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Abstract

To better assess risks associated with nano-enabled products including multiwalled carbon
nanotubes (MWCNT) within polymer matrices, it is important to understand how MWCNT are
dispersed throughout the composite. The current study presents a method which employs imaging
X-ray photoelectron spectroscopy (XPS) to chemically detect spatially segregated MWCNT rich
regions at an epoxy composites surface by exploiting differential charging. MWCNT do not
charge due to high conductivity and have previously been shown to energetically separate from
their insulating surroundings when characterized by XPS. XPS in imaging mode revealed that
these conductive regions were spatially separated due to micrometer-scale MWCNT aggregation
and poor dispersion during the formation of the composite. Three MWCNT concentrations were
studied; (1, 4 and 5) % by mass MWCNT within an epoxy matrix. Images acquired in periodic
energy intervals were processed using custom algorithms designed to efficiently extract spectra
from regions of interest. As a result, chemical and electrical information on aggregate and non-
aggregate portions of the composite was extracted. Raman imaging and scanning electron
microscopy were employed as orthogonal techniques for validating this XPS-based methodology.
Results demonstrate that XPS imaging of differentially charging MWCNT composite samples is
an effective means for assessing dispersion quality.
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1. Introduction

Incorporation of nanomaterials into composites has led to the development of novel products
and innovations due to the improved physico-chemical properties that are imparted by the
nanoscale filler. For example, incorporating carbon nanotubes (CNT) into polymers
generates composites, which are sought after for benefits including enhanced mechanical
strength 14, favorable electrical conductivity 311, and lower overall mass 3. Indeed, a search
of The Project for Emerging Nanotechnologies* consumer product inventory revealed 38
products claiming to contain CNT, many incorporated into electronics, plastics, epoxies,
resins, or adhesives, and other reviews have demonstrated a comparable use of CNT
elsewhere 12, Therefore, it is unsurprising that there has been an increase in CNT production
along with research and publications on the topic 13. Due to the increasing number of nano-
containing products, an environmental, health, and safety research strategy was developed
by the National Nanotechnology Initiative which highlights the need to develop
measurement infrastructure, including tools and methods, to provide effective
characterization of nanomaterials in consumer products towards informed risk
assessment'13. Therefore, composites of CNT in epoxy have been selected as a relevant
model system for development of physical and chemical characterization and detection
techniques in the current study.

One technique well suited towards characterization of nanomaterials in and out of
composites is X-ray photoelectron spectroscopy (XPS) 1415, XPS is a surface sensitive
technique (analysis depth ~ 10 nm) which provides qualitative to quantitative information on
the concentration of surface atoms and their local chemical environment (e.g., oxidation
state) 16, For example, XPS has been employed in the elemental analysis of silica
nanoparticles (SiNP) in epoxy matrices to better understand surface transformation due to
environmental factors such as ultraviolet light (UV) degradation 17-20. Similarly, XPS has
been employed to characterize the chemical composition of textiles, composites and thin
films prepared from silver nanoparticle suspensions?1-24,

However, the primary measurement challenge one faces in using XPS to characterize CNT
dispersed in an epoxy composite is attempting the simultaneous measurement of carbon in
two different chemical states 2°. Furthermore, comparing the literature for CNT and
polymeric hydrocarbon reveals that the C(1s) spectral features have a high degree of overlap
making identification by traditional peak fitting challenging 25-27. Regardless, there have
been several attempts to separate the signals of graphitic carbon and hydrocarbon by peak
fitting analysis within composites & 9 28, Recently, XPS characterization of a CNT:
poly(vinyl alcohol) (PVVA) composite series was effectively demonstrated using peak fitting
by taking advantage of minor differential charging to calculate the relative surface
percentage of carbon species from nanofiller and matrix material 28, Other approaches have
employed XPS imaging through analysis of the carbon Auger feature to differentiate
graphitic carbon (sp? hybridized) from an adhesive carbon (sp2 hybridized) background

*www.nanotechproject.org/inventories/consumer/analysis_draft/
http://www.whitehouse.gov/sites/default/files/microsites/ostp/nni_2011 ehs_research_strategy_final.pdf
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(comparable with CNT and polymeric carbon, respectively) to spatially separate different
carbon components 2°.

In XPS, differential charging is observed when a heterogeneous material with at least two
components of differing electrical properties are exposed to sufficient X-rays to experience a
net electron flux 25 30. 31 As a result of this imposed current, less conductive components of
a composite will develop a positive bias, also known as charging. This charging decreases
the kinetic energy of photoelectrons emitted from an insulating surface. The effects of
charging may include shifts in the binding energy of spectral peaks 31-33 or a complete loss
of spectral features associated with extremely non-conductive materials 20 34, However,
MWCNT, polymers and their composites are known to have very different electrical
properties which has the potential to lead to differential charging 3539, Differentially
charging samples will also have a surface component that is more conductive, resulting in
photoelectrons emitted at a kinetic energy more closely associated with their originating
orbitals. This complicates chemical characterization, which depends on having one energy
scale to differentiate between binding energy shifts in order to identify different oxidation
states. Generally, differential charging is considered to be undesirable for XPS. However,
this normally undesirable effect can have positive outcomes.

This phenomenon has recently been used at NIST to spectrally separate the two carbon-
based components in multiwall CNT (MWCNT) composites based on their electrical
properties 34, In that study, we exploited differential charging in XPS to obtain spectra with
energetically separated features for the MWCNT and the epoxy-rich matrix components as a
result of surface enrichment of MWCNT due to UV weathering of the composite and
removal of the polymer. This separation in spectral line shapes was subsequently observed in
other comparable studies and in surface-modified MWCNT composites?®. However, an
unresolved question from the previous study was whether or not the differential charging
that occurred was due to dispersion properties within the composite. The current study
demonstrates how imaging XPS can be employed to directly assess the dispersion properties
of MWCNT composites by energetically separating overlapping carbon signals through
differential charging to spatially identify MWCNT-rich regions.

To this end, composite samples of varying MWCNT loading have been prepared and
characterized using XPS in spectroscopy and imaging modes. Samples composed of
MWCNT composites were prepared for XPS by mechanically removing the top surface
layer. MWCNT composites were studied via XPS imaging to determine if this method could
be used to detect localized MWCNT rich regions. XPS spectra were extracted using a novel
image analysis procedure which identified and collected signal from spatially unique
chemical features in a series of images. Scanning electron microscopy (SEM) and Raman
mapping were also employed as orthogonal measurements to validate the presence of
MWCNT rich regions identified by XPS imaging. Results from these measurements
demonstrate the utility of XPS imaging with differential charging in identifying MWCNT
composites by separating carbon signals both spectrally and spatially based on differential
charging.
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2. Experimental¥

2.1 MWCNT composite and control preparation

The creation of MWCNT composites using a two part epoxy has been discussed in the
literature 28: 3440, The MWCNT employed in this study were from Arkema (King of
Prussia, PA). The epoxy matrix was composed of diglycidal ether of bisphenol A (Sigma
Aldrich) and a mixture of polyether diamine curing agent (90 % by mass Jeffamine d230;
10 % by mass Jeffamine d2000, Huntsman, Pensacola, FL). The raw MWCNT were
dispersed in the curing agent using a dual asymmetric centrifugal shear mixer (FlackTek,
Landrum, SC) operating at 366.52 rads/sec (3500 rotations per min (RPM)) for 5 mins. The
epoxy monomer was added the suspension was then mixed for an additional 20 mins at 3500
RPM. The samples were degassed under vacuum at 80 °C for 10 mins then poured into
silicone molds and cured at 80 °C for 2 h. Samples were made with 1 %, 4 % and 5 %
MWCNT loadings by mass and will henceforth be referred as 1 %, 4 % and 5 % MWCNT
composites. Control samples consisted of separate measurements of as received MWCNT
adhered on copper tape and a sample of the cured, two-component epoxy using the same
materials as previously mentioned.

2.1.1 Surface preparation of MWCNT composites—Most composite surfaces were
modified prior to analysis to remove the surface layer which is known to be rich in

epoxy 17: 34, This was achieved by milling the composite surface mechanically using a
Sherline Model 2000 mill (Vista, California). The process was performed in an enclosed
chamber with a HEPA filter equipped vacuum nozzle was directed at the milled surface to
collect removed particles. The exception to this was the 4 % sample shown in Figure 6
which was prepared using a Leica Microsystems (Buffalo Grove, IL) EM TXP milling tool
which also mechanically removed 10's to 100's of micrometers of the topmost surface layer.

2.2 X-ray photoelectron spectroscopy (XPS)

XPS data were collected on an Axis Ultra DLD from Kratos Analytical (Chestnut Ridge,
NY). Prior to data acquisition, MWCNT composites were mounted onto a sample bar,
fastened to the surface by metal straps and placed in a load lock chamber for pump down.
Upon achieving a sufficient vacuum (P < 2.7 x 107 Pa (2 x 107/ torr)), the samples were
transferred into the main chamber (Ppase < 2.7 x 1077 Pa (2 x 1079 torr)).

Spectroscopy based measurements were performed using monochromatic Al Ka X-rays (hv
= 1486.6 eV) generated at a power of 150 W (10 mA; 15 kV). This X-ray source was
employed to observe spectral features free of any artifacts induced by X-ray satellites.
Samples were z-adjusted by maximizing the C(1s) photoelectron intensity while the surface
was charge neutralized using a low energy electron flood gun. After height adjustments, the
charge neutralizer was turned off unless otherwise mentioned and photoelectrons were
analyzed over a wide range at pass energy 160 eV for survey spectra and over a small range

*Certain commercial entities, equipment or materials may be identified in this document in order to describe an experimental
procedure or concept adequately. Such identification is not intended to imply recommendation or endorsement by the National
Institute of Standards and Technology (NIST), nor is it intended to imply that the entities, materials or equipment are necessarily the
best available for the purpose
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at pass energy 40 eV for high energy resolution, C(1s) spectra. The area of analysis was set
by using hybrid mode and slot aperture with 90 % of the signal being collected from a 0.94
mm x 2.25 mm area, as previously determined*!. Spectra were processed using CasaXPS
and were fit with Shirley backgrounds. There were no energy corrections made after
collection of the data in any of the presented spectra. Peak positions reported are the average
and 1 standard deviation of 3 separate measurements.

XPS images were acquired on the same sample set that was analyzed in spectroscopy mode
and were 256 pixels x 256 pixels in dimensions. Unless otherwise mentioned, imaging was
conducted using Mg Ka X-rays (hv = 1253.6 eV) generated at a power of 405 W (27 mA,;
15 kV). The use of this different X-ray source was employed since enhanced photoelectron
intensity was significantly more important than avoiding artifacts due to X-ray satellites. In
select regions of interest, further focusing was performed to yield well defined features.
Most of the images and data presented in Figures 2 to 4 and in the supporting information
(SI) were taken at pass energy 40 eV over an area of 216 pm x 216 um to improve both
energy and spatial resolution. Unless otherwise noted, images were acquired at uniformly
spaced energy intervals over the C(1s) energy range for a constant acquisition time per
image for all MWCNT composite spots analyzed. For the details of the settings of both
spectroscopy and imaging, refer to section | of the SI.

2.3 XPS Image analysis

The non-uniform shape of the MWCNT aggregates required a new image analysis procedure
to generate image masks for the MWCNT-rich and the epoxy-rich composite components.
The MWCNT-rich image mask (conductive mask) identified groups of pixels having
predominantly spectral characteristics of the MWCNT and separated them from the
remaining pixels. The epoxy-rich image mask (non-conductive mask) was identified as the
remaining pixels less an interfacial border. Regions of interest (ROIs) were identified by
thresholding summed images based on MWCNT signals. The binary image created from
these pixels was then dilated (expanded) and eroded (shrank) to yield an image mask that
contained a small number of large, contiguous ROIs defining the MWCNT-rich, conductive
regions while eliminating isolated spikes and minimums in intensity, such as pixels caused
by measurement noise and deemed unphysical (Figure 3, center). Once the conductive image
mask is established, a non-conductive image mask was formed by dilating the conductive
ROIs and inverting the mask. This yields a two image masks that accept most of the data, but
exclude a transition region between the conductive ROIs and the field of epoxy-rich
composite of lower conductivity (Figure 3, right). The transition region that is excluded from
both masks avoids analysing the region of mixed MWCNT-rich and epoxy-rich signals.
These masks were then applied to each image to calculate total intensity at the binding
energy of acquisition, normalized to number of accepted pixels for the mask. This
information was then compiled into a C(1s) spectra generated by plotting intensity/pixel vs
binding energy. This combined procedure for image processing and spectral generation was
performed in Mathematica. The code, additional comments and information, is provided as
SI (S section 2, Figure S2A, Figure S3A, Figure S4A, Figure S5 in the SI).
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2.4 Raman spectroscopy

Raman spectral imaging was performed on a Renishaw InVia Raman Microscope (Hoffman
Estates, IL) on the 5 % MWCNT composite. Images were acquired using a 785 nm laser
through a 5x objective in 180° backscatter configuration. Raman spectra, from 1200 cm™ to
1700 cm™1, were acquired every 20 pum across a predefined region of the sample to create an
image. This spectral window covers the Raman D, or defect, peak and the G, or graphitic,
peak of the carbon nanotubes. After data acquisition, Matlab (Natick, MA) was used for
analysis and stitching of the image.

2.5 Scanning electron microscopy

A Helios 650 NanoLab Focused lon Beam (FIB) SEM from FEI (Hillsboro, OR) was used
for SEM imaging. The sample was mounted on a 10 mm aluminium pin stub using a double
sided carbon tab. Images were taken using 2 keV electron beam energy, (100 to 800) pA
probe beam current, 4 mm working distance and Everhardt-Thornly detector in secondary
electron mode.

3. Results and Discussions

3.1 XP spectral characterization and differential charging

After preparation of the sample's surface was completed, traditional X-ray photoelectron
spectra were acquired for all specimens, plus epoxy and MWCNT control specimens (See
Figure 1 and Sl Figure S1) to demonstrate the different electronic characteristics of pure
epoxy samples, varying percentages of MWCNT composites, and 100% MWCNT controls.
Initial wide range survey spectra (0 to 700) eV demonstrated the poor conductivity of the
epoxy (0 %) as evident by the large shift of >300 eV from the typical C(1s) binding energy
(Figure 1(A), bottom). Additionally, the peak shapes were drastically distorted, also
consistent with a charging sample. To clearly resolve any features from the pure epoxy, the
surface had to be charge neutralized using an electron flood source which typically
overcompensates a positive bias with a constant negative bias (SI Figure S1(B)). Therefore,
the uncorrected, neutralized spectra for epoxy revealed a peak maximum at = 282 eV,
representative of the hydrocarbon fraction. When MWCNT were added to the epoxy, the
C(1s) peak position for the composites decreased in binding energy to values closer to the
literature values of hydrocarbons and MWCNT carbon (graphitic)?®. This was more clearly
observed in the high resolution, C(1s) spectra presented in Figure 1(B) for all MWCNT
composites. These findings are qualitatively consistent with previous measurements of
weathered MWCNT composites 34 that demonstrated dissipation of surface charge increases
with surface concentration of MWCNT. Regardless, significant charging was still evident
even with the addition of MWCNT.

Two distinct features can be identified in the high resolution C(1s) spectra of Figure 1(B)
consistent with differential charging: (1) a dominant feature at a higher, variable binding
energy and (2) a minor feature at a fixed binding energy indicated by the vertical dotted line.
Spectral feature (1) was identified as the charging feature associated with poorly-conducting,
epoxy-rich composites consistent with previous reports 17- 25 34, This peak shifts to lower
binding energies with increased MWCNT concentration. For 1 % MWCNT composites, the
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peak position was (299.2 £ 0.5) eV, while at 5 % MWCNT the charge peak maximum had
shifted to a peak position of (290.4 + 0.2) eV. Although the charging peak's binding energy
continued to decrease with increasing MWCNT concentration, it was not observed to reach
its fully neutralized binding energy in this study. The second spectral feature in the C(1s)
region was present at a similar binding energy, (284.4 to 284.5) eV, for each concentration of
MWCNT composite analyzed, as indicated by the vertical dotted line in Figure 1(B). The
conductive spectral feature is identified as MWCNT at the surface and has a comparable
peak position in the 100 % control spectra. Since the MWCNT are more conductive than
epoxy, we observed differential charging. This difference in conductivity between MWCNT
and polymeric materials such as epoxy has been previously demonstrated in the

literature 1011, Qualitatively, one can observe an increase in the intensity of the peak with
the increased MWCNT composition. We propose that the peak shift in the charging feature
is a consequence of the increased conductivity of the composite as the MWCNT loading
increased. This finding is consistent with previous studies which include measurements of
MWCNT and epoxy alone as well as in composite form 32-39, We further propose that the
static, MWCNT peak is in part due to large aggregates at the composite surface.

3.2 MWCNT aggregates observable by imaging XPS

To assess if there were any micrometer scale MWCNT aggregates in the composites,
hyperspectral XPS imaging was conducted. Images were collected across the C(1s) region's
energy range every 0.2 eV for the 4 % and 5 % MWCNT composites and every 0.3 eV or
0.25 eV for the 1 % MWCNT composite. The energy range and step size were based on
results shown in Figure 1 and detailed instrumental settings information may be found in
section | of the SI.

Example XPS images from the 1 % MWCNT composite in Figure 2 demonstrate the
effectiveness of employing XPS imaging on differentially charging surfaces to examine
dispersion quality. Figure 2(A) through 2(D) present four images acquired at four different
binding energies that are part of a set of images acquired over a range of 280.1 eV to 300.5
eV. Figure 2(A) shows data acquired at a lower binding energy (282 eV) which yields an
image of uniformly low signal, devoid of any significant features. Compared to the
background of 2(A), the image acquired at 285 eV (Figure 2(B)) reveals two localized
regions of enhanced photoelectron intensity. These ROIs both have dimensions less than 100
micrometers and are attributed to the conductive MWCNT-rich signal observed in Figure
1(B). The image acquired at 289 eV (Figure 2(C)) is largely featureless, with photoelectron
intensity similar to 2(A). Lastly, significant photoelectron intensity is observed across the
entire image acquired at 294.0 eV (Figure 2(D)), presumably due to the charging peak
location, with the notable exception of a depression in signal in the lower left quadrant. The
depression in charging intensity is consistent with the large conductive feature observed in
Figure 2(B) provides further evidence of a MWCNT-rich region. A more complete series of
images collected for 1 % MWCNT composites can be found in the SI (Figure S2(A)). The
reasons for deviation in binding energies from those shown in Figure 1 and S2 will be
described in later sections.
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Figure 3 represents the image processing procedure developed to analyze the hyperspectral
XPS imaging and separate the differentially charging regions for the 1% MWCNT
composites observed in Figure 2 as well as 4 % and 5 % MWCNT composites. The left
column of Figure 3 illustrates this in the form of a summed image. Summed images were
generated by averaging contiguous, evenly spaced, XPS images between 284.25 eV to 285
eV to enhance the signal-to-noise ratio of the image (see Figure 3 caption for more details)
and improve the quality of spatial separation between the conductive and non-conductive
surface. The high intensity regions in Figure 2(B) and Figure 3 (left) correspond to the
spectral feature associated with higher electrical conductivity consistent with MWCNT-rich
ROls.

Because the geometric shape of the ROIs is complex, an image processing procedure was
required to separate the spectral information for the two spatial regions (conductive,
MWCNT-rich and non-conductive, epoxy-rich). A script was written to process the C(1s)
energy region images by selecting ROIs based on thresholding the summed images
presented in the left column of Figure 3. This produced conductive masks (center column of
Figure 3) which were based on all pixels with intensity greater than 50 % of the maximum
signal intensity, with some additional image processing that is described in the SI. The
conductive masks represent ROIs that are rich in MWCNT (e.g., aggregates) and therefore
possess improved electrical conductivity by forming an interlinking network capable of
dissipating charge. This phenomena has been previously exploited in the literature for
individual nanotubes in a polyimide matrix using SEM and EFM 42. A non-conductive mask
(right column of Figure 3) representing the epoxy-rich ROl was created by dilating the
conductive mask by 25 pixels and inverting the result. This dilation created a border that
represented intermediate regions where both MWCNT-rich aggregates and epoxy-rich
composite regions may co-exist (See Sl for further explanation). These border pixels, or
transition region, are not included in subsequent image analysis to avoid mixing MWCNT-
rich with epoxy-rich ROIs, thereby providing the best chance of acquiring C(1s) spectra of
only aggregates or composite, respectively.

Figure 4 demonstrates the results of applying this image processing procedure to XPS
images acquired on 1%, 4% and 5% MWCNT composites which were allowed to
differentially charge. The image masks were applied to each MWCNT composite
hyperspectral image series to acquire a C(1s) spectrum from the MWCNT composite. This
was achieved by calculating an average intensity/pixel for pixels within each mask. This
yielded a photoelectron intensity/pixel attributed to the binding energy at which the image
was acquired. By applying this script to each energetically unique image for a given
MWCNT composite, two spectra could be extracted that represent the C(1s) energy region
of the MWCNT rich (Figure 4(a)) and epoxy rich (Figure 4(b)) areas defined by the image
masks in Figure 3. The spectra in Figure 4(A) are dominated by a C(1s) spectral feature at
284.8 eV to 285.0 eV with an asymmetric line shape which tails off towards a flat baseline
near 290 eV to 291 eV. This is consistent with the C(1s) line shape for pure MWCNT, as has
been seen previously in the literature 25 34 and in the control measurements (See Sl Figure
S1) and suggests that the ROIs defined by the conductive masks are dominated by MWCNT.
Furthermore, it was not comparable to the epoxy neutralized control. An additional spectral
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feature is observed at a binding energy of 294 eV to 295 eV for the 1 % MWCNT loading
which is attributed to the epoxy-rich composite as is consistent with Figure 4(B).

The non-conductive mask was employed to generate additional C(1s) spectra for
comparison, as seen in Figure 4(B). The non-conductive spectra are different from their
conductive counterparts, as evidenced by the shift to higher binding energy due to significant
charging. This observed shift from the 285.0 eV peak observed in Figure 4A increased with
decreased MWCNT loading. The 4 % and 5 % MWCNT composites are characterized by a
charge peak maximum near 287.6 eV and 288.6 eV, respectively, and also have clear
evidence of broadening above the baseline at 285.0 eV in the form of a shoulder. This
intensity at 285.0 eV could be due to any combination of the following: 1) the presence of
regions of MWCNT composite where the concentration and percolation of the nanotubes is
sufficient to eliminate charging; 2) small spatial regions of high MWCNT concentrations
that are too small to resolve in XPS images but are sufficient to provide conductive
pathways; and/or 3) charge induced tailing towards lower binding energies. In the case of the
1 % MWCNT composites, the non-zero contributions around 285.0 eV are more easily
explained by the presence of X-ray source satellites. Specifically, Mg Ka X-rays have
contributions at +8.4 eV and +10.1 eV from their main line at 1253.6 eV, resulting in
contributions of 8.0 % and 4.1 %, respectively, at lower binding energies®3. This is
consistent with observations and accounts for the majority of the 1 % MWCNT composite
signal in Figure 4(B) around 285 eV.

Further observations reveal discrepancies when comparing the charge peak position in the
C(1s) regions of Figure 4(B) and Figure 1(B). Indeed, Figure 1(B) suggests that the epoxy-
rich composite areas collected as spectra are charging to a greater degree than the imaged
location represented by Figure 4(B). While this could represent heterogeneity across the
sample, it is more likely attributed to the different X-ray sources which are known to vary
when samples charge. Some reasons for a lesser degree of differential charging associated
with Mg X-rays as opposed to monochromatic Al include the following: higher X-ray
energies 33, the spatial heterogeneity of X-ray flux 3, and the potential for low level charge
neutralization due to secondary electrons emanating from the thin window separating the Mg
X-ray source from the chamber which is in line of sight to the sample.

The enhancement in the composite's overall conductivity due to increased MWCNT
contributions can be more easily observed in Figure 4(C), which plots the peak maxima for
each set of C(1s) regions as a function of MWCNT loading. Additional measurements were
included in this plot from the each MWCNT loadings from different spots on the composite.
This plot demonstrates that the peak maximum for the non-conductive C(1s) region (Figure
4(B)) consistently decreases in binding energy with increased MWCNT loading while the
peak maximum for the conductive C(1s) region (Figure 4(A)) remains relatively constant
near 285 eV. This provides evidence that the addition of a greater mass fraction of nanotubes
results in the improvement of electrical conductivity in the epoxy-rich portions of the
MWCNT composites while still maintaining clear regions of aggregation. This finding is
consistent with other studies which have demonstrated enhancements in overall conductivity
for MWCNT-epoxy composites with increased nominal nanomaterial loading using 2 and 4
point probe measurements 44, Based on this, we can assume that there is a MWCNT
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component to the epoxy-rich region which is consistent with our assertion that the non-
conductive area is representative of well dispersed composite. Lastly, the variation in the

5 % MWCNT composites suggests a decreased uniformity in the well dispersed composite's
nanotube concentrations as the mass fraction of MWCNT increases. However, this question
requires further study in order to be addressed. Additional work will also be needed to
extract semi-quantitative values, such as relative percentages of surface carbon from
different materials, from the processed images.

3.3 Confirmation of XPS results by orthogonal imaging techniques

The 5% MWCNT composite was studied and tested with XPS, Raman spectroscopy and
SEM imaging on the same region of the surface using the surrounding topography of the
sample as a source of fiducial markers to identify the location for analysis. These orthogonal
techniques confirm the presence of localized regions of high MWCNT concentrations at the
surface, as presented in Figure 5. Raman imaging (color) is presented as an overlay on an
optical microscope image in Figure 5(A). The overlay is a 700 um square heat map of the
ratio of the Raman defect (D) peak intensity at #1300 cm™2, to the background intensity at
1200 cm™L. The defect peak at 1300 cm™1 is one of the dominant Raman features of
MWCNT and arises from defects in the graphene lattice. As seen in Figure 5(A), there are
localized regions of higher ratio (D-peak/noise) in two distinct regions imaged. An example
of the Raman spectrum from this MWCNT-rich region is provided in Figure 5(B) which
shows increased intensity at both the Raman D peak region near 1300 cm~! and at the G
(graphitic) peak region around 1600 cm™1 relative to the baseline, as is consistent with
literature examples of MWCNT 45, In a second heat map presented in the SI (Figure S5), a
spectrum of the dark blue background is presented which, while being higher in absolute
intensity is devoid of any evidence of the D and G bands that are specific to the MWCNT.
The second hotspot, which is more clearly observed in SI Figure S5, was in a pit on the
sample surface (upper right corner) and was used as the fiducial marker.

The SEM image in Figure 5(C) was obtained after scanning the same region of interest
continuously for a few mins. This results in build-up of negative charge on the sample
surface where there are epoxy-rich composite phases; as evident by the bright phases in
Figure 5(C). The dark phase (see arrow in Figure 5(C)) represents a more conductive regime
in the composite, presumably due to a region of greater MWCNT concentration, where
incident electrons are more effectively transported away from the surface via the
interconnected subsurface MWCNT network. The fiducial marker (pit) directly above this
region also appeared dark, which is also consistent with the assertion that the pit had a
localized high concentration of MWCNT. While electron microscopy images were not
acquired for individual MWCNT in this specific region of the 5% MWCNT composite,
other regions were located on the same sample and imaged which provided evidence of their
presence (See Sl Figure S6).

Large XPS images were also taken of the same region, as displayed by the summed image
(284.5 eV to 285.5 eV) on the left of Figure 5(D) (See Sl for details). Again, the pit served
as the fiducial marker (top center of the summed image) and was present in every single

image as a complete lack of signal. This is presumably due to the attenuation of the X-rays
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coming in at an angle of 60 degrees to the surface normal. Regardless, the summed image
demonstrates a clear local maximum in intensity lower on the image in a summed image
representative of the MWCNT-rich domain.

A higher spatial resolution image set was acquired every 0.3 eV from 283.2 eV to 289.8 eV
under different analyzer conditions (See Sl for details), which is represented as a summed
image in the upper right of Figure 5(D). A conductive spectrum is shown in the lower right
corner of Figure 5(D) which is characterized by the asymmetric line shape and a peak
maximum at 285.3 eV which is consistent with previous results. The spectra obtained from
application of the non-conductive mask demonstrated the presence of a charge feature at
289.2 eV (Data not shown). Image processing conditions can be found in the SI (SI section 2
and Figure S7).

Acquisition of additional SEM images in conjunction with XPS imaging can be observed in
Figure 6 and were acquired to further confirm the identity of spatially separated, conductive
regions using the 4% MWCNT composites. Figure 6(A) demonstrates a comparable result
with Figure 5(C). Specifically, the darker, more conductive regions representing the
MWCNT rich regions, and brighter, more insulating regions representing charge build up
and less MWCNT characteristics can clearly be observed. As marked in Figure 6(A), Figure
6(B) and 6(C) represent zoomed in SEM images of low and high MWCNT surface
concentrations, respectively. While only a couple of MWCNT can be observed at the surface
for the MWCNT poor regions, the MWCNT rich regions can be characterized by a large
amount of interconnecting, tube-like structures, which are presumably individual MWCNT
and/or bundles. These can be more clearly observed in SI Figure S8 which provides a blow
up of this image. Figure 6(D) is a summed XPS image (5 images from 283.8 eV to 285 eV)
of the same region presented in 6(A). The conductive, MWCNT-rich regions are indicated
with a “Z’while the charging, epoxy-rich regions are indicated with a *Z. Figure 6 (E)
presents the spectra yielded from the in-house image processing software for the regions of
different conductivity which is consistent with Figure 4 (A) and (B).

By taking advantage of the different electrical properties of MWCNT and epoxy, XPS
imaging clearly provides a useful means of identifying heterogeneities in MWCNT
composites, specifically within the top 10 nm. This can provide an alternative tool for
understanding interfacial properties which may impact the potential for nanoparticle release.
Additionally, imaging XPS could be employed as a tool to more accurately identify locations
of interest for small spot analysis in XPS spectroscopy, a tool which could also be employed
in other composite systems to search for aggregates. SEM imaging provides further physical
support for XPS imaging capabilities while Raman imaging provided chemical confirmation
of MWCNT aggregate structures. The different information obtained from all three of these
analytical techniques has the potential to construct a more complete story both chemically
and physically regarding the physico-chemical characteristics than any one of them can
perform alone highlighting the benefit of employing orthogonal approaches.
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4. Conclusions

This study demonstrates how XPS imaging can be effectively employed in the
characterization of MWCNT composites by exploiting differential charging. This technique
provides qualitative physical information on the quality of the nanomaterial dispersion
within the epoxy; electrical information regarding the impact of additional MWCNT on the
conductivity of the composite; and chemical information regarding the identity of the
conductive regions. Raman imaging and SEM have been successfully employed as
orthogonal techniques confirming the XPS-based observations. This technique is promising
as a characterization tool for environmental and toxicological issues of nanotube-based
composites and may be applicable to other polymer-based composites with other conductive
carbon-based nanomaterial fillers. Future characterization studies will further improve the
measurement in order to obtain more quantitative information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
XP spectra of the MWCNT composites demonstrate the insulating effect of epoxy. (A)

Spectra reveal a drastic charge induced shift in the epoxy spectra (0 %) compared to
nominally (1, 4 and 5) % by mass MWCNT. NOTE: The boxed regions represent the C(1s)
peak location. (B) High resolution spectra reveal a differentially charging composite is
characterized by a static ‘MW CNT’ peak and a shifting ‘charging’ peak. A MWCNT
control is also provided as a reference and is scaled down by a factor of 16.8 for ease of
viewing.
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Figure2.
High spatial resolution XPS imaging of a nominally 1 % MWCNT composite measured at

(A) 282 eV, (B) 285 eV, (C) 289 eV and (D) 294 eV. (Mg Ka = 405 W)
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Figure 3.

XPS image for the 1 % (top row), 4 % (middle row) and 5 % (bottom row) MWCNT
composites. Sumed images (left column) were formed between (284.25-285) eV for 1 %
MWCNT and (284.4 to 284.8) eV for 4 % and 5 % MWCNT from which the top 50 % of
pixels were selected, respectively, to generate a conductive image mask (center column). A
non-conductive image mask was also generated (right column) which counted all pixels not
included the conductive image mask less a ‘border’ region. (Scale bar in the lower right
applies to all images)

Carbon N Y. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Gorham et al.

E

norm counts/s (Arb. units)

Figure 4.

C (1s) Conductive (B) C (1s) Non conductive
imaging mask imaging mask
MWCNT IMWCNT
loading loading
5% 5%
B\ A
/'y A
/ \
4% { 4% /
PPN mem ey
;.-*\_ f\'
1% S \
/ 1%/
300 295 290 285 280 300 295 290 285 280
Binding Energy (eV)
(C) 2%
294 ‘
E 292 + Peak maximum; non-
2z conauctive Imaging Mask
L 290 =
S L
?‘-‘L 288 P
S 286 |
& & o g
284 1 Peak maximum,
282 . : . conductlrve /mag/rzg Mask
0 1 2 3 4 5 6

MWCNT loading (mass %)

Page 18

Spectra generated from hyperspectral imaging obtained by applying the (A) conductive and

(B) non-conductive imaging masks to the 1 %, 4 % and 5 % MWCNT composites. (C)

Binding energy positions for non-conductive and conductive peak maximums plotted versus
MWCNT loading. (Legend: Solid symbols: Non-conductive measurements. Open symbols:
Conductive measurements. Squares, diamonds and triangles are from different areas of the

same sample under different conditions. See Sl for experimental details)
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Figureb.
(A) Raman imaging heat map overlaid on an optical microscopy image of the 5 % MWCNT

composite. Heat map reflects the ratio of the D-peak at 1300 cm™! to the background
intensity at 1200 cm~1. Warmer colors represent more MWCNT. Raman ratio scale is to the
right. (B) Example Raman spectrum from MWCNT-rich regions highlighting the D and G
Raman bands. (C) SEM image of the same position on the 5 % MWCNT composite. The
arrow indicates a region of low charge buildup consistent with the Raman location of the
MWCNT-rich area. (D) XPS summed image of the same position using a large area of
analysis (left) and a medium area of analysis (upper right) (both on same scale). Imaging
spectra (lower right) extracted from the medium area of analysis (see Sl for XPS
experimental details).
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SEM and XPS images of 4 % MWCNT composites. (A) Large scale SEM image of
MWCNT composite with 2 localized regions of conductivity (dark) separated by charging
regions (bright) as was observed in Figure 5(C). (B) Region indicated in 6(A) of high
charging is characterized by an irregular surface most/y devoid of tube-like structures. (C)
Region indicated in 6(A) of high conductivity is characterized by a surface with many
interconnected tube-like MWCNT structures. (D) XPS summed image of the composite
surface in the same location as 6(A) with regions of high intensity notated with a 1.
reflective of MWCNT-rich, conductive regions and those notated with a 2. are reflective of
an epoxy rich, charging region. (E) Extracted regions of the C(1s) spectra reflective of the

conductive and insulating carbon found in 6 (D).
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