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ABSTRACT

This study correlates the morphology of gas-phase synthesized crumpled few-layer graphene (cFLG)
particles with the optical properties of cFLG aerosols and colloidal suspensions. cFLG morphology was
characterized using electron microscopy (TEM, SEM, and tomographic TEM) and aerosol-phase
measurements of particle diameter, effective density, and optical properties. The spectral extinction
coefficients of FLG were characterized in an ethanol suspension and as an aerosol. The UV-Vis spectra
were correlated with the mean particle thickness and the lateral size of the FLG. The cFLG mass absorption
cross-section was measured in the aerosol phase and its wavelength dependence was determined. The
measured optical properties were simulated using the discrete dipole approximation (DDA) with refractive
indices of soot, bulk graphene, and bulk graphite, taken from the literature. In DDA simulations of 3 FLG
particles modelled using tomographic TEM data, we found that our nanoparticle FLG measurements were
most closely reproduced using the refractive index of bulk graphite. Moreover, a simpler Rayleigh—-Debye—

Gans model agreed well with the DDA simulations. Further work is needed to understand why the graphite

refractive index more closely reproduced the measured properties of nanoparticle FLG.




Keywords: crumpled few-layer graphene, gas-phase synthesis, absorption coefficient, mass absorption
cross-section, graphene aerosol, graphene suspension, optical properties, discrete dipole
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1. Introduction

Many applications exploit the mechanical, electrical, and optical properties of graphene, which are derived
from its highly ordered structure [1,2]. However, recent studies show that the morphology of mass-produced
graphene powders and suspensions, and therefore their functionality, often differ considerably from those
claimed by the manufacturer [3,4]. The problem of reliable characterization is even more pronounced for
crumpled graphene materials, e.g., crumpled few-layer graphene (cFLG) aerosols, one of the most prevalent
graphene products [5,6], the properties of which depend strongly on particle morphology [7-9].

Morphologically-dependent properties of crumpled graphene are also needed to understand its potential
adverse health effects due to occupational and environmental exposure, and its climatic impact when
released into the atmosphere. Currently, there is little consensus on the potential hazards of graphene
materials [10-13], in part due to incomplete knowledge about its morphology [11]. Several morphological
parameters must be known to predict graphene toxicity and lung deposition efficiency, including the particle
lateral dimension, aerodynamic diameter, surface area, and thickness, i.e., number of graphene layers. Also,
most previous studies are limited to flat graphene materials, with comparatively little information available
on crumpled graphene [11,13]. To understand the role of crumpled graphene aerosol as a climate-forcing
agent, climate-relevant spectroscopic properties, such as particle absorption efficiency and the single
scattering albedo, should be accurately measured and their dependence on particle morphology
investigated.

To date, there is a lack of experimental and theoretical data on the optical properties of crumpled
graphene materials. To the best of our knowledge, the only previously reported data is by Zangmeister et
al. [14], who measured the mass absorption cross-sections of crumpled few-layer graphene aerosols with a
photoacoustic spectrometer and compared their results with other light-absorbing carbon aerosols. They did
not model their aerosols in detail.

In this study, we deploy experiments and modeling to characterize the interplay between morphology
and optical properties for cFLG suspensions and aerosols. The paper is organized as follows: First, we
present a comprehensive morphological analysis of cFLG aerosols: shape, thickness, and distributions of
lateral size and aspect ratio, mass, and the mobility and aerodynamic diameters. Next, the optical properties
of cFLG suspensions and aerosols are presented: wavelength-resolved extinction and absorption
coefficients, mass absorption and extinction cross-sections, and the single scattering albedo. Finally, we
model the optical properties of cFLG aerosols and suspensions through Rayleigh-Debye—Gans theory and
numeric DDA simulations using geometries derived from tomographic transmission electron microscopy

(TEM) on cFLG nanoparticles. The data presented in this work will be useful for the interpretation of optical



measurements on colloids and aerosols of crumpled graphene, and modeling of its climate and health

effects.

2. Experimental Procedure

Crumpled few-layer graphene (cFLG) was synthesized from ethanol vapor in a substrate-free gas-phase
microwave plasma reactor, as described in detail in Refs. [15,16]. Ex situ analysis of the graphene powder
revealed high crystallinity and chemical purity. In particular, Raman spectroscopy confirmed that the
powder was turbostratic graphene with a low degree of structural disorder, X-ray photoelectron
spectroscopy (XPS) showed that the cFLG consists of more than 99 atom% of carbon, over 90 % of which
is sp>-bonded carbon, and transmission electron microscopy (TEM) revealed the crumpled flakes consisting
of arbitrarily oriented graphene stacks of less than ten layers [15,16].

The cFLG powder was dispersed in ethanol (> 99.5 %) and ultrasonicated for at least 15 minutes. The
suspension was then nebulized using a Collison nebulizer (TSI Inc., Model 3076) in recirculation mode,
with filtered air at an absolute pressure of 241 kPa as the motive gas. The particle number concentration
and the particle size distribution of the suspension were found to remain stable for the several-hours duration
of one day’s experiments. The nebulized cFLG-ethanol aerosol then passed through a dilution column
equipped with a 0.071 cm impactor (TSI Inc., long DMA column). The dilution column serves two
purposes: it controls the particle number concentration and evaporates some of the ethanol [17]. The diluted
aerosol then flowed through a catalytic stripper (Catalytic Instruments, CS10) operated at 350 °C to
evaporate and oxidize semi-volatile impurities including the remaining ethanol. This oxidation produced
water vapour, which was removed afterwards by passing the aerosol through a diffusion dryer. The aerosol
entering the diffusion dryer remained above the dewpoint even at room temperature. The impact of heating
the aerosol inside the catalytic stripper on the particle morphology and the optical properties was negligible;
the particle mobility diameter (dm) distributions and single scattering albedo (SSA) measured with and
without the catalytic stripper in the setup were not significantly different (Figure SX).

The aerosol was then directed through one of the three configurations shown in Figure 1. The
configuration in Figure la was used to measure the particle mobility and aerodynamic (d.) diameter
distributions; the configuration in Figure 1b was used to measure the wavelength-resolved optical extinction
coefficient (bex:) Of the dried cFLG aerosol and to collect particles for electron microscopy analysis; and
the configuration in Figure 1c was used to measure the cFLG mass absorption cross-section (MAC) at
660 nm and is comparable to the setup used by Corbin et al. (2021).

The devices were connected using electrically conductive carbon-impregnated silicone tubing to
minimize size-dependent electrostatic particle losses, which could otherwise bias the measured size

distributions. Particle losses were estimated by flowing the aerosol through tubes of different lengths and
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then measuring the particle number concentrations and dm distributions with the scanning mobility particle
sizer. We detected negligible particle losses at the experimental conditions, i.e., flowrates and temperatures,
for particles larger than 50 nm, which pertain to cFLG particles as described below. All instrument flows
were measured using a Gilibrator-2 flow standard (Sensidyne LP) and corrected for the temperature and

pressure.
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Figure 1. Experimental configurations used for crumpled few-layer graphene (cFLG) aerosol characterization.
HEPA: high-efficiency particulate air filter, AAC: aerodynamic aerosol classifier, CPC: condensation particle
counter, UDAC: unipolar diffusion aerosol charger, CPMA: centrifugal particle mass analyzer, FCAE: Faraday cup
aerosol electrometer, CAPS PMssa: cavity-attenuated phase-shift monitor.

2.1 Particle morphology measurements
A suite of complementary aerosol instruments and imaging techniques were deployed to characterize the
morphology of the gas synthesized cFLG flakes.
Aerosol mobility and aerodynamic diameter distributions were measured using a mobility classifier and
an aerodynamic aerosol classifier (AAC), both equipped with a condensation particle counter (CPC), and
5



arranged in tandem as shown in Figure 1a. The particle mobility diameter is equivalent to the diameter of
a sphere having the same electrical mobility and is measured by the balance of electrical and drag forces,
while particle aerodynamic diameter is the diameter of a sphere of density 1 g/cm® with the same terminal
settling velocity. The combination of a mobility classifier/CPC is known as a scanning mobility particle
sizer (SMPS). Both the SMPS and AAC were calibrated using spherical polystyrene latex particles of
known diameter. In this configuration, the SMPS was equipped with an X-ray bipolar charger and consisted
of an electrostatic classifier (TSI Inc., TSI model 3082) with a 0.071 cm impactor (Dso cut-point diameter
600 nm), a long differential mobility analyzer column (DMA), and a CPC (TSI Inc., TSI model 3776). The
size measurement range was 15 to 700 nm with the sample flow of 0.32 standard liters per minute (slm,
defined at 273.15 K and 1 bar) and the sheath-gas flow of 3.2 sIm, resulting in a mobility-diameter
resolution Rg= Qsheatn/Qsample =10. The data were analyzed by the Aerosol Instrument Manager software
(TSI Inc., AIM, ver. 10.1), which employs the inversion algorithm by Wiedensohler [18] that accounts for
instrument function, diffusion losses, and multiple charging. The uncorrected and corrected mobility
diameter distributions are compared in the Supplementary Information (Figure SX). The AAC (Cambustion
Ltd.) classifies particles by their aerodynamic diameter based on the balance between centrifugal and drag
forces. The AAC aerodynamic size range was set to 23-570 nm with a resolution R;= 6.7. The AAC data
were deconvoluted using the algorithm by Johnson et al. [19]. To ensure the cFLG-ethanol suspension
stability in terms of particle size distribution, i.e., to exclude the influence of particle precipitation in the
nebulizer, the SMPS and AAC scans were performed multiple times before and after the measurements.
The aerosol morphology was additionally analyzed with transmission electron microscopy (TEM,
JEOL Ltd., JEM 2200FS, operated at 200 kV), scanning electron microscopy (Hitachi Inc., SEM, S-5200,
operated at 30 kV), and tomographic TEM (FEI Titan 80-300 LB). The sampling scheme is shown in Figure
1b. A high-efficiency electrostatic precipitator (Dash Connector Technology Inc., ESPnano model 100) was
used to collect the particles onto a 300-mesh copper grid with a carbon support film [20]. For the
tomographic imaging, the grid holder was tilted by the step-angle of 2° between the ranges of —60° to +70°.
Open source Tomviz software [21] was used for the volume reconstruction using the weighted back-

projection algorithm.

2.2 Optical property measurements

The wavelength-resolved aerosol extinction coefficients, bex;, were measured using an aethalometer
(Magee Scientific, model AE33), as shown in Figure 1b, and using a UV-Vis spectrophotometer (Varian
Inc., Cary 4000) for the 0.0005 wt.% cFLG-ethanol suspension. The aerosol absorption coefficient, Daps 660,

was measured at 660 nm using a cavity attenuated phase shift spectrometer (Aerodyne Inc., model CAPS
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PMssa 660 nm), as shown in Figure 1c. The CAPS PMssa is a well-characterized technique for the
measurement of aerosol light absorption [cite], but does not provide spectral information. In contrast, the
aethalometer utilizes seven LEDs centered at wavelengths ranging from 370 to 950 nm and can be
calibrated in real time using the CAPS PMssa. The sheath-to-sample flow rates ratio used in the dilution
column was adjusted to improve the signal-to-noise ratio for these experiments: a sample flow of 0.8 sim
was diluted with 5.46 slm of sheath airflow for the aethalometer, while a sample flow of 1.8 slm was diluted
with 2.6 slm of sheath airflow for the CAPS PMssa.

In the aethalometer, the aerosol sample is deposited upon a filter tape and irradiated. The light
transmitted through the particle-loaded filter relative to the unloaded filter is measured and used to calculate
the light extinction coefficient of the sample via the Beer—Lambert law. The measured bex:, can be corrected
to the bapsa Using the wavelength-independent scattering correction factor caused by the multiple scattering
within the filter fibers. Therefore, bex, should have the same wavelength dependence as bapsa. Further
details on the correction factor are given in the Supplementary Information.

The cFLG aerosol absorption Angstrom exponent (AAEic) was calculated from the wavelength-

resolved baps; data. The AAE defines the wavelength power-law dependence of the Daps:

babs,k o /7“_AAE1 (1)

and has been shown to be sensitive to particle morphology and chemical composition, i.e., molecular
structure [22-24]. Thus, it is commonly used to characterize an aerosol type. For example, the AAE of
small black carbon particles is usually close to unity, while the AAE of light-absorbing organic usually
exceeds unity [25]. In the case of particles that absorb and emit in the Rayleigh regime, the spectral

dependence of the aerosol absorption is usually expressed as

byss <E(M;,) /2, 2)
where
m, -1
E(mx)zlm{mfrz} (3)

is the absorption function and m; is the complex refractive index of the material normalized by the refractive
index of the embedding material.

The MAC measurements were conducted using a CAPS PMssa monitor on cFLG aerosols of known
mass concentration generated using a CPMA-Electrometer Reference Mass System (CERMS), comprised

of a unipolar diffusion charger (UDAC, Cambustion Ltd.) [26], centrifugal particle mass analyzer (CPMA,
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Cambustion Ltd.), and Faraday cup aerosol electrometer (FCAE, TSI Inc., model 3068B). This CERMS
configuration and its principle of operation have been described elsewhere [27]. The UDAC was operated
at the ion concentration-time product of 4x10** ions s/m* and a sample flow of 2.14 sIm. The charged
particles were measured with a CPMA, which classifies particles based on the balance between centrifugal
and electrostatic forces [28]. The CPMA was operated at a mass flow rate of 2.14 slm and a resolution
Rm = 10. Measurements were carried out at CPMA setpoints (M) in the range of 0.1-0.5 fg per elementary
charge. The CPMA setpoint is directly proportional to the average mass of the transmitted graphene
particles in our experiments [Corbin2021] and provides insight into the possible mass-dependent properties
of graphene. For a certain CPMA setpoint, particles of different mass-to-charge ratios are able to pass
through the instrument, as defined by the instrument transfer function. The FWHM of the CPMA transfer
function was calculated as 0.4M following the finite-difference approach by Sipkens et al. [29] assuming
single-charged spherical particles of constant density and a flow with a parabolic velocity profile. After the
CPMA, the classified aerosol was split between the CAPS PMssa monitor and a Faraday cup aerosol
electrometer (FCAE, TSI Inc., model 3068B). Both instruments were operated with an aerosol flow rate of
1.07 sim. The FCAE measures the aerosol charge concentration, which enables absolute mass concentration

measurements according to [28]

M -1
Myt ﬂnﬁa, ()

where my is the mass concentration of the uncharged particles, M is the mass setpoint of the CPMA, | is the
detected aerosol current, Q is the sample flow, and e is the elementary charge. The FCAE only detects
charged particles, so the presence of uncharged particles will bias the mass concentration measurements
and consequently the calculated MAC values [30]. Therefore, the concentration of uncharged particles was
probed downstream of the UDAC using an electric precipitator (ESP, Cambustion Inc.) combined with a
CPC prior to the experiments and was found to be <100 particles/cm?, which is <1 % of the total particle
concentration, and thus considered as negligible.

The CAPS PMssa monitor is an optical extinction spectrometer, which measures the phase shift in a
modulated beam of light due to scattering and extinction. The CAPS PMssa monitor utilizes a light-emitting
diode centered at 660 nm, a sample cell with an integrating-sphere nephelometer, and a vacuum photodiode
detector. The particulate extinction coefficient is determined by subtracting the aerosol signal from a filtered
(gas-only) signal. The extinction measurement is calibration-free, with a manufacturer-estimated accuracy
of 5 % [31]. Aerosol light scattering is measured simultaneously in the integrating sphere and was calibrated
before and after the experiments using an aerosol of 200 nm diameter ammonium sulfate particles. The

absorption coefficient is found from the difference between extinction and scattering coefficients.



3. Experimental Results

3.1 Particle morphology

Figure 2 shows typical TEM micrographs of aerosolized cFLG nanoparticles that were sampled from the
aerosol with the ESPnano, with the TEM stage at angles of —60°, 0°, and 70° relative to incidence. The
right side of the graph shows volume-reconstructed particles that will be used in the DDA simulations.
Additional electron microscopy images, tomographic videos, and volume reconstructions are given in the
Supplementary Information. High-magnification micrographs of the flake edges revealed that the graphene
stacks contained fewer than ten layers, which is the definition of few-layer graphene according to the
International Standards Organization [32].

Particle 1

Particle 2

Particle 3

Figure 2. TEM micrographs of the aerosolized cFLG particles at three viewing angles and the volume-reconstructed
particles at 0°. Particles are crumpled and thus have a 3D structure. A negligibly small fraction of particles is flat
(see Supplementary Information). High-resolution TEM showed that cFLG sheets consist of less than ten layers.
Volume-reconstructed particles were meshed and used in the DDA analysis.



Figure 3 shows examples of low- and high-resolution scanning electron microscope (SEM) images and
the cFLG lateral size distribution (maximum Feret diameter) derived from 466 particles measured from
these images. The size distributions were fit using log-normal distributions to yield a count median diameter
(CMD) of 269 nm and a geometric standard deviation (GSD) of 1.54. We also measured the particle aspect
ratio as the ratio of major to minor axes of the ellipse. The geometric mean aspect ratio was found to be
1.63 with a GSD of 1.35 (see details in the Supplementary Information). We note that these aspect ratios
are not high enough to result in a preferential orientation of the cFLG particles inside the electrostatic
classifier [33,34], which would influence their mobility diameter measurements.

To investigate the possible changes in particle size and morphology caused by sample manipulations
used in this study, we additionally collected cFLG aerosols in situ from the reactor using the ESPnano.
Their size and aspect ratio distributions resembled the one in Figure 3 (see Supplementary Information).
Thus, we expect no significant change in particle size and crumpledness due to nebulization and consequent
aerosol drying. However, to further justify that assumption, additional in situ optical measurements are

needed, e.g., light scattering [35].
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Figure 3. SEM micrographs of aerosolized cFLG particles and the lateral size histogram. The particle lateral size
was measured as the major axis of an ellipse inscribing the particle (maximum Feret diameter). The solid line denotes
the log-normal fit to the histogram. CMD: count median diameter, GSD: geometric standard deviation.

The cFLG particle-size distributions measured with SEM, SMPS, and AAC are plotted in Figure 4 as
probability density functions along with lognormal fits to the data. A bimodal fit was used for the mobility
diameter distribution (orange crosses) revealed two separate modes and was split into two log-normal
distributions. It is important to keep in mind that these “diameters” incorporate information about distinct

physical characteristics of a particle, according to the corresponding measurement principle. Furthermore,
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it is necessary to account for the size-dependent efficiencies of the instruments. The corrections to the data

are described in the Supplementary Information.
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Figure 4. Probability density functions of the aerosolized cFLG particle-size distributions: turquoise crosses —
mobility diameter measured with SMPS (filled area corresponds to one standard deviation), orange squares —
aerodynamic diameter measured with AAC, plum squares — lateral size measured with SEM. Solid lines show the
corresponding log-normal fits to the data. The mobility diameter data (SMPS) were split into two log-normal
distributions. CMD: count median diameter, GSD: geometric standard deviation.

Figure 4 shows that the dn distribution is bimodal with the smaller particles of CMD = 26.1 nm, and
the larger particles of CMD = 222 nm. The small particles are likely residues from organic impurities in the
ethanol, which may have penetrated through the catalytic stripper due to the very high concentration of
ethanol at its inlet. Such impurities are universally observed when nebulizing solid particles and correspond
to a very small mass fraction in the original solution [36]. For example, assuming spherical particles of
equal density and a nebulizer droplet size of XXXXX, the observed 26.1 nm particles mode would represent
a solution impurity of only 1.5 wt%. This hypothesis is also supported by the fact that the SEM analysis
did not reveal any particles smaller than 50 nm, suggesting that they were, in fact, volatile, and hence
evaporated from the grid surface under a high vacuum. The dg distribution is unimodal and does not show
the volatile particles mode. That is because the AAC detection range was set to 23-570 nm, which
corresponds to the dm range of 40-1040 nm, hence, only the larger mode of particles was observable when
using the AAC.

The second maode of the dm distribution, which corresponds to solid particles, resembles the lateral size
distribution. The close similarity between the dm and the lateral size (maximum Feret diameter) is expected
in the free molecular and transition regimes for particles with a “scaling” nature, such as fractal aggregates
[37]. The flow regime is defined by the Knudsen number, Kn = 21/d,, where A is the gas mean free path,

and dp is the particle physical diameter. The mean free path for air at room temperature and atmospheric
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pressure is taken as 67.3 nm [38], and the range of d, is taken as FWHM of the lateral size distribution,
125-400 nm (Figure 3). Therefore, the measurements occur in the transition regime with 0.3 < Kn < 1.1.
Hence, we suggest, that the standard SMPS system applied on the cFLG aerosols in the free-molecular and
transition regimes should give a reasonable lateral size estimate. That result also indicates the “scaling”
nature of the gas-phase grown cFLG particles, which is analogous to the fractal dimension of fractal-like
aggregates [33]. This is supported by the SEM analysis we performed using the box counting method in
ImageJ, FracLac [39], which yielded the scaling exponent between 1.7-1.9 (details available in the
Supplementary Information). This result is in good agreement with Ku and Kulkarni [33], who measured

the scaling exponent of graphene using TEM to be between 1.85-1.95.

3.2 Optical properties

Figure 5 shows measurements of the extinction coefficients (Dex,) of the cFLG—ethanol suspension and
filter-deposited cFLG aerosols as a function of wavelength, as measured by UV-Vis spectroscopy and with

the aethalometer, respectively. The data are normalized to 660 nm to enable the comparison.
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Figure 5. Wavelength-dependent extinction coefficient (bex,1) of an cFLG—ethanol suspension measured by UV-Vis
spectroscopy, and of filter-deposited cFLG aerosol measured with an aethalometer. The error bars denote one
standard deviation of the mean. The blue straight line denoted as AAE is the linear fit to the aethalometer data. Both
datasets are normalized to 660 nm.

The UV-Vis extinction spectrum peaks at 269 nm, which corresponds to =—n* electronic transitions of
C=C bonds and is commonly observed for pure graphene [40,41]. In the case of graphene oxide, the
extinction peak blue-shifts towards ~230 nm [41]. The wavelength-independent AAE value of 0.55 £ 0.02
was calculated via a linear fit to the logarithmic aethalometer data shown in Figure 5. The constant AAE

value allows us to make an assumption on the wavelength dependence of the absorption function E(m;).
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For example, the typical AAE for soot and black carbon aerosols equals to one [42], which, according to
Egs. (1) and (2), leads to the constant absorption function over the measurements range. Hence,
AAE L6 # 1 suggests that E(m;,) for cFLG aerosols is wavelength-dependent between 370-950 nm.

We extract the mean particle thickness and lateral size from the UV-Vis extinction spectrum of the
cFLG-ethanol colloid, using metrics from Backes et al [43]. These authors used a UV-Vis spectrometer
equipped with an integrating sphere to measure wavelength-resolved extinction and scattering coefficients
of size- and thickness-selected graphene suspensions. They found that the extinction peak position and
curvature of the spectrum depend on the lateral size and thickness of the graphene sheets. The correlations
were found to be robust when tested against lab and commercial suspensions, different solvents and
stabilizers, and particles with different stacking orders. We note that Backes et al. [43] worked with
relatively flat graphene nanosheets produced from graphite exfoliation, while in our study, we analyze
crumpled 3D-like cFLG particles.

The metrics of particle thickness, i.e., the mean layer number, was established by Backes et al. [43]
using the ratio of be« at the peak to be« at the long-wavelength region:
<N> £ 15 % = 25 X Dext 550/ Dextpeak — 4.2, Which yields <N> = 6.55 £ 0.98. The particle thickness can also
be estimated using the extinction peak position: <N> = 0.81 X Aextpeak — 213, which results in <N> = 4.89.
The UV-Vis inferred mean particle thickness of 5-8 layers is in good agreement with other analyses we
performed. In particular, HR-TEM showed that most of the particles are thinner than ten graphene layers,
and Brunauer—-Emmett-Teller analysis yielded the specific surface area of 300-400 m?g [15], which
corresponds to 7-9-layer flat graphene nanosheets calculated as N = 2/(pdS), where p is the graphite density
(2.267x10° g/m®), d is the interlayer spacing (0.34x107° m), and S is the specific surface area.

We also use the UV-Vis extinction curve to estimate the mean lateral size of the particles exploiting
the size dependence of the scattering coefficients. While the UV-Vis curve corresponds to the extinction
(absorption + scattering), Backes et al. [43] showed that the scattering decay exponent can be inferred from
the extinction spectrum in the long-wavelength region (650-800 nm), since absorbance in that region is
largely flat, i.e., wavelength-independent. Hence, any wavelength dependence of the extinction curve at
wavelengths longer than 650 nm is mainly due to the scattering, and the scattering exponent can be
approximated as the extinction exponent, i.e., bexs o< A7 We fit the extinction curve with a power law in
the long-wavelength region, 40434, and calculate the lateral size as <L> = (0.434/2.466)~>%= 200 nm. This
is within the lateral size distribution measured by SEM, as shown in Figure 4. Overall, these results show
that UV-Vis spectroscopy on cFLG suspensions can give reasonable estimates of the particle mean

thickness and lateral size.
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Figure 6. a) MAC and SSA of an cFLG aerosol measured with the CAPS PMssa at 660 nm versus mass-to-charge
ratio (CPMA setpoint). Vertical error bars denote one standard deviation of the mean, horizontal error bars denote
FWHM of the CPMA transfer function; b) cFLG aerosol particle number and mass distributions versus mass-to-
charge ratio. The arithmetic mean MACcric, 660 iS 10.19 + 1.10 m?/g.

Figure 6a shows mass absorption cross-section (MAC) and single scattering albedo (SSA) for the cFLG
aerosol versus mass-to-charge ratio (CPMA setpoint). The MAC was calculated at 660 nm as
MACse0 = banseeo / M*, where m” is the particle mass concentration measured with CPMA, and bass geo is the
aerosol absorption coefficient measured with CAPS PMssa at 660 nm. The SSA was calculated
as SSAsso = Dscaseo/Dext.es0. The calculated MAC arithmetic mean is MACgric 660 = 10.19 + 1.10 m?/g
(£ 11 %). The SSAcrLa, 660 Values are scattered between 0.17-0.33. Figure 6b shows the cFLG aerosol mass
distributions in terms of particle number and mass densities, as measured with CPMA in scanning mode.
Even though there are some massive particles in the aerosol, most of the particles have a mass-to-charge
ratio less than 1, which makes CAPS PMssa measurements at higher values difficult. Both MACrLc, s60 and
SSArLc, 660 demonstrate no apparent dependence on the mass-to-charge ratio, thus, no mass dependence is
expected. Backes et al. [43] came to the same conclusion when measuring the extinction and scattering
coefficients of graphene—water suspensions at 660 nm. They calculated SSAsso between 0.07-0.18 with no
dependence on particle size and thickness, and hence no dependence on mass. The study by Dastanpour et
al. [44] on soot particles from an inverted methane/air diffusion flame, on the other hand, reported that
MACss0 and SSAeso Values were mass-dependent.

The wavelength dependence of MACr.¢ values can therefore be described using the measured mean
MAC:rLc, 650 = 10.19 + 1.10 m?/g (Figure 6a) and the AAEqic = 0.55 +0.02 (cf. Figure 5), resulting in
(Figure 7):

660 AAE ¢
MACCFLG,x = MACcFLG,eeo (7) . )
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We also calculated the wavelength-resolved mass extinction coefficient of the cFLG—ethanol suspension
(MEC rLg-ethanal, 1) USINg the Beer-Lambert law (see Figure 7). At 660 nm MEC e g-ethanol, 660 = 5.75 £ ?7?
m?/g. This value is not significantly different from the MECss0 = 5.8 m?/g previously reported by Backes et
al. [43] for a cFLG—water suspension, and is within one standard deviation of literature measurements on
light-absorbing carbon aerosols (see inset in Figure 7) [14,42,45], even when MAC recalculated to MEC.
However, this is almost half the aerosol MAC (6, ss0= 10.19 + 1.10 m?/g measured in this study. We see
two possible explanations on why MEC could differ when measured in solvent rather than in air. First, this
could indicate that the particle morphologies are different between the colloid and aerosol. However, a
comparison of TEM micrographs of particles sampled from the cFLG reactor aerosol with the ESPnano
with those sampled by drop-casting a droplet of the colloid on the TEM grid reveal no significant
differences in particle shape, thickness, and size [15]. Another reason could be the different chemical
compositions of the particles. In this study, we used X-ray photoelectron spectroscopy to confirm the
chemical purity of the cFLG powder before dispersing it in absolute ethanol (>99.5 %). When nebulized,
the aerosol was diluted, thermally oxidized, and dried to remove semi-volatile components. We note that a
portion of volatile components persevered in the aerosol in the form of droplets (cf. Figure 4). That indicates
a possible coating of cFLG particles in the aerosol, which could lead to the enhanced MAC [46]. To exclude
that possibility, additional optical in situ measurements on as-synthesized cFLG aerosols are required.

We compare the MACrLc, values reported here with available in the literature data on light-absorbing
carbon aerosols [14,42,45,47]. In terms of cFLG, the most relevant work is by Zangmeister et al. [14], who
measured the MAC, and AAE of crumpled graphene nanoplatelets and thermally reduced graphene oxide
(rGO) aerosols with a broadband photoacoustic spectrometer (see Figure 7). They generated the aerosols
by nebulizing graphene—water suspensions. At 660 nm, they found the MAC of graphene and rGO to be
6.44 +0.09 and 6.85 + 0.13 m?/g, respectively, while the corresponding AAEs were 0.74 +0.05 and
0.83 £0.07 [14]. The discrepancy between the MAC; and AAE reported by Zangmeister et al. and the
results of the present study could be attributed to different measurement methods that deploy different
physical principles and different chemical compositions of graphene samples. The samples in the
Zangmeister et al. study were dispersible in water, while chemically pure graphene is hydrophobic. It was
not possible to disperse the graphene sample of this study in pure water, which is why ethanol was used
instead. Therefore, the data of Zangmeister et al. likely represent two types of graphene oxide. To the best

of our knowledge, no other optical properties data are available on graphene or graphite aerosols.
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Figure 7. Wavelength-resolved MAC of an cFLG aerosol (plum squares) calculated from the
MACcri6, 660 = 10.19 + 1.10 m?/g and the AAEcic = 0.55+0.02 (solid plum line). Shaded areas denote one
standard deviation propagated from the MAC, and AAE uncertainties. Wavelength-resolved MEC of an cFLG-
ethanol suspension is shown as a solid aqua line. Other symbols and lines are the literature MAC data for
carbonaceous aerosols. The inset shows the zoomed-in 660 nm part of the graph.

We then compared the optical properties of cFLG with those of soot and black carbon aerosols reported
in the literature. Since most literature studies report MAC, at a single wavelength, we extrapolated such
measurements across the visible spectrum using Eq. (5) and either the reported AAE or an assumed
AAE = 1 when no wavelength-resolved data were reported.

We place MACLc, in the context of three previous reviews of the MAC of soot. Bond and Bergstrom
[42] recommended MACgs0 = 6.25 + 1 m?/g for freshly-emitted soot based on 17 historical measurements.
Another review by Zangmeister et al. assessed 199 MAC measurements for carbonaceous aerosols [14].
An average of all measurements, removing the outliers with deviation from the mean > 5c, yielded
MACss0 = 6.98 + 0.15 m?/g and AAE = 0.85 + 0.09, while an average of only filter-based methods (such as
the one used here), again with outliers removed, gives the MACee=5.83+0.44 m?%g and
AAE = 1.31 +0.28 [14]. A more recent review by Liu et al. [45] reported the MACss0= 6.66 + 0.58 m?/g
based on ten studies that measured both absorption and mass using in situ techniques. Liu et al. [45] also
reviewed studies on mature soot E(m,) measurements and reported the inferred from that the average
MACss0 = 6.08 + 1.17 m?/g. Kelesidis et al. [47] reported the MACes0=5.84 m%/g based on soot DDA
simulations. As one can see in Figure 7, the large body of literature on carbonaceous aerosols shows MACsso
values between 5-7 m?/g.

Overall, we consider MACrLc, to be larger than MAC, of soot and black carbon, i.e., cFLG aerosols
absorb light in the 370-950 nm range more efficiently than soot. That observation is also supported by a
recent laser-induced incandescence (LII) study [15], which suggested that cFLG particles have a larger
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absorption cross-section at the laser excitation wavelength of 1064 nm compared to soot, based on the
observed peak pyrometric temperatures of the two nanoparticle types reached after illumination with the
dame laser fluence. We should also note that in the present study the nanoparticles were dispersed in
ethanol, nebulized, dried, and then sampled on a filter tape; any of these steps could potentially influence
the cFLG morphology and thus the optical properties. Although the TEM results indicate that such changes
were minimal, future work will focus on in situ measurements to avoid possible biases due to the aerosol

manipulations.

4.0 Discrete Dipole Approximation and Rayleigh Debye Gans theory
Further insight into the connection between cFLG morphology and the optical properties can be obtained
through Rayleigh—-Debye—Gans (RDG) theory and the discrete dipole approximation (DDA) [48,49]. In
DDA, matter is approximated as an ensemble of coupled “numerical” dipoles (each of which represent
thousands of physical dipoles) that interact with each other in the presence of an oscillating electromagnetic
field. The spectral cross-sections and the scattering phase function are then calculated by combining dipole
fields and the field of the irradiation far away from the object. The result is a rigorous, albeit
computationally-intensive, simulation of how an incident electromagnetic (EM) wave interacts with matter.

RDG theory, in contrast, provides a more straightforward, analytically closed-form expression for the
absorption and scattering cross-sections. The foundation of this approach is the electrostatic approximation,
in which the phase variation of the electromagnetic field inside the particle is assumed to be negligible.
Accordingly, each dipole interacts “in phase” with the EM wave, and thus their contribution to the overall
absorption and scattering cross-sections can simply be superimposed. In particular, the spectral cross-
sections approximated in RDG theory are [50]:

ndin

abs, 1 :%E(mx)’ (6)

C

and

5464
27'E dvnmed F(m}h), (7)

C =
sca,k 314

where dv is the volume equivalent diameter of an cFLG particle, nmed is the index of refraction of a dielectric

medium, E(m,) is given by Eg. (3), and

: (8)

m, +2
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The spectral extinction efficiency is then

4 ( Csca,x + Cabs,x )

2
nd,,

Qext,x = Qsca,x + Qabs,x = (9)

The optoelectronic properties of graphene are highly anisotropic due to the two-dimensional
confinement of electrons through n-bonds and the specific band structure of graphene [51]. This is reflected
by distinct in-plane and off-plane refractive indices of graphene [52-56]. It is also possible that the optical
properties of cFLG particles differ from a single- or few-layer plane graphene on a substrate due to their
complex “non-flat” morphology. In the absence of data on crumpled graphene materials, we extended the
analysis towards graphite refractive indices. The refractive indices of graphene and graphite used in this
study are shown in Figure SX in the Supplemental Material, and the corresponding E(m;.) values are shown
in Figure 8. The datasets summaries are given in Table 1.

We applied DDA to three cFLG particles obtained from tomographic TEM reconstructions, as shown
in Figure 2. The TEM-inferred 3D shapes contained artifacts caused by the tomographic reconstruction
algorithm. Therefore, the 3D objects were initially meshed with a uniform DDA mesh with a lattice size
parameter of 0.35 nm, which is the approximate thickness of monolayer graphene. A cut-off radius of 30 nm
was then defined for each dipole, and all the dipoles inside this radius were chosen. If the number of dipoles
contained within this radius is less than 3200, the dipole is removed. This process is repeated for all the
dipoles. The parameters for this algorithm were adjusted to make the final 3D mesh visually similar to the
tomographic results and achieve a single dipole thickness where single-layer graphene was detected with
tomographic TEM. The 3D shape files and the corresponding final DDA meshes can be found in the
Supplementary Information to this article. To account for graphene optical anisotropy, three methods for
assigning the polarizability tensor of each dipole were compared: (i) assuming random orientation for each
dipole; (ii) assuming fixed orientation for all dipoles; and (iii) the plane fit approach described in the
Supplementary Information. As shown in Figure SX in the Supplemental Material, all three approaches
produced almost identical normalized Qass; Spectra, hence, we use the plane-fit approach for all subsequent

analyses.
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Figure 8. Graphene (a) and graphite (b) absorption functions as calculated from the refractive indices from the
literature. The medium in all cases was air (Nmed = 1). The summary of the studies is given in Table 1.



Table 1. Refractive indices of graphene and graphite used in the DDA calculations.

Author Material Methodology
Kravets et al. [52] Single-layer Ellipsometry analysis of single-layer graphene placed on an
graphene amorphous quartz substrate
Weber et al. [53] Single-layer Ellipsometry measurements applied to a mechanically
' graphene exfoliated graphene flake on a silicon wafer with SiO, on top
Bilaver Ellipsometry was applied to a CVD-grown bilayer graphene
Politano et al. [54] y produced by multiple transfers on SiO/Si and polyethylene
graphene
terephthalate substrates
Ochoa-Martinez Single-layer Ellipsometry was applied to graphene films grown on copper
et al. [55] graphene substrates and transferred onto a SiO,/Si substrate

Pépa et al. [56]

Single- and five-
layer graphene

Ellipsometry applied to single- and five-layer graphene on a
SiO, substrate. The influence of depolarization was
investigated

Djurisic¢ et al. [57]

Highly-oriented

pyrolytic
graphite

The optical properties of graphite are modeled with a
modified Lorentz—Drude model. The model showed good
agreement with results found by ellipsometry measurements
for highly-oriented pyrolytic graphite

Querry [58]

Various graphite
pellets

Reflectance spectra of various 13-mm diameter pressed
disk-shaped graphite pellets were acquired. The refractive
index was inferred by using the Kramers—Kronig method
[59]. Three different refractive indices were used in this
study: (1) graphite pellet, Dixon KS-2; (2) intercalated
graphite pellet, Dixon 1102; (3) intercalated graphite pellet,
Asbury 3222

The light scattering model under the RDG approximation was developed for anisotropic spheres by
Pecharroman et al. [60], but it does not strictly apply to the complex morphology of cFLG particles.
However, as we expect negligible absorption and scattering contributions from the off-plane refractive
index (Figure SXc in the Supplemental Material), normalized cFLG cross-sections could be approximated
with RDG using the in-plane refractive index of the scatterer only.

Figure 9 compares the extinction spectra derived using the RDG approximation against DDA
simulations for the geometries of three cFLG particles shown in Figure 2. The refractive index data of
single-layer graphene from Kravets et al. [52] and the refractive index of air as the surrounding medium

(Nmed = 1) were used. The RDG approximation by its nature is unable to account for the influence of particle
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orientation on the optical properties, so RDG predictions are compared with orientation-averaged DDA
results. The relative difference between RDG and DDA decreases from 33 % at 4 = 300 nm to 9 % at
A = 1100 nm, which is caused by a decrease in the phase shift parameter p = zdy|m;,|/A. The normalized plot
in Figure 9b also shows that the RDG can predict the spectral cross-section slope of DDA calculations.
Therefore, RDG can be used as an approximation to evaluate averaged spectral cross-section of cFLG
particles, especially at near-infrared wavelengths, which is often used in laser-induced incandescence [15].

The DDA simulations were repeated for Particle 1 (Figure 2, top row) using a refractive index
independent of wavelength to assess whether the cFLG particle absorbs and emits in the Rayleigh regime.
Three complex refractive indices were chosen from Kravets et al. [52]: msoonm = 2.656 + 1.879i,
Meoonm = 2.566 + 1.382i, and Mgponm = 2.912 + 1.596i. If the RDG model is valid, it is expected from Eq. (6)
and Eg. (9) that 1Qans; be wavelength independent. Figure 10 shows that 1Qass,; drops by only 1.2 % from
300 nm to 1100 nm, indicating that the RDG model is indeed a valid approximation to predict the slope of
Qubs,, for graphene in the visible and near-infrared. To minimize the relative error, we proceed with DDA

simulations in further analyses.
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Figure 9. Verifying the RDG predictions of absolute (a) and normalized (b) extinction efficiencies for cFLG
Particles 1, 2, and 3 with DDA. The relative difference between RDG and DDA decreases from 33 % at A = 300 nm
to 9 % at A = 1100 nm. The normalized plot (b) also shows RDG capability to predict the averaged spectral cross-
section of cFLG particles, primarily at near-infrared. Calculations were performed for nmeq = 1.0 (air). The refractive
index of graphene from Kravets et al. [52] was used for these calculations.
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Figure 10. Absolute (a) and normalized (b) 1Qabs, Values calculated using DDA with fixed refractive indices at
A1=300 nm, 4,=600 nm, and A3 =900 nm from [52]. Refractive index of a medium: nmeq = 1.36 (ethanol), Nmeq= 1.0
(air). AQuabs, drops by only 1.2 % from 300 nm to 1100 nm, indicating that the RDG model could be a valid
approximation to predict the slope of Qaps, for cFLG particles.

Figure 11 compares the normalized values of experimentally measured extinction efficiencies of the
cFLG—ethanol suspension (UV-Vis) and the cFLG aerosol (aethalometer) against DDA simulations using
different graphene in-plane refractive indices. The off-plane refractive index from Kravets et al. [52] was
adopted. There is a considerable variation in the results based on the chosen refractive index. The closest
fit to the UV-Vis data was achieved using the single-layer graphene data from Papa et al. [56] with no
influence of depolarization observed. The DDA curve for five-layer graphene [56], though having a similar
thickness as the cFLG particles in this study, did not improve the fit to the experimental data. Moreover,

none of the DDA simulations resemble the aethalometer measurements carried out on cFLG aerosols. This
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could indicate that the morphology of colloidal cFLG particles are closer to that of plane graphene sheets,

while aerosolized cFLG particles have complex crumpled nature, which alters the graphene electronic

structure [61,62], and thus, the optical properties. To determine the morphology of the particles in

suspensions, optical in situ measurements are necessary, such as multi-angle elastic light scattering [35,63].
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Figure 11. Comparing DDA simulations for different graphene refractive indices with: (a), (c): UV-Vis extinction
measurements on the colloid and (b), (d): aethalometer measurements on the aerosol. The curves in (a) and (b) are
normalized to 300 nm, in (c) and (d) to 800 nm. The refractive index of the media are taken to be 1.36 (ethanol)
and 1.0 (air). The refractive index from Papa etal. [56] provides the closest fit to the UV-Vis data, while no
refractive index results in a reasonable fit to the aethalometer data.
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Figure 12. Comparing DDA results for different graphite refractive indices with: (a) and (c): UV-Vis extinction
measurements on the colloid and (b) and (d): aethalometer measurements on the aerosol. The curves in (a), (b) are
normalized to 300 nm, in (c), (d) to 800 nm. The refractive index of the media are taken to be 1.36 (ethanol) and 1.0
(air). The graphite refractive indices for graphite pellets (Dixon KS-2) and intercalated graphite pellets (Dixon
1102) from Querry [58] provide the closest fit for experiments in both media.

The comparison of UV-Vis and aethalometer measurements with DDA predictions using graphite
refractive indices is shown in Figure 12. The DDA simulations predict the experimental UV-Vis curve and
reasonably well describe the experimental aethalometer curve. Overall, the difference between the graphite
DDA predictions and the measurements is smaller compared to that of graphene DDA (Figure 11). The
best-fitting simulations for cFLG in both media provide the graphite refractive indices of Dixon KS-2
pellets and Dixon 1102 intercalated graphite pellets from Querry [58].

Overall, these results suggest that the absorption characteristics of cFLG materials are more aligned
with the optical properties of graphite pellets rather than those of graphene. It is known that the electronic
structure of graphene depends on the number of layers and sheet morphology [61,64]. In particular,
graphene surface corrugation was reported to introduce a finite optical band-gap [61] and enhance the
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graphene anisotropy, as the charge-carrier transport along and across the folded parts is governed by
different effects [65]. However, we must note that TEM, Raman spectroscopy, and Brunauer—-Emmett—
Teller analyses verified that the sample in this study was indeed crumpled turbostratic few-layer graphene
and not graphite [15]. In regards to the particle thickness, using the refractive indices of the plane five-layer
graphene sheet [56], though having a similar thickness to the cFLG particles investigated here, did not
improve the DDA fit to the experimental data compared to single- and double-layer graphene simulations.
Hence, we speculate that the crumpled nature of graphene particles plays a more important role than the
thickness in regard to optical properties. It is difficult to quantify the level of particle crumpledness at which
optical properties transition from those of graphene to those of graphite. Future experiments aimed at
measuring the cFLG active surface area, which correlates with crumpledness, may help to answer this
question.

Given the close connection between optical properties and charge transport, this observation also raises
the question as to whether the electrical properties of the cFLG are more similar to graphite or defect-free
single-layer graphene. We note, however, that the same cFLG sample demonstrated excellent performance
when used in Li-ion batteries due to its high electrical conductivity and surface area [16]. Moreover, it has
been shown, that the electrical properties of graphene converge to those of graphite only at 11+ layers at
room temperature [3,64], while the cFLG particles considered here consist of 5-8 graphene layers.

Further DDA simulations with a smaller wavelength increment (5 nm) were conducted for Particles 1
and 2 to validate the plasmonic response of graphene at UV wavelengths. For these calculations, it was
necessary to extrapolate the off-plane refractive index at 2 < 300 nm from the value at A = 300 nm, although
this is expected to have a negligible effect on the results. Figure 13 shows that both DDA simulations and
UV-Vis extinction measurements show a localized surface plasmonic resonance (LSPR) peak, although the
latter peak is much broader compared to the one obtained from the DDA results; this can be explained by
the wide distribution of cFLG particles size, shape, and random orientation in the suspension. Figure 13
also shows that the DDA predicted extinction peak is blue-shifted compared to the experimental one for all
the refractive indices used in this study. Previous extinction measurements on colloidal graphene show this
peak to occur between 265-275 nm, which corresponds to m—n* transitions [40,41]. The blue-shift of the
simulated extinction peak could be caused by an inaccurate refractive index of graphene/graphite used in
the DDA simulation, or a change in the refractive index in the UV region, which again highlights the
necessity for further research on optical properties of cFLG aerosols. Figure 13b shows that the RDG
approximation, as expected, cannot reproduce the LSPR peak, highlighting the fact that the electrostatic

approximation is not valid for the UV region.
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Figure 13. Comparing the experimentally-determined UV-Vis extinction spectrum with spectra found using DDA
(a) and RDG (b) simulations and various refractive indices. The DDA predicted extinction peak is narrower and
blue-shifted compared to the experimental one. The RDG approximation cannot reproduce the extinction peak.

Conclusions

Crumpled few-layer graphene (cFLG) is one of the most prevalent mass-produced graphene materials,
which electronic properties strongly depend on particle morphology. This study correlates the morphology
of cFLG particles synthesised in a substrate-free microwave-plasma process from ethanol with their
properties measured in cFLG aerosols and colloidal suspensions. A suite of complementary techniques was
deployed to analyze particle shape, thickness, lateral size distribution, aspect ratio, mobility, and
aerodynamic diameter distributions. The optical properties were assessed in terms of spectrally-resolved
extinction coefficients of cFLG suspensions and aerosols, aerosol Angstrém exponent, single scattering
albedo, and particle mass absorption cross-sections. The results support the evidence of stronger visible
light absorption for cFLG aerosols compared to soot aerosols.

DDA simulations were carried out on the tomography-reconstructed cFLG particles to investigate the
connection between the optical properties and the morphology and orientation of the particles. Particle
orientation has a negligible impact on the normalized absorption efficiency of the particles, and Rayleigh—
Debye—Gans (RDG) theory can be used as a reasonable approximation to calculate the cFLG spectral cross-
sections. Furthermore, simulated extinction and absorption cross-sections obtained using the refractive
indices of graphite more closely resembled those measured with UV-Vis and an aethalometer, rather than
single- or few-layer flat graphene. However, additional theoretical and experimental research on the optical

properties of crumpled graphene materials is needed.
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Further research will follow with the morphology and optical characterization applied on cFLG

suspensions and aerosols in situ to elucidate the graphene formation and growth kinetics.
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