon incorporation 

nto a polymer matrix, a low mass concentration of graphene 

an impart its properties onto the polymer to an extent depen- 

ent on the homogeneity of graphene nanoparticle dispersion [2] . 

raphene/polymer nanocomposites (G/PNCs) have been proposed 

or use in sporting equipment such as skis, helmets, bike frames, 

nd tennis rackets [3] ; cell phone touch screens, solar cells, bat- 

eries and other electronic devices [3-6] ; low-friction applications 

7] ; membranes for water treatment [5] ; food packaging [8] ; anti- 
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orrosion coatings for barrier properties [9] ; and anti-flammable 

oatings [10] . The widespread use of G/PNCs has been hindered, in 

art, by the scalability of high purity graphene production and the 

hallenges associated with exfoliating graphene during G/PNC fab- 

ication. Nevertheless, improvements in manufacturing processes 

ave steadily lowered graphene’s production cost and improved 

he likelihood of G/PNC products becoming more prevalent on the 

arket [11] . 

During and after consumer use of G/PNCs, it is likely that the 

olymeric matrix will degrade. This can potentially lead to expo- 

ure of otherwise embedded graphene at the product surface as 

ell a release of graphene from the product, which may have im- 

lications for human health and the environment [ 12 , 13 ]. Further- 

ore, the presence of graphene in the PNC may improve or ad- 

ersely affect the service life or durability of the polymer prod- 

ct by altering the rate of polymer degradation. Polymer degrada- 

ion processes outdoors are most commonly induced by combina- 

ions of ultraviolet (UV) radiation from the sun, heat, and humidity. 

hese UV weathering processes lead to polymer degradation mech- 

nisms that include chain scission, photooxidation, cross-linking, 

nd material loss [14] . Since UV-induced degradation tends to be 

https://doi.org/10.1016/j.polymdegradstab.2020.109365
http://www.ScienceDirect.com
http://www.elsevier.com/locate/polymdegradstab
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2020.109365&domain=pdf
mailto:david.goodwin@nist.gov
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low on an experimental time scale, accelerated weathering proto- 

ols have been developed to rapidly assess the durability of poly- 

eric materials. These accelerated weathering protocols can ulti- 

ately help guide the design of more sustainable and safe G/PNC 

aterials. 

Only a few studies have systematically assessed the effect of 

raphene-family nanomaterials on polymer matrix degradation in 

anocomposites. In our previous work, graphene oxide (GO), the 

xidized form of graphene, was found to increase the durability 

f waterborne polyurethane (WBPU) relative to neat WBPU under 

ry UV but not humid UV conditions [15] . Graphene oxide also be- 

ame exposed at the nanocomposite surface, especially under hu- 

id UV conditions, and evidence of GO release was observed [15] . 

owever, since GO is a less photo-stable form of graphene and 

ts bandgap, chemical composition, hydrophilicity, and mechani- 

al strength are significantly different from graphene, it is unclear 

f the degradation processes observed for GO/WBPU nanocompos- 

tes will be representative of the degradation processes of G/PNCs 

 16 , 17 ]. A recent study by Zepp et al. showed that graphene, among

ther nanomaterials, modulated UV degradation of epoxy but the 

esults focused primarily on the amount of released material [18] . 

hehzad et al. [19] characterized the changes in chemical struc- 

ure, molecular weight, and microstructure during the UV pho- 

odegradation of graphene/high-density polyethylene nanocompos- 

te and found a decrease in polymer matrix photodegradation with 

ncreasing graphene mass loading in the nanocomposites, consis- 

ent with the UV-induced degradation processes previously ob- 

erved for carbon nanotube (CNT)/PNCs [19-22] . Carbon nanotubes, 

he cylindrical counterparts of graphene, have been shown to de- 

rease the degradation of polymer matrices in CNT/PNCs by radia- 

ion filtering [23] . In contrast, other types of nanoparticles such as 

nO and nano-clays have been shown to accelerate oxidative poly- 

er degradation [ 24 , 25 ]. So far, graphene has only been shown to

ystematically decrease polymer degradation in a chemically inert, 

emi-crystalline polyolefin system [19] . 

The main objectives of this study were to critically assess 

he long-term performance of a graphene/polymer nanocompos- 

te with a different type of polymer matrix and evaluate how 

ultiple UV weathering conditions affected degradation. Further- 

ore, this study used new methodologies or approaches to identify 

raphene surface-accumulation and assess graphene release poten- 

ial. A thermoplastic polyurethane (TPU), which is an elastomer 

ith hard and soft segments, was chosen as the polymer ma- 

rix because polyurethane has a well-understood photochemistry 

nd is commonly used outdoors in automotive, building and con- 

truction, and outdoor gear such as bicycles and kayaks [ 7 , 26-28 ].

ew-layer graphene was embedded in TPU at 3% by mass and the 

esulting G/TPU nanocomposites were exposed to accelerated UV 

eathering under both dry and humid conditions. This approach 

as taken since humidity was shown to have an important impact 

n the UV-induced polymer degradation rates of polyurethanes 

hich, in turn, led to more GO surface-exposure and GO release 

rom GO/WBPU nanocomposites in our previous study [15] . The 

IST SPHERE (Simulated Photodegradation via High Energy Ra- 

iant Exposure), a state-of-the-art accelerated UV-weathering de- 

ice based on integrating sphere technology, was used to simulate 

ighly uniform UV exposure from sunlight with controlled temper- 

ture and humidity conditions [29] . The long-term weatherability 

f G/TPU nanocomposites was assessed by measurement of chem- 

cal changes of the polymer matrix, color changes, and thickness 

oss; measured by attenuated total reflectance- Fourier transform 

nfrared spectroscopy (ATR-FTIR), colorimetry, and cross-sectional 

canning electron microscopy (SEM), respectively. The accumula- 

ion of graphene on the nanocomposite surface resulting from UV 

rradiation was characterized by Raman spectroscopy, SEM, and 

aser scanning confocal microscopy measurements (LSCM) in flu- 
2 
rescence mode, which enabled the detection of carbonaceous 

anomaterial in the carbonaceous polymer matrix by taking ad- 

antage of the fluorescence quenching properties of graphene [30] . 

or assessment of graphene release potential, a tape technique was 

sed to simulate graphene transfer of loosely bound graphene at 

he PNC surface. The results show that graphene increases the 

ong-term performance of TPU, but that the nanofiller becomes ex- 

osed at the nanocomposite surface and has the potential release 

hen subjected to small mechanical forces or upon contact with 

ther materials. 

. Materials and methods 

.1. Materials 

A commercially available graphene material with a carbon to 

xygen ratio of 141.6:1, as measured by X-ray Photoelectron Spec- 

roscopy [XPS] (Phi XPS 550 0 system with 30 0 W monochromatic 

l-K α radiation, 23.5 eV pass energy), was used in this study. X-ray 

hotoelectron Spectroscopy data was analyzed in Casa XPS 2.3.15 

ased on Phi standard sensitivity factors, with Shirley background 

ubtraction and peak shape fits as the sum of 90% Gaussian and 

0% Lorentzian. The commercially prepared graphene material had 

ateral dimensions ranging from 1 μm to 10 μm, was confirmed to 

e graphene with Raman spectroscopy (Fig. S1), and had a platelet 

hickness of approximately 2.3 nm as determined by a Brunauer 

mmet Teller (BET) sorption instrument [27] . The TPU, commer- 

ially available as Elastollan 1185 A10 (BASF, Ludwigshafen, Ger- 

any), was an aromatic polyurethane containing polyether soft 

egmentsThe granules used were synthesized from polytetrahy- 

rofuran (chain length of 10 0 0 g/mol), 1,4-butanediol, and 4,4’- 

iphenylmethane diisocyanate (MDI) [ 27 , 31 ]. This specific polymer 

id not contain additional UV stabilizers acting by UV absorption, 

hereas graphene contributed this functionality to the nanocom- 

osites. The polymer contained a phenolic antioxidant acting as 

adical scavenger. TPU was initially non-crosslinked, and its melt 

ould be injection-molded. 

.2. Nanocomposite preparation and characterization 

Graphene nanofillers were melt compounded at 3% mass frac- 

ion with TPU using a ZSK 26 MC twin-screw extruder (Coperion, 

ermany). The compounded nanocomposite granules were then in- 

ection molded using an Engel ES 330/80 HL (Engel, Germany) sys- 

em at an injection velocity of 15 mm/s, a melt temperature of 

220 to 230) °C, and a mold temperature of 40 °C. Molded nanocom- 

osites were then extruded as 2 mm thick sheets using an Arenz 

0 mm extruder (by the company Arenz, Germany) at a melt tem- 

erature of 190 °C and a screw speed of 50 rpm. Nanocompos- 

tes were cut from the sheets into 18.4 mm circles by pressing 

 sharp circular die into the sheets. Neat TPU (0% mass fraction 

raphene/TPU) was prepared the same way as 3% mass fraction 

raphene/TPU (G/TPU). For brevity, 0% mass fraction G/TPU and 

% mass fraction G/TPU will be denoted neat TPU and 3% G/TPU 

hroughout the manuscript. The graphene was primarily incorpo- 

ated into TPU to minimize electrical charging, and conductivity 

easurements indicated that the percolating network of graphene 

ormed over cm distances with a 12 orders-of-magnitude increase 

n electrical conductivity compared with neat TPU, indicating that 

he graphene was uniformly dispersed throughout the bulk to 

 degree that accomplished its intended use [27] . Other charac- 

erization data for the prepared nanocomposites are provided in 

ections 2.4 and 2.5 since most of the techniques used to char- 

cterize the initial nanocomposites were also used to characterize 

he degraded materials. 
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Table 1 

Sample exposure conditions used for neat TPU and G/TPU weathering in this 

study. 

Condition Name % UV Temperature ( °C) % Relative Humidity (RH) 

Dry UV 100 55 0 

Humid UV 100 55 75 

Dry Dark 0 55 0 

Humid Dark 0 55 75 
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.3. UV exposure of nanocomposites 

Neat TPU and 3% G/TPU nanocomposites were UV-exposed at 

n irradiance of approximately 140 W/m 

2 with wavelengths rang- 

ng from 295 nm to 400 nm under high temperature and relative 

umidity (RH) conditions to simulate the worst-case scenarios of 

egradation. Specifically, samples were UV-exposed at 55 °C under 

ry ( ≈ 0% RH) or high humidity (75% RH) conditions, denoted Dry 

V and Humid UV throughout the text. Samples were weathered 

or 0 d, 3 d, 6 d, 10 d, 15 d, 30 d, and 60 d in the SPHERE, which

s the equivalent of UV doses ranging from 0 MJ/m 

2 to 726 MJ/m 

2 .

lthough a direct comparison with outdoor conditions cannot be 

ade due to the complexity of natural weather patterns, a range 

f 0 d to almost 2.6 years of outdoor exposure in South Florida (1

ear UV exposure in South Florida ≈ 280 MJ/m 

2 ) could be approx- 

mated based on UV dose only. Control samples were also exposed 

o the same conditions in the absence of UV radiation and are de- 

oted Dry Dark and Humid Dark throughout the text. Table 1 sum- 

arizes these different conditions. 

Replicate specimens (number of replicates described later) of 

eat TPU and 3% G/TPU were arranged on a 17-position sample 

older and held in place using a sample holder cover. For each 

ample, a circular area of 16 mm in diameter was UV-exposed 

hile the remaining outer rings of the samples were protected 

rom UV light by the sample holder cover. At each exposure time 

oint, unless otherwise specified, a subset of specimens were re- 

oved from the sample holders for measurements and then placed 

ack on the sample holders for continued weathering. For mi- 

roscopy ( i.e., SEM and atomic force microscopy [AFM]) analysis, 

 subset of specimens were removed from the sample holders at 

ach time point and not placed back onto the SPHERE. 

.4. Degradation of neat TPU and G/TPU nanocomposites 

The degradation of neat TPU and the polymer matrix of 3% 

/TPU nanocomposites was evaluated by color and fluorescence 

hanges, chemical changes, and thickness loss. 

.4.1. Color and fluorescence changes 

Visual color changes to the neat TPU and 3% G/TPU nanocom- 

osites were photographed before and after 60 d of UV exposure 

n the SPHERE under dry and humid conditions. Additionally, the 

olor change ( �E ∗) from UV exposure, or change in visual percep- 

ion of color in L ∗a ∗b color space, was measured at each time point

sing a colorimeter (Spectro-guide sphere gloss, BYK, Columbia, 

D) with a CIELab system (L ∗a ∗b ∗), a daylight D65 light source,

nd a 10 ° standard observation (D65/10 °). Due to the large sam- 

ling area of the colorimeter, specimens were measured at the 

enter. Each sample was measured four times (twice in each di- 

ection) and the data are reported as the average and one stan- 

ard deviation of these four measurements. The total color change, 

E ∗, was used to represent the color difference as exposure time 

ncreased. 

Raman spectroscopy (Bruker Senterra XL Raman Microscope, 

illerica, MA, 785 nm, 1 mW, 5 co-additions, 10 s accumulation) 

as used to collect graphene concentration data at the nanocom- 
3 
osite sub-surface as a function of UV exposure time. Raman mea- 

urements indirectly provided fluorescence data across the Raman 

pectrum resulting from polymer photoproduct formation. Thus, 

uorescence data from the Raman spectra were obtained at dif- 

erent time points of UV exposure and were used to qualitatively 

ompare fluorescence signal gain from polymer photoproduct for- 

ation under dry versus humid conditions. Each Raman spectrum 

hown is the average measurement from three replicate specimens, 

ith four different spots measured on each replicate due to the 

mall spot size of the laser in Raman spectroscopy. 

.4.2. Chemical degradation 

Chemical degradation of neat TPU and the TPU matrix of the 

% G/TPU nanocomposite was evaluated using Fourier transform 

nfrared spectroscopy in attenuated total reflection mode (ATR- 

TIR, 4 cm 

−1 resolution, 128 scans/specimen, Nicolet iS50 with 

iamond type IIa crystal, ThermoFisher Scientific, Waltham, MA). 

riplicate specimens were measured for each type of sample. Al- 

hough the graphene nanofillers of the 3% G/TPU nanocompos- 

te absorbed across the entire IR spectrum, the graphene did not 

ontribute to the FTIR bands observed (Fig. S2, after baseline cor- 

ection) and only polymer degradation was tracked with FTIR. All 

pectra were baseline corrected with the same number of base- 

ine points, only shifted slightly on the x axis (by no more than 5 

m 

−1 ) when necessary due to band broadening and/or band shift- 

ng in the IR spectra from polymer degradation. All FTIR spectra 

ere normalized to the 1412 cm 

−1 band (C-H bending) which was 

ound to change minimally during UV irradiation. Neat TPU ground 

nto powder form was evaluated after exposure to one weather- 

ng condition (dry UV) using dissolution (in 1,1,1,3,3,3-Hexafluoro- 

-propanol [HFIP] and 0.05% by mass ammonium acetate, Alfa Ae- 

ar) for identifying the presence of cross-linking and molar mass 

ecreases using gel permeation chromatography (Agilent Modu- 

ar GPC system [Santa Clara, CA], HFIP-LG Guard column, 2 x PL 

FIPgel columns, 300 mm x 7.5 mm, [3 to 100] μm, with a 254 nm

efractive index detector, 50 μL injection volume, 35 ̊ C, 1.0 mL/min 

ow rate) to provide an understanding of these changes during 

V degradation. This assessment was conducted separately by UV 

eathering the TPU powder in an Atlas SunTest (Mount Prospect, 

L) at 60 W/m 

2 . 

.4.3. Thickness loss 

Thickness losses of the neat TPU and 3% G/TPU nanocompos- 

tes were measured with SEM (SEM, JEOL 7600f, 6.0 kV, Peabody, 

A) after 60 d of exposure under both dry UV and humid UV con- 

itions. The thermoplastic elastomer samples were thick (2 mm) 

nd rubbery, making them difficult to cryo-snap for cross-sectional 

maging before and after UV exposure. Thus, all specimens were 

ngled at 60 ° and imaged at the interface where the UV-exposed 

aterial met the unexposed material protected from UV light by 

he sample cover holder. This was the location where the thick- 

ess decrease could be observed with SEM. Prior to SEM imaging, a 

hin layer of conductive carbon coating was applied to all samples 

imultaneously. The coating was applied for 10 s using a Cress- 

ngton 308R coating system with a Cressington EB500 controller 

Watford, UK) operating at 85 mA and 2.5 keV. Although this might 

ave slightly masked graphene nanoparticles at the nanocompos- 

te surface, carbon coatings gave low image graininess relative to 

ther available metallic coatings. For cross-sectional SEM, the av- 

rage and one standard deviation of at least five cross-sectional 

ength measurements from three separate images of a single spec- 

men were made with ImageJ software (NIH, Bethesda, MD) for 

ach SEM image. The cross-sectional lengths were adjusted from 

he 60 ° angle to 90 ° using the sine function. 
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.5. Graphene accumulation at the nanocomposite surface 

The accumulation ( i.e., build-up) of graphene nanofillers at or 

ear the nanocomposite surface, surface morphology changes of 

he nanocomposites, identification of graphene at the degraded 

anocomposite surfaces, and chemical changes to the graphene 

anofillers at the degraded nanocomposite surface were character- 

zed as described in the following sections. 

.5.1. Graphene accumulation measurements 

The accumulation of graphene at or near the G/TPU nanocom- 

osite surfaces (top 1 μm to 4 μm) was measured using Raman 

pectroscopy (Raman microscope described earlier). The intensity 

hanges of the defective (D, 1311 cm 

−1 ) and graphitic (G, 1602 

m 

−1 ) bands could be monitored to determine the changes in 

raphene concentration at or near the nanocomposite surface dur- 

ng UV-induced degradation. Four measurements per specimen for 

hree specimens were obtained. Further information can be found 

n the supplementary data. The specimens used were the same 

hat are described later in Section 2.5.3 . 

.5.2. Chemical degradation of graphene particles at the 

anocomposite surface 

Using Raman spectroscopy, the ratio of the D band intensities to 

he G band intensities for each UV exposure time point was deter- 

ined to evaluate if a chemical change occurred for the graphene 

anomaterials at or near the surface of the degraded nanocompos- 

tes. This was compared to the same ratios for the dark control 

amples. 

.5.3. Surface morphological changes of the nanocomposites 

Both SEM and AFM (described earlier) were used to follow 

urface morphological changes of the neat TPU and 3% G/TPU 

anocomposites resulting from UV exposure. For SEM imaging (de- 

cribed earlier), neat TPU and 3% G/TPU surfaces at each UV ex- 

osure time point were first coated by carbon evaporation. SEM 

mages of each specimen were collected in multiple locations to 

nsure the uniformity of morphology across the specimen surface 

nd an additional unexposed nanocomposite specimen surface was 

maged to ensure sample-to-sample consistency (example provided 

n the Supplementary Data, Fig. S10). 

The specimens used for SEM and AFM imaging were taken off

t each specified UV exposure time point and not re-exposed since 

 conductive coating had to be applied. AFM imaging was con- 

ucted on the same specimens used for SEM imaging, but prior 

o application of a conductive coating. 

Contact angle (CA) was measured using a Drop Shape Analyzer 

Kruss, DSA 100, Hamburg, Germany). CA data was used to deter- 

ine the hydrophilicity of the neat TPU and G/TPU before and after 

V degradation under dry and humid conditions. Duplicate speci- 

ens were measured for each condition. Nanopure water (18 M �) 

as used for water contact angle measurements. Testing was done 

sing a Normal Sessile Drop with a 5 μL volume. CA was calculated 

s the average of five drops per specimen with at least two hun- 

red measurements made per drop. The Statistical Package for So- 

ial Sciences (SPSS) software was used for statistical analysis. Dif- 

erences were determined via a one-way Analysis of Variance fol- 

owed by a Tukey Highly Significant Difference test with a p-value 

 0.05. 

.5.4. Identification of graphene at the nanocomposite surface by 

uorescence quenching of polymer photoproducts 

Laser scanning confocal microscopy (LSCM) was performed with 

 Zeiss LSM 800 (Thornwood, NY) and image stacks in the z- 

irection were compressed into a single plane image. In total, the 

ollowing six samples were characterized in triplicate: neat TPU 
4 
nd 3 % G/TPU before UV exposure, after 60 d of dry UV exposure, 

nd after 60 d of humid UV exposure. Fluorescent images were ob- 

ained at three locations for each sample. Reported fluorescent im- 

ges were captured with instrument settings as follows: 405 nm 

aser, 20x magnification, 7 % laser power, 28 μm aperture, and with 

he detector set to collect light from 500 nm to 700 nm. These set- 

ings were selected to optimize the collection of any emitted flu- 

rescent light from the most fluorescent sample, while minimiz- 

ng the collection of backscattered laser light. LSCM in reflectance 

ode was used to find and confirm the sample surface was in the 

ocal plane of the instrument for all images captured (Fig. S11). 

.6. Graphene release from degraded nanocomposites 

The potential for graphene release from the dry UV and hu- 

id UV degraded G/TPU nanocomposite surfaces was qualitatively 

valuated by applying a 7 mm x 7 mm piece of conductive, cop- 

er double-sided tape (3M, Maplewood, MN) to the degraded 

anocomposite surface and removing the tape slowly with forceps. 

his approach was attempted twice: one time to preliminarily de- 

ermine if there were any qualitative graphene release differences 

etween humid UV and dry UV degraded samples and the sec- 

nd time to ensure consistency and collect released particles for 

maging on a second set of humid UV and dry UV degraded sam- 

les. This approach has been used previously by Wohlleben and 

ingston et al. for CNT/PNCs degraded by a combination of UV ex- 

osure and water spray [32] . Tape removal of loose particles from 

he degraded surfaces simulated low force contact of these loose 

articles with surrounding materials, such as dust, hail, and debris, 

n the environment. After contact with the degraded nanocompos- 

te, the backside of the tape was applied to an SEM stub and im- 

ged with a stereo optical microscope and the SEM microscope 

ystem described earlier. For SEM imaging, a thin layer of conduc- 

ive carbon coating was applied to all samples simultaneously prior 

o imaging as charging of the conductive tape occurred otherwise. 

lthough this might have slightly masked graphene particles that 

ransferred to the tape, carbon coatings gave low image graininess 

elative to other available metallic coatings. The coating was ap- 

lied to all specimens simultaneously for 5 s using the same pa- 

ameters described earlier. For stereo optical microscopy, an Olym- 

us SZ61 (Tokyo, Japan) stereo microscope with an LG-PS2-5 light 

uide illumination system (100 W) and an Olympus DP27 camera 

as used. Images were collected of the tape itself as a control and 

he tape applied to: the initial 3% G/TPU nanocomposite, the 60 

 humid UV-exposed neat TPU, the 60 d humid UV-exposed 3% 

/TPU, and the 60 d dry UV-exposed 3% G/TPU. 

. Results and discussion 

.1. Color changes 

Neat TPU and 3% G/TPU nanocomposites were UV-irradiated 

nder dry and humid conditions in the NIST SPHERE to simulate 

V-induced outdoor degradation. In Fig. 1 , a visual comparison of 

he UV-exposed and unexposed samples is made. Both the neat 

PU and G/TPU nanocomposites visually changed in color during 

ry UV and humid UV exposure, with a large increase in yellow- 

ng observed for the neat polymer ( Fig. 1 ) and a transition from 

 black color to a faded, gray color for the nanocomposite. Fur- 

hermore, the discoloration caused by UV irradiation for the UV- 

xposed samples contrasts distinctly from the unchanged color of 

he same samples’ outer rings that were covered by the sample 

older cover during UV exposure. The color changes observed in 

ll samples resulted from the aromatic nature of the TPU used, 

hich led to the formation of colored monoquinone and diquinone 

mides [14] . The color changes were quantitatively measured with 
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Fig. 1. Color changes (inner circles of UV-exposed samples, top right) of neat TPU (clear/yellow) and 3% G/TPU (black/grey) samples after 60 d of dry UV and humid UV 

exposure. The outer rings show the color of the specimen areas that were protected from UV light by the sample holder cover. Note that the orange squares visible below 

the neat TPU, UV-exposed samples are pieces of tape that can be seen through the transparent samples attached to SEM stubs. Samples are also shown prior to UV exposure 

on the top left of the figure. The color changes ( �E ∗) of the UV-exposed samples and the dark control samples (shown in plots) were also measured with a colorimeter and 

are shown as the average of four replicates and one standard deviation (error bars are similar in size to the symbols). 
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 color meter and the amount of color change ( �E ∗) is shown in

ig. 1 . Visual assessment and color change plots both showed that 

eat TPU and the G/TPU nanocomposites became more rapidly dis- 

olored after humid UV exposure than after dry UV exposure as 

iscussed later in the text. 

.2. Neat TPU degradation 

With this TPU material, the effects of UV aging on the molar 

ass and cross-linking showed a more than 30% molar mass re- 

uction with newly emerging fractions between 500 g/mol and 

0 0 0 g/mol, and significant cross-linking after dry UV irradiation 

s indicated by a fraction of remaining swollen gel after polymer 

issolution in HFIP. Cross-linking was attributed to reactions of the 

romatic segments and was not observed for a comparative TPU 

ith aliphatic segments. Further data on molar mass reduction and 

ross-linking of this TPU material will be reported elsewhere by 

fohl et al. and FTIR combined with thickness change measure- 

ents will be primarily used in this study to evaluate the effects 

f graphene on TPU photodegradation, for clarity and brevity. 

ATR-FTIR spectroscopy was used to assess the degradation rate 

f neat TPU as a function of UV exposure time under dry and hu- 

id conditions (Fig. S2). The carbonyl region (1575 cm 

−1 – 1825 

m 

−1 ) of the FTIR spectrum was used primarily to monitor poly- 

er degradation by photooxidation ( Fig. 2 ). Under dry UV condi- 

ions, the intensity of the bands at 1701 cm 

−1 and 1730 cm 

−1 in- 

reased with exposure time for neat TPU. The band at 1701 cm 

−1 

as indicative of carboxylic acid formation during UV degrada- 

ion and the formation of hydrogen-bonded urethanes while the 

730 cm 

−1 band contained both esters and urethanes [ 33 , 34 ]. With

ncreasing UV exposure time, the urethane content (1730 cm 

−1 , 

701 cm 

−1 for H-bonded) increased partially due to the hydrolysis 

f acetylurethane photoproducts. The presence of acetylurethanes, 

hich are common photoproducts formed by polyurethanes during 
5 
V exposure at wavelengths > 300 nm, were evident by the band 

t 1779 cm 

−1 , which increased with UV exposure [ 14 , 33 , 35 , 36 ]. The

and at 1597 cm 

−1 also increased, which was from the C = C stretch 

f quinones ( i.e., oxidation of the CH 2 of MDI) formed during UV 

rradiation of the aromatic TPU. Monoquinones and diquinones are 

ommon photoproducts from irradiation at wavelengths > 340 nm 

14] . Aromatic TPUs are also known to undergo Photo-Fries rear- 

angements at wavelengths < 340 nm [14] . Similar to the litera- 

ure, the FTIR data (when normalized to 770 cm 

−1 ) showed that 

he Photo-Fries mechanism made a partial contribution to the pho- 

odegradation process. Specifically, this was evident from 0 d to 60 

 by a decrease in the 815 cm 

−1 band intensity from C-N bond 

omolysis at the aromatic ring, and a concomitant increase in the 

and at 835 cm 

−1 from side group rearrangement and the result- 

ng increase in the number of substituents on the aromatic ring 

Fig. S3) [33] . 

Compared to dry UV conditions, humid UV conditions led to the 

ormation of the same photoproducts, but the intensity increases 

n the FTIR spectrum indicated that the formation of photoprod- 

cts occurred to a lesser extent. However, this was not the case be- 

ause rapid acetylurethane hydrolysis in the presence of moisture 

ed to cycles of photoproduct removal and re-formation occurred 

nder humid UV conditions. Photoproduct removal was likely due 

o the conversion of smaller chain photoproducts, formed from 

cetylurethane cleavage, to gas ( i.e., CO 2 and CO) in the pres- 

nce of moisture [14] . Similar moisture-enhanced photodegrada- 

ion processes have been observed for several polymers, includ- 

ng polycarbonates and acrylic melamine [37-40] . Furthermore, the 

ormation of carboxylic acids likely accelerated the hydrolysis of 

cetylurethanes and other photoproducts while moisture absorbed 

rom the air likely contributed to dissolution and washing away 

f hydrophilic photoproducts such as alcohols, hydroperoxides, car- 

oxylic acids, water soluble amines, and carbamic acid (which can 

urther photodecompose) [41-44] . In contrast to humid UV con- 
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Fig. 2. The carbonyl region in the FTIR spectrum of neat TPU at different time points of dry UV and humid UV exposure (left) and cross-sectional SEM images showing the 

thickness loss (right) of neat TPU after 60 d of dry UV and humid UV exposure. Images of the UV-exposed TPU specimens are shown in the upper left-hand corner of the 

SEM images with red lines used to denote the areas in which cross-sectional images were obtained. Thickness loss was measured at the location where the UV degraded 

material met the material that was protected by the sample cover. For cross-sectional SEM, the average and one standard deviation of at least five cross-sectional length 

measurements from three separate images of a single specimen were made with ImageJ software (NIH, Bethesda, MD). The FTIR data is presented as the average and one 

standard deviation of one measurement per specimen for triplicate specimens. 
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3  
itions, the increase in acetylurethane concentration (1779 cm 

−1 ) 

as much larger under dry UV conditions, where water was un- 

vailable to react with acetylurethanes as they formed [ 14 , 35 , 36 ].

he greater removal of photoproducts under humid UV conditions 

ompared to dry UV conditions was confirmed by TPU thickness 

oss using cross-sectional SEM imaging ( Fig. 2 ). A loss of 251 μm ±
 μm TPU was observed under humid UV conditions while only 

9 μm ± 7 μm TPU was lost under dry UV conditions. Under 

ry dark and humid dark conditions, the material did not visibly 

hange, lose thickness, or show any significant changes in the in- 

rared spectra (Figs. S4-S5). 

Raman spectroscopy indirectly showed that fluorescent photo- 

roducts at the surface of neat TPU increased after exposure to 

oth dry UV and humid UV conditions (Fig. S6). However, the neat 

PU exposed to humid UV conditions had a larger background flu- 

rescence, or a higher fluorescence intensity, in the Raman spec- 

rum than the neat TPU exposed to dry UV conditions. This sug- 

ested that there were more quinone photoproducts and poten- 

ially higher levels of conjugation for the neat TPU exposed to 

umid UV conditions that led to greater fluorescence. The pres- 

nce of more conjugated photoproducts indicated that the extent 

f quinone formation was more extensive under humid UV condi- 

ions relative to dry UV conditions. This was likely why the neat 

PU had a different, more opaque yellow color after dry UV expo- 

ure compared to humid UV exposure at 60 d ( Fig. 1 ). The differ-

I

6 
nce in quinone formation under dry UV and humid UV conditions 

as not as readily apparent in the FTIR spectra. 

Previously, it was shown that more free radicals are generated 

ith increasing humidity during photo-oxidation of polymers such 

s polyethylene terephthalate (PET) [45] . As a result, the increased 

oncentration of free radicals led to greater degradation and discol- 

ration from formed quinones and hydroquinones at the PET sur- 

ace in the presence of moisture. This suggests that the generation 

f more free radicals under humid UV conditions rather than dry 

V conditions may have led to the increased yellowing of the TPU 

n this study. Increased fluorescence of the neat TPU under humid 

V conditions was also shown with LSCM in fluorescence mode 

nd is described later in the next section. 

.3. Effect of graphene on polymer matrix degradation in G/TPU 

anocomposites 

Under dry UV conditions, the carbonyl region (1575 cm 

−1 –

825 cm 

−1 ) intensity increased with UV exposure time for the 3% 

/TPU nanocomposites and the same photoproduct bands observed 

or neat TPU were observed for 3% G/TPU nanocomposites. Similar 

hotooxidation trends were also observed in the C-O region of the 

pectrum (900 cm 

−1 – 1300 cm 

−1 , Fig. S2). Strikingly, the inten- 

ity of the carbonyl region increased much more rapidly for the 

% G/TPU nanocomposite ( Fig. 3 ) relative to the neat TPU ( Fig. 2 ).

n contrast to our previous study where the carbonyl band inten- 
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Fig. 3. The carbonyl region in the FTIR spectrum of 3% G/TPU (left) and the change in the band intensity at 1701 cm 

−1 (middle) at different time points of dry UV and 

humid UV exposure compared to dry dark and humid dark controls. On the right, cross-sectional SEM images show the thickness loss of 3% G/TPU after 60 d of dry UV 

and humid UV exposure. Images of the UV-exposed G/TPU specimens are shown in the upper left-hand corner of the SEM images with red lines used to denote the areas 

in which cross-sectional images were obtained. Thickness loss was measured at the location where the UV degraded material met the material that was protected by the 

sample cover. For cross-sectional SEM, the average and one standard deviation of at least five cross-sectional length measurements from three separate images of a single 

specimen were made with ImageJ software (NIH, Bethesda, MD). The FTIR data is presented as the average and one standard deviation of one measurement per specimen 

for triplicate specimens. 

Table 2 

Cross-sectional thickness loss from SEM images of neat TPU and 3% G/TPU nanocom- 

posites. At least three replicate cross-sectional images were taken per specimen and at 

least five cross-sectional lengths per cross-sectional SEM image were measured with 

ImageJ (NIH, Bethesda, MD) software. 

Sample and Conditions Average Thickness Loss (μm) Std. Dev. (μm) 

0% (by mass) G/TPU Dry UV 79 7 

3% (by mass) G/TPU Dry UV 8 1 

0% (by mass) G/TPU Humid UV 251 9 

3% (by mass) G/TPU Humid UV 25 2 
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ity of the 1% mass fraction GO/WBPU nanocomposites increased 

ore slowly than the carbonyl band intensity of neat WBPU, the 

resence of graphene at 3% mass fraction in this study appeared to 

ead to an increased carbonyl band intensity compared to neat TPU, 

uggesting that graphene accelerated photooxidation of TPU. For 

urther evaluation, cross-sectional SEM imaging was used to com- 

are material loss of neat TPU versus 3% G/TPU nanocomposites 

nder dry UV conditions. It was found that the material loss was 

n order of magnitude larger ( Table 2 ) for neat TPU relative to 3%

/TPU nanocomposites, opposite to the trends observed for pho- 

ooxidation with FTIR ( Fig. 3 ). Thus, the larger photoproduct build- 

p observed for 3% G/TPU nanocomposites relative to neat TPU un- 

er dry UV conditions was likely due to less removal of photoprod- 

cts as gas. In other words, full conversion of photoproducts to gas 

ccurred to a lesser extent for the G/TPU nanocomposite than the 

eat TPU and the graphene was acting to decrease the overall pho- 

odegradation process, not enhance it ( Fig. 3 , Table 2 ). This indicates

hat graphene at a mass loading of 3% improves the durability ( i.e., 

ervice life) of TPU by slowing down the full polymer degradation 

rocess through photoproduct build-up at the nanocomposite sur- 
ace. t

7 
For 3% G/TPU nanocomposites exposed to humid UV condi- 

ions, the intensity of the carbonyl group region in the FTIR spec- 

rum grew to a much smaller extent than under dry UV conditions 

 Fig. 3 ). Similar to the results obtained for neat TPU ( Fig. 2 ), this in-

icated that there was also less build-up of photoproducts for 3% 

/TPU nanocomposites under humid UV conditions than under dry 

V conditions, most likely due to their rapid conversion to gas in 

he presence of moisture ( Fig. 3 ). For the 3% G/TPU nanocompos- 

tes, the larger degree of photodegradation under humid UV versus 

ry UV conditions was confirmed by the larger thickness changes 

bserved under humid UV conditions (25 μm ± 2 μm versus 8 

m ± 1 μm). For studies that assess the long-term performance 

f polymer nanocomposite, these results demonstrate the impor- 

ance of evaluating total material loss in addition to photoproduct 

ormation by FTIR. 

Under humid UV conditions, FTIR indicated that the extent of 

egradation for neat TPU ( Fig. 2 ) was somewhat faster ( ≈ 25% 

ore degraded by 60 d) than the extent of degradation for 3% 

/TPU ( Fig. 3 ). However, owing to the removal of polymer photo- 

roducts by moisture, cross-sectional SEM imaging indicated that 

he amount of degradation was dramatically larger ( Table 2 ) for 
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eat TPU compared to 3% G/TPU nanocomposites under humid UV 

onditions (251 μm ± 9 μm versus 25 μm ± 2 μm, ≈ 900% in- 

rease). Interestingly, despite the faster degradation rates of both 

eat TPU and 3% G/TPU under humid UV conditions, the graphene 

ad the same overall inhibition effect on TPU degradation under 

oth humid UV conditions and dry UV conditions. Under both 

eathering conditions, 3% graphene slowed the TPU photodegra- 

ation rate (as demonstrated with thickness loss) or improved the 

ervice life of TPU by approximately ten times. This was in contrast 

o our previous study, where GO did not improve the service life 

f waterborne polyurethane under humid UV conditions, but did 

o to a small extent under dry UV conditions [15] . The difference 

etween these two systems was likely a result of the hydrophilic- 

ty of GO, which enabled its release during humid UV exposure. 

his difference is likely due to more accumulation of graphene at 

he nanocomposite surface in this study due to the hydrophobic- 

ty of graphene and its unlikely release through interaction with 

oisture. In effect, this likely led to increased protection of the 

nderlying polymer by graphene. Raman spectra results were also 

sed to qualitatively compare the fluorescence of neat TPU and 

/TPU nanocomposites under both dry UV and humid UV condi- 

ions. This was accomplished by assessing the rise in background 

ignal, attributed to fluorescence signal, across the Raman spectra 

or the neat TPU and G/TPU nanocomposites. In both cases, there 

as little background fluorescence present in the Raman spectrum 

or G/TPU nanocomposites. This was in stark contrast to the back- 

round fluorescence observed for neat TPU under dry UV and hu- 

id UV conditions and was likely due to fluorescence quenching 

f photoproducts by the graphene that was present [30] . 

The thickness change results and FTIR results discussed above 

eveal several important findings regarding the effects of UV ra- 

iation and moisture on the degradation of G/TPU nanocompos- 

tes: 1) Degradation of neat TPU is much more substantial under 

umid UV than under dry UV conditions, 2) under dry UV condi- 

ions, the degradation of G/TPU is 10x less than that of neat TPU, 

nd 3) under humid UV conditions, the degradation of G/TPU is 

0x less than that of neat TPU, but much greater than G/TPU ex- 

osed to dry UV conditions. The reduced degradation of G/TPU 

anocomposites compared to neat TPU (items 2 and 3) suggests 

hat graphene effectively stabilizes the photodegradation of TPU. 

he stabilization can occur in four possible ways. First, the pres- 

nce of hydrophobic graphene in the polymer matrix can poten- 

ially reduce the number of water adsorption sites and restrict the 

xtent of moisture-induced photodegradation of the polymer. Both 

xperimental results and theoretical calculations of water sorption 

n graphene sheets showed that very little or effectively no water 

s adsorbed on graphene surfaces between 0% and 80% RH [ 46 , 47 ].

econd, graphene can absorb UV light and prevent absorption of 

V light by the polymer matrix. Third, graphene can potentially 

cavenge radicals produced in the polymer, thereby reducing the 

ate of photooxidation. Fourth, increased cross-linking in G/TPU 

anocomposites compared to neat TPU, possibly due to polymer 

ross-links formed with graphene, can further contribute to the UV 

tabilization of TPU. 

As stated earlier, the increased degradation of neat TPU under 

umid UV conditions compared to dry UV conditions (item 1), is 

ikely due to a combination of factors including enhanced hydroly- 

is (which is catalyzed by carboxylic acid formation), washing away 

f photooxidation products, and increased free radical formation 

nder high humidity [45] . For G/TPU nanocomposites, of all po- 

ential graphene protection mechanisms, graphene hydrophobicity 

as likely most responsible for causing differences in the extent 

f G/TPU degradation under dry UV and humid UV conditions by 

reventing access of available water on the surface of the sam- 

le, and in turn, reducing the extent of degradation via the three 

athways listed above. Notably, however, the protective effect of 
8 
raphene was similar under both dry UV and humid UV conditions, 

eading to one order of magnitude less polymer loss than without 

raphene ( i.e., for neat TPU controls) under the same conditions. 

his suggests that G/TPU nanocomposites, under both dry UV and 

umid UV conditions had the same protection mechanisms, in- 

luding hydrophobicity of graphene in the photodegraded fraction 

f the nanocomposite. Nevertheless, under dry UV conditions, the 

olymer photoproducts formed in the G/TPU could not be removed 

s readily with less water present ( ≈ 0% RH with a precision of 

.5%) and the overall thickness loss was lower. 

Future studies will seek to disentangle the roles of graphene 

rotection by radical scavenging, UV filtering, cross-linking, and 

ydrophobicity. For example, both neat TPU and G/TPU can be 

dded to a solution containing hydrogen peroxide to generate rad- 

cals in the presence of UV light and the degree of radical quench- 

ng by neat TPU compared to G/TPU nanocomposites can be mea- 

ured during UV exposure. In addition to assessment of the relative 

mportance of the radical quenching protection mechanism, UV fil- 

ering can also be studied by UV exposing thin graphene films ap- 

lied to TPU surfaces to measure the depth of degradation into the 

PU with cross-sectional ATR-FTIR and imaging techniques. 

.4. Change in graphene concentration at the nanocomposite surface 

uring UV exposure 

Changes in the concentration of graphene occurring in the sub- 

urface (top 1 μm to 4 μm) of the G/TPU nanocomposites were as- 

essed using Raman spectroscopy. With this technique, the D and 

 band intensities unique to graphene were used to track graphene 

oncentration changes near the nanocomposite surface. The re- 

ults from these measurements indicated that there was no sta- 

istically significant change in the graphene concentration within 

he nanocomposite sub-surface under dry UV conditions and even 

nder humid UV conditions where > 20 μm of polymer thickness 

oss occurred ( Figs. 3 , 4 and S7). Under humid UV conditions, the 

nchanging graphene concentration measured in the top 1 μm to 

 μm layer suggested that > 20 μm of polymeric material lost from 

he 3% G/TPU nanocomposite surface was not sufficient to signifi- 

antly increase the Raman signal from the higher graphene con- 

entration that may have formed in the top 1 μm to 4 μm of Ra-

an measurements. This contrasts with Raman spectroscopy re- 

ults for photodegraded GO/WBPU nanocomposites, where higher 

olymer degradation (45 μm ± 3 μm in the previous study versus 

2 μm ± 2 μm in this study, respectively) resulted in higher mea- 

ured concentrations of GO material in the top 1 μm to 4 μm layer 

easured by Raman spectroscopy [15] . However, unlike protruding 

nd crinkled GO accumulated at the GO/WBPU nanocomposite sur- 

ace in our previous study, the accumulated graphene in SEM im- 

ges appeared to be lying flat in parallel to the nanocomposite sur- 

ace ( Figs. 5 and S10) and internal reflections of the Raman signal 

ithin the graphene surface structure may have been lost, prevent- 

ng an increase in D and G band signal from increased graphene 

oncentration. As a result, the D and G band intensity change was 

ot significant. Another consideration was the lack of TPU polymer 

eference bands for D and G band intensity normalization, since 

mall roughness changes could slightly amplify or suppress the D 

nd G band intensities in an artificial manner. AFM measurements 

howed that the nanocomposite surface roughness increased with 

V exposure (20 nm ± 2 nm to 190 nm ± 27 nm from 0 d to 60 d

or a 7 μm x 7 μm area, triplicate areas of one specimen) and this

ay have affected the D and G band intensities after UV exposure. 

or this reason, all spectra were normalized to one G band inten- 

ity to determine if graphene accumulation had occurred at or near 

he surface via changes to the D band intensity. The normalized D 

and intensities showed some minor fluctuations, potentially due 

o changes in graphene orientation at the nanocomposite surface 
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Fig. 4. The raw D band (1311 cm 

−1 ) intensities of 3% G/TPU nanocomposites at different time points of dry UV, dry dark, humid UV, and humid dark exposure. The data is 

represented as the average and one standard deviation of measurements taken on three replicate specimens, with four measurements taken per specimen. 

Fig. 5. SEM images showing the surface morphology of neat TPU and 3% G/TPU before after exposure to 60 d of dry UV and humid UV conditions. 
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uring UV degradation, but no statistically significant increase in 

he D band intensity value was observed, indicating a lack of de- 

ectable graphene concentration increase in the top 1 μm to 4 μm 

Fig. S9). This normalization was possible since the ratios of the 

 and G band intensities (I D /I G ) were found to not change. The

ack of a statistically significant change to the I D /I G ratios also in- 

icated that the graphene structure did not change ( e.g., reduction 
9 
r oxidation, lateral size changes, etc. ) during UV exposure. (Fig. 

8). Further details about the Raman spectroscopy measurements 

re provided in the Supplementary Data. 

With Raman spectroscopy, the lack of D and G band inten- 

ity increase in the nanocomposite sub-surface did not necessarily 

ean that the graphene did not accumulate near the surface of the 

anocomposite. For an increase in graphene concentration to be 
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Fig. 6. Water contact angle (CA) of neat TPU and 3% G/TPU nanocomposites be- 

fore (first two columns) and after 60 d exposure to humid UV (HU) and dry UV 

(DU) conditions. The data is represented as the average and one standard deviation 

of measurements taken on five droplets with at least two hundred measurements 

per droplet (n = 10 0 0 + ). Different letters represent statistical differences (p-value 

< 0.05) determined by an Analysis of Variance followed by a Tukey Highly Signifi- 

cant Difference test. 
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etected by Raman spectroscopy, a large thickness loss of polymer 

ia degradation to gas would be required to increase the graphene 

oncentration detected in the large Raman penetration depth (1 

m to 4 μm), especially with the low sensitivity and relative un- 

ertainty observed with this technique. In our previous study, it 

ook almost 40 μm of polymer loss to see a statistically signifi- 

ant change in GO concentration near the nanocomposite surface 

15] . To further monitor changes to the graphene concentration ex- 

osed at the top nanocomposite surface, SEM was utilized. After 

0 d of UV exposure, SEM imaging showed that the top surface of 

he 3% G/TPU nanocomposite had changed substantially from the 

anocomposite surface imaged before UV exposure ( Fig. 5 ). Specif- 

cally, the presence of many particle-like features that were consis- 

ent with the size and shape of graphene became more apparent 

nd the surface morphology became rougher. Many sharp edges 

nd platelet features were observed with a qualitatively larger 

mount of graphene-like features on the G/TPU nanocomposite ex- 

osed to humid UV conditions than for the G/TPU nanocomposite 

xposed to dry UV conditions ( Fig. 5 and a larger-scale image in 

ig. S10), consistent with the greater amount of polymer degra- 

ation observed with thickness loss. Although it was challenging 

o conclusively identify the graphene particles when present, es- 

ecially in aggregated form at the UV-exposed nanocomposite sur- 

ace, identification of graphene was based upon 1) the lack of sim- 

larly shaped particles on the neat TPU after the same humid UV 

nd dry UV exposure time and 2) the difference between the sur- 

ace morphology of the G/TPU nanocomposites before and after 60 

 of UV exposure. The SEM images suggest that graphene accu- 

ulation occurred during polymer degradation and occurred to a 

reater extent for the nanocomposites exposed to humid UV con- 

itions. 

Further evidence of graphene accumulation at the nanocom- 

osite surface was provided by contact angle (CA) measurements. 

A determines the wetting ability of a surface with water and in 

his case, provides information regarding any changes to the hy- 

rophilic/hydrophobic nature of the neat TPU and nanocomposite 

urfaces. Fig. 6 shows the CA of neat TPU and 3% G/TPU nanocom- 

osites before and after 60 d of UV exposure under dry and hu- 

id conditions. Typically, a wetting surface, or hydrophilic sur- 

ace, has a CA < 90 ° and a nonwetting surface, or hydrophobic 
10 
urface, has a CA ≥ 90 °. Before exposure, the CA for neat TPU 

nd 3% G/TPU nanocomposites were 91 ° and 94 °, respectively, and 

ere statistically different, suggesting that some graphene may 

ave been initially present at the nanocomposite surface. A CA 

bove 90 ° for neat TPU also indicated that TPU was hydrophobic 

o start. After 60 d of humid UV exposure, there was a signifi- 

ant decrease in CA to 58 ° and 74 ° for neat TPU and 3% G/TPU 

anocomposites, respectively. After dry UV exposure, the CA de- 

reased more significantly than the humid UV samples to 43 ° and 

4 ° for 0% and 3% G/TPU, respectively. The decrease in CA be- 

ore and after exposure to UV (either under humid or dry condi- 

ions) indicates the propensity of the polymer matrix to change 

rom a hydrophobic surface to a hydrophilic one due to the for- 

ation of hydrophilic photoproducts. Dry UV conditions likely led 

o the most significant decrease in hydrophobicity because these 

onditions led to the most build-up of hydrophilic photoprod- 

cts, as shown with FTIR and thickness loss. Despite the forma- 

ion of hydrophilic photoproducts under both dry UV and humid 

V conditions, the exposed graphene at the nanocomposite sur- 

ace made the degraded nanocomposite surface much more hy- 

rophobic than the degraded, neat TPU surface, which also con- 

ained hydrophilic photoproducts but lacked graphene. The differ- 

nce in magnitude between the G/TPU nanocomposite CA and the 

eat TPU CA under the same conditions was larger under humid 

V conditions than under dry UV conditions (17 degrees versus 10 

egrees, respectively), indicating that more graphene was present 

t the nanocomposite surface after humid UV exposure. In sum- 

ary, the 3% G/TPU nanocomposite was much more hydrophobic 

han neat TPU after 60 d of a given exposure condition (dry UV or 

umid UV) suggesting that graphene was present at the nanocom- 

osite surface under both conditions. Furthermore, dry UV con- 

itions led to lower overall CA values due to the formation of 

ore hydrophilic photoproducts and the 3% G/TPU nanocompos- 

tes likely had a higher surface concentration of graphene under 

umid UV conditions than under dry UV conditions as indicated 

y the differences in CA magnitudes from the corresponding neat 

olymer controls. 

For further confirmation that graphene became exposed at the 

/TPU nanocomposite surface, LSCM in fluorescence mode was 

tilized. Since the polymer photoproducts fluoresced in the Ra- 

an spectra (Fig. S6), LSCM images of the G/TPU nanocompos- 

tes were collected to identify if graphene was present based on 

ow graphene affected the fluorescence signal in the LSCM im- 

ges. This approach was taken since graphene lacks fluorescence 

nd has the ability to quench fluorescence of surrounding material 

 30 , 48 ]. LSCM data showed that fluorescence from the neat TPU in-

reased substantially after 60 d of UV exposure, with more intense 

uorescence from the neat TPU exposed to humid UV conditions 

ompared to the neat TPU exposed to dry UV conditions. This was 

onsistent with the background fluorescence results obtained with 

aman spectroscopy (Fig. S6) and the CA results ( Fig. 6 ). In Fig. 7 ,

he LSCM images for the 3% G/TPU nanocomposites showed that 

here was reduced fluorescence (using the same LSCM parameters 

or all images) coming from the 60 d photodegraded G/TPU sam- 

les, with an almost complete lack of fluorescence observed under 

umid UV conditions. Opposite to the fluorescence signal observed 

or the photodegraded neat TPU, the 3% G/TPU samples did not 

uoresce to a large extent under dry UV or humid UV conditions 

espite the build-up of photoproducts in the top few microns of 

he nanocomposites. This suggested that graphene was present at 

he surface of the nanocomposite after UV exposure, with a greater 

oncentration of graphene present after exposure to a combination 

f humidity and UV radiation. In general, these findings suggest 

hat the presence of graphene at the degraded nanocomposite sur- 

ace may lead to dermal exposure to humans during consumer use 

nd exposure to organisms in the environment post-consumer use. 
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Fig. 7. LSCM images showing the fluorescence intensity from 500 nm to 700 nm after excitation with a 405 nm laser (7% laser power) of neat TPU and 3% G/TPU before 

and after exposure to 60 d of dry UV and humid UV conditions. 

3

w

m

i

c

U

f

t

m

o

v

t

m

t

t

a

G

p

t

c

b

t

a

n

t

i

e

p

a

w

b

l

l

t

l

s

r

e

e

c

s

d

s

d

e

w

w

t

w

s

r

m

m

s

[

i

l

d

d

w

.5. Graphene release 

The potential for graphene release from G/TPU nanocomposites 

as assessed using a tape transfer technique. Conductive tape (7 

m x 7 mm) was applied to neat TPU and G/TPU nanocompos- 

tes before and after 60 d of UV exposure under dry and humid 

onditions. This approach was attempted twice on two sets of dry 

V and humid UV degraded samples and the trends observed were 

ound to be qualitatively consistent. After transfer of graphene par- 

icles to the tape, a conductive coating was applied to the tape to 

inimize charging effects and thus enable qualitative assessment 

f graphene release by SEM imaging. Based on the black color that 

isually appeared on the tape, it was immediately clear during the 

ape transfer technique that G/TPU nanocomposites exposed to hu- 

id UV conditions released graphene and did so to a greater ex- 

ent than under dry UV conditions( Fig. 8 ). This was consistent with 

he appearance of graphene aggregates in SEM images of the tape 

fter application to the nanocomposite surfaces ( Fig. 9 ). In contrast, 

/TPU nanocomposites exposed to dry UV conditions did not ap- 

ear to visually release much more graphene ( Figs. 9 and S13) than 

he unexposed G/TPU nanocomposites (Fig. S12). Under dry UV 

onditions, SEM images of the tape showed some graphene release 

ut at a much lower amount than observed for the tape applied to 

he nanocomposites exposed under humid UV conditions ( Figs. 9 

nd S13). Similar particles were not observed on tape controls and 

eat TPU after 60 d of humid UV (Fig. S12). These results indicate 

hat graphene is more likely to release from G/TPU nanocompos- 

tes exposed to humid UV conditions than from nanocomposites 

xposed to dry UV conditions. 

Humid UV exposure led to a greater loss of polymer photo- 

roducts and as a result, exposed more graphene, making it more 

vailable for release. The results from this study were consistent 
11 
ith a previous study by Wohlleben et al. for CNT/PNCs degraded 

y a combination of UV exposure and water spray [32] . Simi- 

ar to the high humidity exposure in this study that led to re- 

eased graphene covering the applied tape, the presence of mois- 

ure from rain spray in the study by Wohlleben et al. led to re- 

eased CNTs covering the peeled tape surface [32] . In contrast, a 

tudy by Zepp et al. showed that the quantity of released mate- 

ial from graphene/epoxy nanocomposites was higher after dry UV 

xposure followed by rain spray than after a combination of UV 

xposure and repeated rain cycles [18] . In this other study, the in- 

reased release under dry UV conditions (followed by a single rain 

pray) was likely a result of the removal of a large build-up of hy- 

rophilic polymer photoproducts by a single rain event and the 

imultaneous detection of both polymer fragments and graphene 

uring release measurements [18] . Further comparison of differ- 

nt UV weathering protocols would be useful to assess best- and 

orst-case graphene release scenarios. The tape transfer technique 

as found useful to assess graphene release in this study since 

hese hydrophobic nanomaterials were less likely to be removed by 

ater spray and would be difficult to exfoliate in water for analy- 

is of graphene release concentrations. Considering the challenges 

elated to assessment of graphene release, further studies and test 

ethod development on release techniques for hydrophobic nano- 

aterials may be useful. 

In contrast to our previous study where GO protruded from the 

urface and eventually released after long periods of UV irradiation 

15] , the exposed graphene particles at the nanocomposite surface 

n this study were generally found to accumulate and lie paral- 

el with the surface structure after UV exposure. This was likely 

ue to the hydrophobicity of the graphene compared to the hy- 

rophilicity of the GO used in our previous study, which led to GO 

rinkling at the nanocomposite surface after exposure to moisture, 
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Fig. 8. Stereo optical images of the tape applied to the surfaces of 3% G/TPU after exposure to 60 d of a) dry UV and b) humid UV conditions. Images were taken with the 

same microscope settings and contrast to show the visual appearance of black color across the tape surface due to graphene transfer from the humid-UV exposed G/TPU 

specimen. Note that circles are air entrapped in the tape. 

Fig. 9. SEM images of particles removed from the surface of neat TPU and 3% G/TPU after exposure to 60 d of dry UV and humid UV conditions. A tape-peel method was 

used. SEM control images of the tape used for the tape-peel method and the particles removed from the surface of neat TPU and 3% G/TPU before exposure to dry UV and 

humid UV conditions are shown in the SI. 
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nd easier identification of GO with SEM imaging [15] . As con- 

rmed with thickness loss measurements, fewer polymer photo- 

roducts were also removed from the G/TPU nanocomposite un- 

er humid UV conditions than from the GO/WBPU nanocompos- 

te in our previous study, despite more loss of neat TPU photo- 

roducts than neat WBPU photoproducts [15] . The difference in 

olymer photoproduct loss between the two studies may be par- 

ially attributed to differences in graphene/GO mass loading (3% 

ersus 1.2%). But we hypothesize that the increased hydrophobic- 

ty of graphene may have also played a role in preventing poly- 

er photoproduct loss by not spontaneously releasing in the pres- 

nce of moisture and instead accumulating to a greater extent to 

rotect underlying polymer from further degradation. In contrast, 

elease of hydrophilic GO in our other study likely exposed more 

olymer for further degradation under humid UV conditions [15] . 

hus, with more graphene present due to a lack of release, there 

as more protection of the underlying polymer and less polymer 

oss from the G/TPU nanocomposite compared to the GO/WBPU 
12 
anocomposite. However, upon contact with other materials or low 

echanical forces as simulated with the tape-peel method, release 

f graphene and exposure of undegraded polymer may eventually 

till lead to further polymer degradation. 

For environmental scientists and toxicologists to assess the 

isks of graphene nanofillers [1] , this study highlights how a bet- 

er understanding of graphene dose or exposure depends on the 

egradability of the polymer matrix in which the graphene is 

mbedded. The durability of the polymer matrix is also an im- 

ortant factor for design to minimize contact of users ( e.g., der- 

al contact) and the environment with graphene particles over 

 nanocomposite’s service life. In less durable polymers, applica- 

ion of a surface coating or paint to graphene/polymer nanocom- 

osites may be a useful approach to lower the release potential 

nd UV-induced nanocomposite surface exposure of graphene. Al- 

hough graphene becomes exposed and has release potential when 

ncorporated into TPU, the durability of the overall nanocompos- 

te was still improved by ten times relative to neat TPU in terms 
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f thickness loss, generally consistent with other studies that in- 

estigated the degradation of polymers containing graphene-family 

anomaterials [ 15 , 19 ]. For this reason and the relatively high cost 

f graphene, it may be more advantageous to selectively incor- 

orate graphene into polymer products designed for longevity of 

se, rather than short or single use that may lead to build-up of 

hese products in landfills. Further study on mechanical property 

hange of G/TPU nanocomposites following UV degradation (rela- 

ive to the neat polymer controls) is also warranted to understand 

hanges in material performance during product use. Another im- 

ortant consideration is nanocomposite product discoloration in 

he presence of UV light, which was readily apparent with this 

olymer matrix. This is a concern because it could lead to early 

isposal of graphene/nanocomposite products by consumers for 

esthetic reasons rather than for decreased product function. Al- 

hough graphene improves the durability of the TPU, it does not 

revent discoloration of TPU, and the use of graphene with more 

V-resistant polymer matrices may be worthwhile from the ap- 

earance perspective. Overall, this study demonstrates some im- 

ortant considerations for production of polymer nanocomposites 

ontaining graphene in terms of selection of polymers that degrade 

lowly, that are unaffected by moisture, and that maintain their 

nitial appearance to provide a long service life. 

. Conclusions 

The results of this study suggest that graphene, at a mass 

oading of 3%, improves the durability of TPU exposed to simu- 

ated sunlight exposure. Under humid UV conditions, graphene was 

ound to protect the polymer matrix in the nanocomposite to a 

esser extent than under dry UV conditions. However, the pres- 

nce of graphene decreased the thickness loss of the polymer by 

n order or magnitude relative to the neat polymer under both 

ry UV and humid UV conditions. This suggests that graphene, 

nlike GO, can have the added benefit of increasing the service 

ife of polymers in products at low mass loadings [15] . This study 

lso highlights how care must be taken to measure material thick- 

ess loss in conjunction with FTIR results as steady-state photo- 

roduct formation and removal can be difficult to interpret based 

olely on FTIR spectral changes. The surface exposure of graphene 

ccurred during UV irradiation as demonstrated with SEM, con- 

act angle, and fluorescence imaging, and occurred to a greater 

xtent under humid UV conditions. The nanocomposite transfor- 

ation results may be useful for other researchers investigating 

he implications of dermal contact with surface-exposed graphene 

uring consumer use and ecotoxicity upon disposal. The release 

f graphene from G/TPU nanocomposites was observed when a 

mall mechanical force from applied tape led to release of loosely- 

ound surface graphene to a small extent under dry UV condi- 

ions and to a visually observable extent under humid UV condi- 

ions. In summary, the chemical and physical mechanisms consid- 

red for this graphene/polymer nanocomposite degradation study 

s well as the techniques applied may be useful for experimen- 

al design by manufacturers, environmental scientists, toxicologists, 

nd other researchers to assess the long-term performance and po- 

ential health and environmental considerations during in-service 

se and post-service disposal of graphene/polymer nanocompos- 

tes. 
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The supplementary data contains triplicate Raman spectra for 

he graphene powder; full FTIR spectra of neat TPU and 3% G/TPU 

anocomposites under dry UV, humid UV, dry dark, and humid 

ark conditions; the 700 cm 

−1 to 900 cm 

−1 FTIR spectral window, 

ith spectra normalized to 770 cm 

−1 , to show the contribution 

f the Photo-Fries reaction to the TPU photodegradation process; 

he carbonyl region of the FTIR spectra for neat TPU and 3% G/TPU 

anocomposites exposed to humid dark and dry dark conditions; 

he background fluorescence observed in the Raman spectra for 

eat TPU under dry UV versus humid UV conditions at all UV ex- 

osure time points; the D and G band region of the Raman spectra 

or neat TPU and 3% G/TPU nanocomposites before and after 30 d 

f dry UV and humid UV exposure after baseline correction; plots 

f the D to G band intensity ratios at all time points under all ex-

osure conditions to show any structural changes in the graphene 

articles in the top 1 μm to 4 μm of the degraded nanocompos- 

tes; plots of the D band intensity normalized to a single G band 
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ntensity to determine changes in graphene concentration in the 

op 1 μm to 4 μm of the degraded nanocomposites; a large-scale 

EM image of a 3% G/TPU nanocomposite after 60 d of humid UV 

xposure to show the change in surface morphology; LSCM images 

n reflectance mode to show the focal planes identified and then 

sed in fluorescence mode; SEM controls from the tape transfer 

echnique for graphene release which includes images of the tape, 

 3% G/TPU nanocomposite without UV exposure, and neat TPU 

fter 60 d humid UV exposure; and replicate SEM images of re- 

eased graphene after 60 d of dry UV and humid UV exposure with 

 higher magnification image shown for the humid UV conditions 

hat yielded more released graphene particles. 
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