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Photo-induced surface transformations of silica
nanocomposites
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The photo-induced, physicochemical surface transformations to silica nanoparticle (SiNP) - epoxy composites have been inves-
tigated. The silica nanocomposites (SiNCs) were prepared using a two-part epoxy system with a 10% mass fraction of SiNPs

and exposed to varying doses of high intensity, ultraviolet (UV) radiation at wavelengths representative of the solar spectrum
at sea level (290 nm to 400 nm) under constant temperature and humidity. Visibly apparent physical modifications to the SiNC
surface were imaged with scanning electron microscopy. Surface pitting and cracking became more apparent with increased
UV exposure. Elemental and surface chemical characterization of the SiNCs was accomplished through X-ray energy dispersive
spectroscopy and X-ray photoelectron spectroscopy, while attenuated total reflectance Fourier transform infrared spectros-
copy revealed changes to the epoxy’s structure. During short UV exposures, there was an increase in the epoxy’s overall
oxidation, which was accompanied by a slight rise in the silicon and oxygen components and a decrease in overall carbon
content. The initial carbon components (e.g. aliphatic, aromatic and alcohol/ether functionalities) decreased and more highly
oxidized functional groups increased until sufficiently long exposures at which point the surface composition became nearly
constant. At long exposure times, the SiNC’s silicon concentration increased to form a surface layer composed of approxi-
mately 75% silica (by mass). Published 2012. This article is a U.S. Government work and is in the public domain in the USA.

Supporting information may be found in the online version of this article.
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Introduction

Development of nanomaterials for novel applications has been
the focus of many research efforts over the past two decades
due to the properties materials possess upon approaching the
nanoscale regime (less than 100 nm). One particular application
is to incorporate nanomaterials into polymeric materials to form
polymer nanocomposites (NCs). NCs are films or structures made
up of two components: a major component (e.g. metal, ceramic,
polymer) that forms a matrix in which a minor component
composed of nanofillers (e.g. carbon nanotubes, iron oxide, silica
nanoparticles) may be dispersed.[1] The incorporation of nanofil-
lers into a polymeric matrix typically achieves highly desirable
improvements in their material and physicochemical properties.
Silica nanoparticles (SiNPs), for example, have been incorpo-

rated into polymeric matrices and foams to enhance their
flame-retardant properties.[1,2] In the automotive, plastics, paper,
and flooring industries, SiNPs and other inorganic materials have
been incorporated into polymeric coatings to enhance their
resistance to chemical and mechanical damages.[1,3–5] These silica
NC (SiNC) coatings can increase hardness, wear resistance and
fracture toughness with relatively low percentages of SiNPs incor-
porated into polymers.[6–8] Polyacrylate-based and other inorganic
materials SiNCs exhibited improved electrical resistivity compared
to traditional counterparts, resulting in a more energy efficient,
organic light-emitting devices.[1] While SiNCs have many beneficial
properties for surface coatings or devices, they are hardly perfect
without optimization of their chemical composition. Specifically,
some material and mechanical properties can decline when exces-
sive amounts of SiNPs are added.[1] For example, poly(methyl
Surf. Interface Anal. 2012, 44, 1572–1581 Published 2012. This
methacrylate)-based SiNCs decreased fracture toughness> 25%
as a result of increasing the SiNPmass from 10% to 20% of the total
composite mass fraction. [6]

Variations in the composition of SiNCs are not solely a result of
manufacturing and production, but may occur due to transfor-
mations over the course of their life cycles. Specifically, many
polymers have a propensity to degrade depending upon envi-
ronmental conditions.[9] For example, phosphorous-implanted
polyethylene oxidizes upon exposure to atmospheric and atomic
oxygen radicals, ultimately enhancing its resistance to further
oxidative degradation.[10] Another well-known route of transforma-
tions of polymeric materials includes mechanisms involving the
ultraviolet (UV) component of sunlight.[9,11] The exposure of many
polymers to UV radiation between 290 and 400 nm can chemically
and physically modify the polymers via photo-oxidation leading to
mass loss and changes in materials properties such as increased
brittleness. [12]

The photodegradation of epoxy, an important class of
polymeric materials, such as those that include diglycidal ether
of bisphenol A (DGEBA) have also been investigated.[13–16] It
was found that the epoxy compounds undergo oxidative photo-
degradation via gas phased species (e.g. O2, H2O), where one
article is a U.S. Government work and is in the public domain in the USA.
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mechanism postulated was chain scission.[13,16] Similar epoxies
have been employed in the preparations of SiNCs to determine
the potential for NP release due to exposure by simulated solar
radiation.[17,18] After UV exposure, the SiNCs increased in mass
fraction of SiNPs, exhibited photodegradation of the polymeric
matrix, demonstrated a measurable mass loss and provided clear
evidence for SiNP release.[18] The loss of SiNPs from a NC surface
raises nanomaterial-related environmental, health and safety
(nanoEHS) concerns about their fate once put into service. While
there have been investigations on the degradation of SiNCs by
reactive species such as UV radiation, the physical and chemical
transformations at the material’s surface (< 10 nm), the most
likely location of release of NPs into the environment, have not
been extensively explored. Further research focused on elucidat-
ing photo-induced, surface chemical processes would provide (i)
guidance on the modifications needed to prevent photodegrada-
tion and (ii) a timeline for material replacement prior to NP
release, thereby providing a first step towards alleviating
nanoEHS concerns.

The focus of this study was to investigate the surface transforma-
tions of SiNCs caused by exposure to high intensity light from the
Simulated Photodegradation via High Energy Radiant Exposure
(SPHERE) representative of the UV component of solar radiation.
SiNCs were prepared and photodegraded under controlled condi-
tions and analyzed using a suite of surface analytical techniques.
Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) were used to observe surface morphological transforma-
tions, while X-ray photoelectron spectroscopy (XPS) was employed
to track surface chemical changes. Additional data from energy
dispersive spectroscopy (EDS) and attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) are presented
to provide supplementary, semi-surface sensitive data on elemen-
tal and chemical modifications, respectively.
Experimental1

Materials and nanocomposite preparation

The details of the preparation of SiNP/ epoxy composites can be
found in references.[17,18] Briefly, 7-nm nanosilica (Aerosil R812,
Evonik) modified with hexamethyl disilazane (HMDS) was
employed1. The epoxy was formed from DGEBA resin (Epon 828,
Resolution Performance Products) and a tri-poly(ether amine)
curing agent (Jeffamine T403, Huntsman Corporation). SiNPs were
originally suspended in toluene and mixed with a tip sonicator for
30 min when the appropriate masses of the epoxy resin and curing
agentwere added to the SiNP suspension under constantmagnetic
stirring. After combining the DGEBA and tri-poly(ether amine),
the mixture was sonicated and stirred for an additional hour.
The amount of epoxy components added was sufficient to
generate a 10% mass fraction of SiNCs. After the mixing step, the
epoxy/nanosilica mixture was degassed for 1 h at room tempera-
ture and then drawn down on a polyethylene terephthalate
sheet (Mylar) (a good release substrate for epoxy-base materials).
SiNCs were cured at ambient conditions (24 �C and 50% relative
1Certain trade names and company products are mentioned in the text or
identified in illustrations in order to specify adequately the experimental
procedure and equipment used. In no case does such identification imply
recommendation or endorsement by National Institute of Standards and
Technology, nor does it imply that the products are necessarily the best
available for the purpose.
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humidity) for three days, followed by post-curing for 4 h at 110 �C
in an air circulating oven. After curing, free standing SiNC films
having a thickness of between 150 mm and 200 mm were removed
from the substrate. The glass transition temperature of this
amine-cured epoxy was 102 �C� 2 �C (average and one stan-
dard deviation), as measured by dynamic mechanical analysis
technique. It is noted that no UV stabilizer was added to the
epoxy SiNCs used in this study.

UV-exposure conditions

All samples were exposed to the UV component of solar radia-
tion on the NIST SPHERE.[19] The SPHERE is based on integrating
sphere technology and generates a collimated, uniform flux of
photons representative of the UV component of the solar spec-
trum at 22 times the irradiance of the sun. Cutoff filters are in
place to remove the non-solar component of the UV light
generated to ensure that the wavelengths exposed to samples
were in the 290 nm to 400 nm range. During UV exposure, the
SiNCs were exposed to varying doses of UV radiation, for up
to 72 days, in ports around the NIST SPHERE. These ports were
controlled for both temperature and relative humidity which
were set to 50 �C and 75%, respectively. Each port was capable
of containing up to 17 samples so by simply operating multiple
ports at identical conditions, the samples could be exposed
concurrently as to avoid any day-to-day variation in the UV
source. Samples were removed at specific time intervals for
characterization.

Characterization techniques

Scanning electron microscopy

Images of select samples were acquired using a Quanta 200 Field
Emission Gun (FEG) environmental SEM (FEI, Hillsboro, OR). Prior
to imaging, all samples were sputter coated with a thin layer
(�5 nm) of gold to mitigate sample charging and damage from
the electron beam. Images were collected at an accelerating
voltage of 10 kV. In addition to imaging, X-ray EDS was
performed using a silicon drift detector (30 mm2) (Bruker, Madison,
WI) for bulk (up to at least 2500-nm sampling depth) information
on the relative changes in the SiNC samples’ elemental distribution
with increasing SPHERE exposure. All spectra acquired were
analyzed using DTSA-II software for element identification and
qualitative transformations,[20] and the spectra were normalized
to the total measured X-ray intensity through 5004 eV.

Atomic force microscopy

AFM measurements were carried out at ambient conditions
(24 �C, 45% relative humidity) using a Nanoscope Dimension
3100 system (Bruker AXS, Madison, WI). Samples were prepared
by mounting the exposed material to a glass slide using dou-
ble-sided tape to reduce noise from sample movement. Tips were
commercial Si micro cantilever probes obtained from Olympus
(Model AC160TS, Center Valley, PA) with a spring constant of
42 N/m, 9 nm tip radius and a resonance frequency of approxi-
mately 300 kHz. Both topographic and phase images were
obtained simultaneously using a free-oscillation amplitude of
62 nm� 2 nm (average and 1 standard deviation). Root mean
square (RMS) roughness values were obtained from 20 mm� 20
mm scans. Measurements of surface defects represented an aver-
age and standard deviation of over ten measurements.
s a U.S. Government work
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X-ray photoelectron spectroscopy

To prepare samples for XPS, exposed SiNC were mounted to a
sample bar with double-sided carbon tape. These samples were
pumped down in an introductory chamber before being
introduced into the main chamber where the bar was placed on
a fork with capabilities for x, y, z and rotational adjustments. The
base pressure in the main analysis chamber was 2.66 � 10�7 Pa,
and the samples were prevented from charging during the experi-
ment through use of low energy electrons (1.8 A and 2.5 V).
Data acquisition was conducted using a Kratos Axis Ultra DLD

spectrometer (Chestnut Ridge, NY) that is equipped with a mono-
chromatic Al K a source (1486.6 eV) and a hemispherical analyzer
collecting photoelectrons zero degrees from the surface normal.
Each sample was measured twice; initially, full spectra were
acquired using a pass energy of 160 eV (1.0 eV/step) to determine
the identity of all elements present, and finally, multiplexes of
specific elemental regions were taken at a pass energy of 40 eV
(0.1 eV/step). Values and spectra presented in this study are from
multiplex conditions unless otherwise stated.
Data analysis took place using Casa XPS. Specifically, the C (1s), Si

(2p), N (1s) and O (1s) regions were fit with a Shirley background,
referenced to the N (1s) peak at 400 eV[21], and area adjusted using
relative sensitivity factors of 0.278, 0.328, 0.477 and 0.780, respec-
tively. Peak fitting of the C (1s) region was performed using three,
100% Gaussian peaks representing different functionalities. An
additional p- p* transition was identified, but not quantified,
between 291 and 292 eV. All measurements of percent concentra-
tions and peak positions are based on an average of the measure-
ments. The reported error values reflect� 1 standard deviation
when at least three measurements (t= (0, 8, 65, 72) d) were taken
and the range when only two measurements (t= (14, 24, 35, 48) d)
were taken, with the exception of the data taken at 4 d of
exposure which was one measurement alone, unless otherwise
stated.

Attenuated total reflectance-Fourier transform infrared spectroscopy

ATR-FTIR were recorded at a resolution of 4 cm�1 using filtered,
dry air as a purge gas, a Durascope ATR accessory (SensIR
Technologies) and a FTIR spectrometer (Nexus 670, Thermo
Nicolet, Madison, WI) equipped with a liquid nitrogen-cooled
mercury cadmium telluride detector. A ZnSe prism and an
incident angle of 45º were used for all ATR-FTIR measurement.
All spectra presented are the average of 128 scans which were
normalized to 1 at the stable peak of 1362 cm�1. The peak height
was used to represent the infrared intensity, and their respective
functional groups. All plotted ATR-FTIR intensity results were the
average and standard deviation of four specimens. For the
intensities measured at (2965, 1508 and 1083) cm�1, the intensity
of the samples was normalized in addition to the one based on
the unexposed sample to obtain relative transformations.
Results

Morphological and elemental transformations

Over the course of this study, after the SiNCs were irradiated with
simulated solar radiation and removed from the sample holder,
they were stored in the dark until analyzed. Visual observation
revealed that the UV-exposed surface began to show signs of
degradation after eight days. As UV exposure increased, signs
of degradation became more evident as characterized by an
wileyonlinelibrary.com/journal/sia Published 2012. This article is
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initial discoloration of the SiNC surface. At the longest UV
exposures, the SiNCs appeared as a deep yellow color, and the
sample became brittle. The unexposed side of the SiNCs,
however, did not exhibit any visual signs of degradation.

To gain a better understanding of the UV-induced discolor-
ation of the SiNCs, select samples with varying durations of UV
exposure were imaged using SEM to investigate changes in
morphological characteristics. Images of the sample prior to UV
exposure (Fig. 1A, Left, 0 Days) revealed a relatively smooth, clean
surface devoid of any major features. Perhaps, the only surface
features observed in the unexposed SiNCs were the presence of
a few isolated particles and/or aggregates in the range of tens
to hundreds of nanometers, most likely from aggregated SiNPs.
However, while the majority of the sample surface appeared to
be fairly uniform, there was some evidence for aggregate
‘networks’ present when viewed with high contrast (Fig. 1A, Left).

As the SiNCs were exposed to UV radiation, the surface devel-
oped a much rougher and irregular morphology. Indeed, at 14 d
of exposure (Fig. 1A, Center), a network of mounds and pits
formed on the surface that were irregular in shape, structure
and size and appeared to be a collection of SiNP aggregates at
the surface. Some images revealed signs of cracking at this point
(SI Fig. S1). Transformations to the surface continued as UV
exposure increased to 72 d (Fig. 1A, Right) with the morphology
changed to include irregularly shaped plate-like structures. These
plate-like structures had the appearance of smooth surfaces that
ranged in size from less than 1mm to large features hundreds of
mm in size (SI Fig. S2). These observations clearly demonstrate that
the photodegradation of the SiNCs resulted in morphological
transformations.

To determine the effect of UV radiation on the SiNC composition,
the imaged samples were analyzed with EDS to probe for
elemental transformations (Fig. 1B). For all samples analyzed, the
only elements identified were C, O and Si with a small, additional
contribution from the gold coating. As the samples transformed
morphologically, the elemental distribution also exhibited photo-
inducedmodifications. Specifically, the carbon content of the SiNCs
decreased with exposure while the Si and O content increased.
Qualitatively, this suggests that the SiNCs underwent photodegra-
dation via removal of at least some of the epoxy-based carbon,
thereby uncovering the SiNPs underneath.

AFM images and measurements in Fig. 2 confirmed the
increase in surface roughness due to UV exposure. Indeed, for
the displayed SiNCs, the RMS roughness was measured to be
(13.09, 30.47 and 129.3) nm for (0, 4 and 48) d for UV exposure,
respectively. Interestingly, prior to exposure, the phase image
showed islands of material that exhibits harder characteristics
(Fig. 2 A, right inset). At short UV exposures (Fig. 2 B), topographic
images revealed the presence of pits, which can be observed
more clearly from the insets, measured to be (49.5� 10.2) nm
and demonstrated a clear change in phase, in agreement with
SEM analysis. Long UV exposures were also consistent, resulting
in a highly roughened surface (Fig. 2 C). In combination, Figs. 1
and 2 confirm that photodegradation resulted in morphological
and elemental changes due to carbon removal and increased
SiNP mass fractions at least at the SiNC surface.

Surface chemical transformations

XPS analysis was chosen to examine the surface chemical trans-
formations to the SiNCs. In Fig. 3, representative high-resolution
XP spectra for the O (1s), N (1s), C (1s) and Si (2p) regions are
a U.S. Government work
main in the USA.

Surf. Interface Anal. 2012, 44, 1572–1581



Figure 1. A) Representative SEM images of 10% (by mass) SiNP-epoxy composites taken at 0 days, 14 days and 72 days of exposure to UV radiation. B)
EDS spectra of the same samples with the X-ray energy positions indicated for the C K-L3, O K-L3, Si K-L3 and Au M5-N7 lines. All spectra were
normalized to the total X-ray intensity measured through 5004 eV.
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displayed. Initially, the XPS peak maxima for each of the elements
was located at a binding energy of (532. 8� 0.1) eV, (284.8� 0.1)
eV and (102.2� 0.1) eV for the O (1s), C (1s) and Si (2p) spectra,
respectively.[21] Prior to UV exposure, the SiNCs were predomi-
nantly composed of carbon, oxygen and nitrogen in percent con-
centrations of (79.07� 1.83) %, (16.91� 1.35) % and (2.33� 0.17) %,
respectively, with a small contribution from the Si (2p) region of
(1.49� 0.51) %. While values calculated for 10% mass fraction of
SiNPs (using the representative models from the literature) were
close to the aforementioned measured values based on their
molar concentrations,[17,18] the Si (2p) and O (1s) percentages
were lower, and the C (1s) and N (1s) values were higher than
anticipated. This discrepancy may be caused by the presence
of an epoxy-rich overlayer at the surface or HMDS surface
modifications to the SiNPs.

Within the C (1s) region, three 100% Gaussian peaks (no
Lorentzian tailoring) were assigned and constrained based on the
non-UV exposed spectra (Fig. 3, third column) and comparable
literature values of binding energy position for a given functional
group. The aliphatic (CH2 / C–C) component of the C (1s) region
was located at (284.7� 0.3) eV,[22,23] and composed (49.01� 1.93) %
of the unexposed samples. While the literature reported slightly
different binding energies for carbon bound to nitrogen as
opposed to carbon bound to oxygen for their peak maxima (e.g.
esters versus amides; ethers / alcohols versus primary / secondary /
tertiary amines), in this study, certain C functionalities were com-
bined into one peak based on the total number of O and/or N atom
bonds with a given carbon center due to instrumental limitations in
distinguishing between multiple components so close in binding
energies. Therefore, the remainder of the fitted spectra was assigned
to oxidized carbon species, specifically C–O / C–N at(286.3� 0.3) eV
and CO(O) / CN(O) at (288.2� 0.3) eV [23–25] components, which
Surf. Interface Anal. 2012, 44, 1572–1581 Published 2012. This article i
and is in the public d
were measured to be (26.76� 1.49) % and (2.92� 0.21) % of
the initial SiNCs, respectively. In addition, the p- p* transition
was identified at approximately 291 eV, which is representative of
the aromaticity associated with the DGEBA component of the epoxy.
An enlarged version of the C (1s) region from 290 eV to 294 eV is
available in the supporting information (SI Fig. S3).

With increased UV exposure, changes in the SiNCs elemental
composition (Fig. 1B) were also apparent in the XP spectra, as
demonstrated in Fig. 3. Consistent with the EDS data, the O (1s)
and Si (2p) XP intensities increased while the C (1s) spectra
decreased with increasing UV exposure until approximately 35 days,
at which point, they remained at a steady surface concentration. The
N (1s) spectra exhibited a small rise until about 14 d and then slowly
decreased towards its initial surface concentration. While the spec-
tral profiles of the O (1s) and N (1s) regions did not change in shape,
the Si (2p) and C (1s) regions did change with exposure. The Si (2p)
peak shifted to a higher binding energy by approximately 1.1 eV to
(103.3� 0.1) eV with a clear transition occurring at 8 d. After 14 d,
the original Si (2p) peak was no longer observed. This initial Si (2p)
peak could have derived from the silanizing reagent (HMDS), which
functionalized the SiNC surface and has a comparable binding
energy,[26–28] or another surface contaminant. However, the new
peak position at 103.3 eV after exposure is consistent with the local
chemical environment of the SiO2.

[29,30]

These increases in the Si (2p) region are most likely due to the
UV-induced degradation and removal of the epoxy component
at the SiNC surface, which were observed through transforma-
tions of the fitted C (1s) spectral profiles (Fig. 3, third column).
With increasing UV exposure, the CH2 / C–C and CO / CN compo-
nents of the C (1s) region decreased while the highly oxidized
carbon component (CO(O) / CN(O)) increased in surface concen-
tration. Additionally, the p- p* transition (Fig. S3) remained until
s a U.S. Government work
omain in the USA.
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Figure 3. High-resolution XP spectra of the UV-exposed 10% (by mass
different exposures to illustrate changes to the elemental and chemical
(2p) regions are meant as a guide to the location of different compone
for 0 d and 8 d. The C (1s) spectra and composite fits are manually offs

Figure 2. AFM images of SiNCs UV exposed for A) 0 d, B) 4 d and C) 48 d.
For all rows, the left image is topographic (z=400 nm) and the right
image is phase with imaged areas of 20 mm� 20 mm. The insets are
zoomed in images with an area of 1 mm� 1 mm (z=200 nm).
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approximately 14 d of exposure at which point it was no longer
detectable, suggesting that the SiNCs aromaticity had either
been removed or transformed as a result of the UV radiation.

The XPS measured transformations in the SiNCs surface chem-
istry are plotted as elemental and component percentages versus
UV exposure in Figs. 4 and 5, respectively. At 4 d of exposure, no
statistically significant deviations in the elemental concentrations
were observed for any of the elements detected in the SiNCs
(Fig. 4). From 8 d to 35 d, however, there were significant changes
in the percent surface concentrations. Specifically, the O (1s) and
Si (2p) regions increased during this time frame to a final compo-
sition concentration of (47.81� 2.26) % and (20.85� 1.97) %,
respectively, while the decrease in the C (1s) region stabilized at
a final value of (28.99� 3.79) % (All final percentages are
indicated by the dotted lines in Figs. 4 and 5; these final values
and error bars are representative of an average of all data from
exposures of 35 d and greater� 1 standard deviation). Additionally,
the N (1s) region also changed with exposure, increasing from
(2.33 � 0.17) % to (3.45� 0.20) % between 0 d and 14 d of
exposure, respectively, followed by a corresponding decrease
to a final value of (2.14� 0.27) %.

The three main components of the C (1s) region were plotted
versus UV exposure time (Fig. 5). The initial distribution of carbon
in the SiNCs consisted of the CH2 / CC and the CO / CN compo-
nents making up (49.01� 1.93) % and (26.76� 1.49) % of the
surface composition, respectively, while the CO(O) / CN(O)
component composed (2.92� 0.21) % of the surface. Exposure
to UV radiation initiated modifications in the epoxy’s distribution
of functionalities. Specifically, a decrease in percent surface
concentration of the CO / CN component and minor increases
in the C-C / CH2 and CO(O) / CN(O) components were measured
after 4 d of UV exposure (Fig. 5). Interestingly, there was no clear
induction period for the changes to the components as was
observed in the C (1s) elemental plots through the first four days
(Fig. 4). After 4 d, both the C–C / CH2 and C–O / C–N components
decreased simultaneously following an exponential decay
) SiNP-epoxy composites. Representative samples are displayed from
composition over time. The dashed, vertical lines in the C (1s) and Si
nts in those regions. The Si (2p) region counts are multiplied by five
et from the baseline for ease of viewing.

a U.S. Government work
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Figure 4. Plots of percent surface concentration of the N (1s), O (1s), C (1s) and the Si (2p) regions of the epoxy SiNP composite with UV exposure time.
The horizontal dashed lines are meant to indicate the final, approximated percent composition of each element at long exposure, an average from
day 35 and on. Values for t= (0, 8, 65, 72) d are the average of at least three samples +/� 1 standard deviation. Values for t= (14, 24, 35, 48) d are
the average of two points, and the error represents the range. Four days was a single point.

Figure 5. Plots of the surface concentrations of the components of the C (1s) region versus exposure time to UV radiation. The dashed lines indicate
steady-state percentages. Values for t= (0, 8, 65, 72) d are the average of at least three samples +/� 1 standard deviation. Values for t= (14, 24, 35, 48) d
are the average of two points and the error represents the range. Four days was a single point.
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process, or pseudo first-order kinetics, until approximately 35 d of
UV exposure to an average percent surface concentration of
(13.98� 1.74) % and (7.17� 1.74) %, respectively. Conversely,
the CO(O) / CN(O) component grew with UV exposure to a
percent surface concentration of (14.84� 5.71) % at 8 d and then
decreased to (6.34� 0.72) % after approximately 50 d.

Further insight into the mechanism of photodegradation of
the SiNCs can be obtained by plotting the two primary compo-
nents of the C (1s) spectra (Figs. 2 and 4) as a ratio (CO / CN:
CH2 / CC) versus UV exposure (Fig. 6). Consistent with the epoxy’s
molecular structure,[17,18] the carbon in the SiNC should contrib-
ute to the CO / CN or the CH2 / C–C with a theoretical relative
ratio of approximately 0.60, respectively, compared to the initial
measured ratio of 0.55� 0.04. The difference may be due to
surface carbon contamination or a result of the SiNP’s surface
Surf. Interface Anal. 2012, 44, 1572–1581 Published 2012. This article i
and is in the public d
modification with HMDS. For the duration of the 72 d of UV expo-
sure, the majority of the ratios remained scattered between 0.4
and 0.6 at an average ratio of 0.56� 0.16 (average value and
standard deviation of all points) with no discernible trend
suggesting that sections of the initial epoxy structure were being
removed or modified simultaneously, thereby remaining roughly
constant throughout the photodegradation.

Vibrational data

To obtain further information about the chemical transforma-
tions of the SiNC during UV exposure, samples were further
probed using ATR-FTIR spectroscopy. Figure 7A shows the ATR-
FTIR data for UV-exposed SiNCs (0 d to 21 d, split into two plots
for ease of viewing). Prior to UV exposure (day 0), peaks
s a U.S. Government work
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Figure 6. The ratio of the CO/CN component to the hydrocarbon com-
ponents of the epoxy in the composite versus UV exposure for all samples
analyzed. The samples have an average ratio over UV exposure at a value
of 0.56� 0.15 which represents the average of all 19 points over 72 days
+/� 1 standard deviation.
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representing the different vibrational characteristics of the SiNC
were found and identified. For the epoxy, ATR-FTIR intensities
at approximately 826 cm�1, 1244 cm�1 and 1508 cm�1 (Fig. 7A,
Left) were identified as dominant bending and stretching
modes observed from the aromatic component of DGEBA for
C–H, C–O–C and C–C bonds, respectively (underlined carbon
atoms are part of the phenyl rings).[31] Additional bands found
between 1000 and 1200 cm�1 are typical of non-aromatic C–O
stretches such as ether and alcohol groups from the epoxy
Figure 7. ATR-FTIR results are presented for UV-irradiated SiNCs. A) (left) sp
from Si–O, aromatic and carbonyl bands; (right) expanded spectra in the 270
and –OH/NH stretching bands. B) Plots of select peaks from the ATR-FTIR sp
(1508 cm�1) functionality versus UV exposure and increases at 1083 cm�1 re
intensity representative of product formation versus UV exposure. 1724 cm�1

intensity results were the average and standard deviation of four specimens
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structure, as well as Si–O–Si/Si–O–C, bonds representative of
the SiNPs. For the purposes of this study, however, the maximum
at 1083 cm�1 was used to monitor both functionalities.[31–33]

Evidence for the tertiary amine structure can be found prior to
UV exposure at 1180 cm�1. Figure 7A (right) reflects the balance
of the functionality observed within the SiNC. The IR spectral
region between 2700 and 3000 cm�1 is typically representative
of the non-aromatic C–H stretching modes. The broad IR band
from (3100 to 3700) cm�1 is typically associated with various
O–H stretching frequencies and N–H stretching frequencies. [31]

Upon UV exposure, the epoxy from the SiNC underwent an
initial photodegradation characterized by a significant loss in
the aliphatic, aromatic and the initial C–O bond characteristics.
The losses in the epoxy’s structure are represented in plots of
the C–C, C–H and C–O stretching frequencies at 1508 cm�1,
2965 cm�1 and 1083 cm�1, respectively, versus UV exposure
(Fig. 7B). The stretching frequencies at 2965 cm�1 and 1508
cm�1 both rapidly decreased in intensity over the first week of
UV exposure, followed by a slower loss over the subsequent
two weeks. The trends depicted in Fig. 7B were comparable to
the XPS measured loss in the C–C/CH2 component in Fig. 5.
Conversely, the ATR-FTIR peak intensity at 1083 cm�1 increased
with UV exposure. The maximum at 1083 cm�1 initially declined
by approximately 25% after 4 d before steadily rising over 24 d of
UV exposure to nearly approximately 180% of its initial value.
Additionally, the spectral profile (1000 to 1200) cm�1

transformed during exposure from three separate peaks into a
single, broad peak with a single, new local maximum at 1070
cm�1. This change in profile and peak maximum is consistent
with previously reported IR spectra of silica, including the
smaller frequency increases at 800 cm�1 and the shoulder near
1200 cm�1.[32,33] Therefore, the C–O stretching frequencies of
ectra in the 700 cm�1 to 1900 cm�1 region with IR absorption intensities
0 cm�1 to 3700 cm�1 region, showing contributions from C–H stretching
ectra representative of loss in aliphatic (2965 cm�1) and aromatic carbon
presenting contributions from the SiNPs. C) Plots of select IR relative peak
is assigned to the formation of carbonyl functionality. All plotted ATR-FTIR
.
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the epoxy structure could explain the initial loss of intensity.
The rapid increase in intensity is attributed to an increase in
the surface concentration of SiNP, consistent with the XPS
measured increase in the Si (2p) region after eight days of UV
exposure (Fig. 4).

The increase centered at 1724 cm�1 is linked to the increase
in oxidation of the remaining carbon from the epoxy. Indeed,
the spectral feature represented by the measured intensity at
1724 cm�1 (Fig. 7A, Left) and plotted versus UV exposure (Fig. 7C),
possesses a minimum of three components with shoulders at
higher and lower wavenumbers (approximately 1650 cm�1 and
1770 cm�1). At short exposures, the observed relative IR intensity
at 1650 cm�1 and 1724 cm�1 increased, with the intensity of the
former band being the dominant species present in the sample.
As the exposures increased past 8 d, however, the intensity
at 1724 cm�1 became the dominant peak present in the
region, and there was the addition of a shoulder at approximately
1770 cm�1. The increase in IR absorption intensity in this region
typically signals the formation of carbonyls and other bonds
within the sample including: (i) amides and/or alkenes
(approximately 1650 cm�1); (ii) carboxylic acids and /or ketones
(approximately 1714 cm�1); (iii) esters, various carbonates and/
or acid halides (approximately 1750 cm�1) and (iv) lactones
(approximately 1770 cm�1).[31] While it is difficult to separate out
which type of functionality is associated to a give spectral feature,
it can be asserted that these features are likely to all contribute to
increase the overall state of oxidation within the epoxy component
of the SiNCs. The 1724 cm�1 peak versus UV exposure time (Fig. 7C)
increased in a manner consistent with the CN(O) / CO(O) XPS
component (Fig. 5) suggesting that the carbon associated with
the 1724 cm�1 stretching frequency has a local chemical environ-
ment comparable to a carboxylic acid, ester and/or amide.

Discussion

The photodegradation of SiNCs can be summarized up pictorially
in Fig. 8. At short UV exposures (texp< 14 d, Fig. 8 Center), SiNCs
exhibited physical transformations characterized by an irregular
and rough morphology from its initial smooth characteristics
(Fig. 8, Left). This was confirmed with AFM (Fig. 2) where after
4 d of exposure, the RMS roughness increased from 13.09 nm
to 30.47 nm in part due to the formation of pitting. Because
EDS and XPS analysis demonstrated some loss in carbon concen-
tration at these early exposures, the morphological changes can
be attributed to the formation and subsequent removal of
oxidized carbon as observed from the XPS analysis (Figs. 3 and 4).
The most obvious evidence for early surface oxidation of carbon
is the highly oxidized component, CO(O) / CN(O), within the C (1s)
region that grew in rapidly over the first eight days (Fig. 5).
Figure 8. Route of UV degradation of 10% (by mass) SiNP–epoxy composite
portion of the composite increases in oxidized carbon content and correspo
groups. At extended exposures, the carbon from the epoxy continues to ox
surface and into the bulk. The chemical transformations at surface resulted i
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Correspondingly, the O (1s) signal also increased to nearly 30% of
the surface composition from just over 17% (Fig. 4). As a result of
only minor increases in the Si (2p) counts at short UV exposures,
it is reasonable to attribute most of the increased oxygen content,
roughness and pitting to the removal of the epoxy. ATR-FTIR results
were consistent with the XPS data and indicated an early rise within
the carbonyl stretching frequencies (Fig. 7) after short UV expo-
sures. Furthermore, due to the increased bulk sensitivity associated
with ATR (for the incident angle and prism used in this study, the
sampling depth is in the 500 nm to 2500 nm range) compared to
XPS (approximately 10 nm), these FTIR results also suggest that
the oxidation of carbon is occurring further into the material.

The surface chemical andmorphological characteristics continued
to transform with increasing UV exposure (Fig. 8, right).
Morphologically, the surface of the SiNCs became increasingly
rough with raised, plate-like features after long UV exposures
(Fig. 1 A, Fig. 2 C and SI Fig. S2). Consistent with observations
from the images, the AFM measured RMS roughness increased
to a value of 129.29 nm. Furthermore, evidence for cracking
was also apparent (SI Fig. S1), which is consistent with previous
reports of declining materials properties when the mass fraction
of SiNPs is excessively high.[1] The distribution of carbon
functionalities at the surface and into the bulk continued to change
with increasing UV exposure as the carbon concentration
decreased to less than 50% of initial concentration (Figs.s 1B, 3
and 4) due to a loss in the initial epoxy components (Fig. 3
and 5). Once again, the ATR-FTIR analyses support this, reflecting
a nearly complete loss in most of the initial absorption bands
present in the initial, unexposed SiNCs, providing additional confir-
mation that this process occurred well into the bulk of the material.

As opposed to short exposures of UV radiation, the long
exposures clearly increased the SiNP surface concentration as a
result of the epoxy’s oxidative removal as displayed in Fig. 8.
XPS elemental analysis (Figs. 3 and 4) revealed a significant
increase in surface silicon concentration to a final percent surface
concentration of (21.23� 1.88) % at 35 and greater days of
exposure, which translates to an increase from a 10% mass frac-
tion to approximately 73.5% mass fraction of SiNPs. EDS (Fig. 1B)
and ATR-FTIR analysis (Fig. 7 C), both possessing a greater
sampling depth (500 nm to 2500 nm) than XPS, revealed an
increased SiNP concentration through increased relative intensi-
ties of the Si Ka and the Si–O stretch, respectively. Therefore,
while the thickness of the layer for increased (SiNP) cannot be
accurately identify, ATR-FTIR and EDS results strongly support
the assertion that the UV-induced enhancement in the surface
concentration of SiNP continued into the SiNC bulk. Specifically,
if the increase of SiNP mass fraction, or the aforementioned trans-
formations of the epoxy, were only within the top 10 nm of the
SiNC, the enhancement of silicon-related signal would only be
. After initial UV exposure, the surface of the SiNC roughens, and the top
ndingly decreases from the initial aromatic, aliphatic and C–O functional
idize and is eventually removed. The SiNP concentration increases at the
n a further increases in surface pitting and cracking.
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generated from less than 2% of the sampling volume for ATR-
FTIR and EDS, effectively yielding a much smaller increase in
signal.
From the early losses of the initial carbon components, including

the aromatic carbon, aliphatic carbon and the C–O stretch, along
with the steady increase of the nitrogen and carbonyl concen-
trations, it is reasonable to assume that one early point (prior to
14 days) of photo-induced oxidation occurred within the DGEBA
branches of the epoxy. Longer exposures, which continued to
remove a majority of the epoxy components from the SiNC surface
which, as a consequence, resulted in an increased surface concen-
tration of SiNPs as indicated by increased silicon and oxygen
concentrations. From the loss of the aromatic features and nitrogen
increases, two potential processes can be hypothesized: (i) modifi-
cations in the aromatic structure associated with DGEBA’s phenyl
groups transforming via photo-oxidation into volatile and/or non-
volatile byproducts, or (ii) oxidative removal of phenyl ring
segments of DGEBA through the formation of large volatile organic
fragments (chain scission) or by physical mechanisms. However,
previous work on UV-exposed SiNC demonstrated a significant
mass loss prior to any large increases in the SiNP surface concentra-
tion,[17,18] while others have reported various volatile species
forming along with chain scissions events by photodegradation
of comparable epoxy samples.[11,13,15,34,35] This suggests that the
early UV-induced loss of the initial carbon components in this study
was a result of removing carbon-based components and not due to
transformed carbon components left behind as non-volatile, non-
aromatic compounds. While fully mapping out the reaction
sequence is beyond the scope of the current study, it can be stated
that photo-oxidative removal of the epoxy, via chain scission and/
or volatilization of smaller organic fragments, would result in a
roughened SiNC surface, an enhanced SiNP concentration and
highly oxidized residual carbon.

Conclusions

The analysis of the photo-induced, surface transformations of
SiNCs exposed to 290-nm to 400-nm UV radiation has been
presented. Surface analytical techniques have confirmed that
photodegradation of the SiNC surface proceeded through an
oxidative removal of a large portion of the epoxy. The degrada-
tion and removal of the matrix layer near the surface resulted in
an increased mass fraction of SiNPs at the composite surface
with UV exposure. Techniques with increased bulk sensitivity
(ATR-FTIR, EDS) demonstrated that the SiNC photodegradation
continued into the bulk of the material (> 10 nm). This study
demonstrates the utility of combining orthogonal surface
chemical analyses in determining the level of UV-induced
degradation in a SiNC. From an environmental, health and
safety perspective, we have demonstrated that these SiNCs
remain at low silicon surface concentrations up through eight
days of UV exposure (290 nm to 400 nm) at 22 times the power
of the sun. Since, significant SiNP release from the composite
surface is not likely to occur prior to a large increase in the
silicon surface concentration within the top 10 nm, this
provides an efficient method for determining the effective
lifetime of comparable SiNCs when in service.
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