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Abstract

Raman spectroscopy is one of the most common methods to characterize graphene-related 2D materials, providing information on a
wide range of physical and chemical properties. Because of typical sample inhomogeneity, Raman spectra are acquired from
several locations across a sample, and analysis is carried out on the averaged spectrum from all locations. This is then used to char-
acterize the “quality” of the graphene produced, in particular the level of exfoliation for top-down manufactured materials. Howev-
er, these have generally been developed using samples prepared with careful separation of unexfoliated materials. In this work we
assess these metrics when applied to non-ideal samples, where unexfoliated graphite has been deliberately added to the exfoliated
material. We demonstrate that previously published metrics, when applied to averaged spectra, do not allow the presence of this
unexfoliated material to be reliably detected. Furthermore, when a sufficiently large number of spectra are acquired, it is found that
by processing and classifying individual spectra, rather than the averaged spectrum, it is possible to identify the presence of this ma-
terial in the sample, although quantification of the amount remains approximate. We therefore recommend this approach as a robust

methodology for reliable characterization of mass-produced graphene-related 2D materials using confocal Raman spectroscopy.

Introduction
Graphene and related 2D materials (GR2Ms) are now well — mobile phones [3] to automotive applications [4]. There are also
established with commercial products available across a range  a large number of producers of these materials [5], offering an

of sectors, from sports and leisure products [1,2], through array of products with a wide range of properties such as im-
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proved mechanical strength and higher thermal conductivity. To
accelerate the further development and adoption of GR2Ms, it is
critical to develop reliable and standardized methods to charac-
terize the materials being produced and purchased. The publica-
tion of international standards is a key step in this process, such
as recent publications on nomenclature [6] and structural char-
acterization [7]. The measurement methods described in these
standards, however, can be time-consuming and expensive. As
the range of applications for GR2Ms expands, and with it the
production volumes, there is an increasing need for faster
methods that can be applied in-line or at-line. These quality
control methods do not need the same level of accuracy and
precision as those specified in international standards, but they
do need to be validated against those methods. What is more
important is repeatability and reproducibility, to allow for prod-
uct monitoring over time. They also need to be able to provide
results quickly, in a form that is easy to interpret, providing
simple pass/fail outcomes.

Raman spectroscopy is one of the most widely used characteri-
zation tool for GR2Ms [8]. A search of Web of Science showed
that of 97,532 articles published in the last five years with
“Graphene” in the abstract, 9.3% also mentioned “Raman”.
This is compared with atomic force microscopy (AFM) (2.4%),
scanning electron microscopy (SEM) (11.4%), transmission
electron microscopy (TEM) (7.2%) or X-ray photoelectron
spectroscopy (XPS) (5.6%). It has the advantages of relatively
low cost, simple sample preparation, quick measurements, and
automated analysis, offering clear benefits for quality control
applications. It has been demonstrated in several application
areas as an in-line process analysis and control method [9-12].

Raman spectroscopy is particularly suited to the analysis of
graphitic materials because of the large scattering cross section
of graphitic materials and the large amount of information
obtainable from a single measurement. For example, informa-
tion on flake size, extent of structural defects, chemical or elec-
tronic doping, and strain and layer number can all be extracted
from one spectrum [13-18]. As such, Raman spectroscopy is
widely used by producers to assess the quality of their material,
in particular the absence of graphite or nanoscale graphite. It is
important to recall that graphene has been defined as a “single
layer of carbon atoms with each atom bound to three neigh-
bours in a honeycomb structure” with materials with more than
one layer defined as “few-layer graphene” or “graphene
nanoplatelets” [6]. This assessment is generally based on exam-
ining the shape of the so-called 2D peak (ca. 2700 cm™1),
which, for Bernal stacking, shows clear changes on going from
single-layer through few-layer graphene to graphite [19]. Bulk
graphite typically shows a signal comprising two components,

sometimes referred to as 2D and 2D, with intensities approxi-
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mately one fourth and half of that of the so-called G peak
(ca. 1580 cm™1) [20]. In contrast, single-layer graphene typical-
ly yields a 2D peak comprising a single component, with an in-
tensity of around double that of the G peak [19]. In between
these two extremes, the peak shape evolves gradually, and
while the 2D peak from bilayer graphene has been shown to
comprise four components, deconvolution for higher layer
numbers has not been reliably carried out. The spectrum re-
corded from flakes with ten or more layers is typically indistin-
guishable from that of bulk graphite. However, it is important to
note that this behaviour can be affected by the stacking order.
For example, for turbostratic graphite, where there is random
rotational alignment between the layers, the 2D band also has
the shape of a single Lorentzian line [21]. However, it typically
has a larger width (45-60 cm™!) compared to single layer
graphene (ca. 24 cm™!). The intensity of the peaks has also been
shown to be influenced by the rotational angle in bilayer
graphene, although the shape of the peak is largely unaffected
[22]. Roscher et al. [23] have attempted to quantify the distinc-
tion between graphite and few-layer graphene based on the
“goodness of fit” parameter when using a single Voigt function
to fit the 2D peak. However, these changes in peak shape and
(relative) intensity are generally only qualitative and have
mostly been demonstrated only on well-defined materials, either
from large mechanically exfoliated flakes or CVD-grown mate-
rials. When measuring the Raman spectrum from aggregated
few-layer graphene (FLG) powder, where many particles are
probed in a single measurement, the Raman 2D peak still typi-
cally appears as a symmetric shape, although with lower (rela-
tive) intensity and larger width than for single-layer graphene as
a result of the convolution of many individual peaks [13].

It has previously been shown that Raman spectroscopy can be
used to provide quantitative information on both flake thick-
ness and lateral size of exfoliated graphene nanoplatelets
(GNPs) [13]. These metrics are based on averaging spectra from
multiple locations and using this averaged spectrum to make
claims about the quality of the material. However, it is not clear
how sensitive these metrics are to small amounts of thicker ma-
terials in a sample. Typically, the samples used to derive these
metrics had also been carefully processed to ensure removal of
unexfoliated graphite particles. In other cases, metrics are de-
veloped based on changes in Raman spectra with layer number
from measurements on individual, well-defined, flakes that are
not commercially produced [23]. Again, it is not clear if the
same metrics can be applied to measurements performed on
bulk material, where flakes are restacked or reaggregated. As
many GNP products are produced through top-down manufac-
turing methods, which typically have a GNP yield of less than
100%, there is often a separation step in the production process

[24,25]. Often based on a sedimentation process, this step
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removes the unexfoliated fraction of the material from the exfo-
liated product. However, if this process is not well designed and
controlled, it is possible for the unwanted sediment to pass into
the product stream. Due to this potential variation in material
form within a sample, the results of any Raman analysis are typ-
ically based on averaging the spectra from a number of mea-
surements across a sample. Although the sediment material has
a distinct Raman spectrum compared to the commercially
supplied GNP powder, it is not clear if Raman spectroscopy has
the sensitivity to detect the presence of this material in the final
product.

In this paper, we examine the effect that increasing amounts of
unexfoliated graphitic material in a well-defined sample of
GNPs have on the measured Raman spectra. First, a sample of
GNP material is prepared through careful separation of unexfo-
liated material. Then, the observed changes for an averaged
Raman spectrum are investigated while adding small amounts
of graphite to the GNP sample. We then evaluate the ability of
previously published metrics to identify the presence of this
unexfoliated material in the GNP sample. Finally, we examine a
more industrially relevant set of samples where fractions of the
sediment removed during a separation stage are added back into
the GNP sample. By examining the Raman spectrum averaged
across many points on the sample, as well as individual spectra,
the limits of the published metrics can be tested, and recom-
mendations can be made for improved Raman analysis ap-

proaches.

Methods

Rather than using commercial GNP products, we produced a
dispersion by sonication-assisted liquid-phase exfoliation, using
graphite (Sigma-Aldrich, UK, product no. 332461) and
1-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich, UK, ACS
Reagent, product number 443778) [26] as starting materials. An
initial processing of the graphite was carried out to remove any
impurities or small graphitic particles present in the material. To
achieve this, graphite (0.8 g) was added to NMP (40 mL), and
the mixture was sonicated at 20 kHz with a flat-head probe
(130 W, CPX 130, Cole-Parmer Instruments, USA; 60% ampli-
tude, 6 s on/2 s off cycle, 1 h sonication). The vessel was kept
cool by immersing it in an ice bath during processing. The
dispersion was then centrifuged at 5000g for 1 h, and the super-
natant was separated from the sediment and discarded. Fresh
NMP was added to bring the volume up to 40 mL, and the mix-
ture was returned to the sonic tip. Using the same conditions as
for the initial processing step, the mixture was sonicated for 5 h
to exfoliate the graphite.

To ensure that thicker material was removed from the disper-

sion, an abbreviated cascade centrifugation process was applied
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[27]. The dispersion obtained following 5 h of sonication was
centrifuged at low speed (250g) for 2 h to remove the very
largest particles of unexfoliated graphite. The supernatant from
this step was then centrifuged at 1000g for 2 h to sediment the
larger particles of GNPs. The supernatant from this step was
then further centrifuged at 5000g for 2 h to sediment the thinner
GNPs. This sediment was then mixed with fresh NMP (50 mL),
and the mixture was vortex-mixed briefly and subsequently
sonicated in a bath sonicator for 5 min to re-disperse the sedi-

ment. This sample is referred to as “GNP,¢”.

The concentration of GNP,y was measured using UV-vis
extinction spectroscopy (Perkin-Elmer 850, PerkinElmer, UK),
using a cuvette with 10 mm path length. Measuring the
extinction at 660 nm and using an extinction coefficient
of 4237 mL-mg"l-m‘1 [28] yielded a concentration of
0.028 mg-mL~"

To characterize the thickness of the particles in GNP ¢, the
dispersion was drop-cast on to a cleaned Si/SiO; (300 nm thick
oxide layer) wafer. Before deposition, the dispersion was
diluted by a factor of 10 in fresh NMP. 10 pL of the diluted
dispersion was then drop-cast on a Si/SiO, wafer at a tempera-
ture of 200 °C. To remove residual NMP, the sample was dried
overnight in a vacuum oven at 60 °C.

AFM measurements of the deposited flakes were carried out
using Cypher AFM (Asylum Research, Oxford Instruments,
UK). AFM images were recorded using Si AFM probes (Mikro-
Masch HQ:NSC15, 40 N/m, 325 kHz, MikroMasch, Bulgaria)
in tapping-mode feedback. AFM images were measured in
square areas between 6 ym X 6 pm and 8 um X 8 pm using
1024 x 1024 pixels with a scan speed below 20 ym-s~!.

To prepare the mixed GNP ¢/graphite samples, 1.2 mg of the
as-purchased graphite was mixed with 40 mL of NMP, and the
mixture bath was sonicated for 30 min. Sonication was carried
out to reduce the particle size while still maintaining the thick-
ness to be graphite-like [29]. The graphite and GNP, disper-
sions were then mixed to obtain graphite mass fractions as
given in Table 1.

To prepare the mixed GNP,.¢/sediment samples, a fresh GNP,¢
sample was prepared by sonication as described above. After
the initial centrifugation step at 250g, however, the sediment
was retained and redispersed in fresh NMP. The concentration
of the resulting dispersion was measured using UV-vis spec-
troscopy, as described above. The dispersion was then added to
the GNP, sample to produce 13 mixed GNP/sediment sam-
ples with sediment concentrations of 0.5, 1, 2, 5, 10, 25, 35, 50,
65, 75, and 90 wt %.
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Table 1: Graphite content in the samples measured in this study.

Sample # GNP /Wt % Graphite/wt %
1 0 100

2 90 10

3 95 5

4 98 2

5 99 1

6 99.5 0.5

7 100 0

Each mixed dispersion was then vacuum-filtered through
alumina membranes (20 nm pore size), rinsed with IPA to
remove residual NMP, and dried in a vacuum oven at 60 °C
overnight. For samples 2 to 7, 3 mL of the dispersion was
filtered, while for sample 1, ca. 30 mL was used to ensure
adequate coverage of the membrane.

Raman spectra of the filtered films on the membrane were re-
corded using a Renishaw Qontor confocal spectrometer
(Renishaw plc., UK) using a 532 nm excitation laser and a
2400 L/mm grating. An area of 20 pm X 20 pm of the film was
mapped, with 1 um distance between measurement locations.
Spectra were recorded between 1000 cm™! and 3000 cm™!
Raman shift, using 5% of the maximum power (ca. 0.8 mW
incident on the sample), 10 s acquisition time, and a 100%
(0.9 NA) objective lens.
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Spectra were processed to remove cosmic ray artefacts, and a
baseline was subtracted using the “Intelligent Fitting” algo-
rithm in the Wire 5.4 software (Renishaw plc., UK) based on an
11-point polynomial. Each spectrum was then normalised to
give intensities between 0 and 1, and the spectra from each map
were averaged. D band, G band, D’ band, and 2D band of all
spectra, either individual or averaged, were fitted using Loren-
ztian functions. The peaks were fitted together, with an offset
baseline. We have averaged across 441 points in a sample,
which is more than is used in a typical workflow, and the effect
of the number of points measured is examined later in this

paper.

Results and Discussion
AFM results

The aim of the sample preparation protocol for GNP,¢ is to
obtain a dispersion that contains primarily graphene
nanoplatelets [6] without unexfoliated graphite particles. To
evaluate this [30-32], AFM was carried out to measure the
thickness of the flakes from the dispersion. A representative
AFM image of the flakes contained in the GNP dispersion is
presented in Figure 1. The measurements were carried out ac-
cording to ISO TS 21356-1 [7].

The height of the flakes ranged from 2.8 to 15.6 nm, with
85.3% of the measured flakes thinner than 10 nm and 3.9% of
the flakes less than 3.4 nm thick. These are particles that can be
classified as FLG in thickness [6]. We note that this is a higher
content of FLG than in many such powders on the market [33].
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Figure 1: (A) Example AFM image of flakes from the GNPt sample; the scale bar is 2 pm. (B) Example SEM image of flakes from the GNPt sam-
ple; the scale bar is 200 nm. (C) Flake sizes of GNP sample measured by AFM with histograms of the lateral size and thickness distributions.
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The flakes had a mean height of 7.7 £ 2.5 nm (mean * standard
deviation) and a median height of 7.6 nm. A scatter plot
showing the correlation between the flake height (i.e., thick-
ness) and their lateral size is shown in Figure 1c. Figure 1c indi-
cates that the height of the flakes in the GNP dispersion is inde-
pendent of the lateral size. The lateral size of the measured
flakes ranged from 85 nm to 385 nm, with a mean lateral size of
219 £ 64 nm and a median lateral size of 218 nm. We did not
attempt to give a number of layers for these flakes. Yet, we do
note that while the natural interlayer spacing for graphite is
0.34 nm, it has been reported previously that for similarly pro-
duced flakes, monolayer flakes had a measured thickness of
2 nm, with each additional monolayer adding 0.95 nm to the
thickness [25].

Graphite addition

Raman spectroscopy results

Samples of GNP, with different amounts of added graphite
were analysed with Raman spectroscopy. As shown in Figure 2,
the spectrum measured from pure graphite is distinct from that
of the GNP,; with a lower D band intensity (ca. 1350 cm™')
and a distinct shoulder on the 2D band at ca. 2700 cm™!. In
contrast, there is no clear difference in the average spectra re-
corded in any of samples 2—7. All of them are almost identical
to the spectrum of the GNP, sample. In other words, despite
the samples contained up to 10 wt % graphite, a measurement
protocol that might be considered typical yields a spectrum that
is almost indistinguishable from that of graphene nanoplatelets.

The averaged spectra were fitted to obtain the peak intensity
ratios, as shown in Figure 3. To investigate any differences in
the measured spectra, each spectrum in each map was also fitted
to obtain the peak intensities of the D peak (1350 cm™'), the G
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peak (1580 cm™Y), the D’ peak (1620 cm™)), and the 2D peak
(2700 cm™1) (see Supporting Information File 1, Figure S1 for
distributions of Ip/Ig values). The median of the values was
then calculated, together with the standard error of the mean.
Note that the 2D peak has not been fitted for the graphite sam-
ple as the 2D peak in the graphite spectrum is a poor fit to a
single Lorentzian function. For all other spectra, a single peak
was used to fit the 2D band. The intensity ratio between D peak
and G peak (Ip/lg) has been shown to correlate with the lateral
sizes of exfoliated flakes [30-32], while the intensity ratio be-
tween 2D peak and G peak (Iop/Ig) varies with flake thickness
[8,19,34]. As shown in Figure 3, in both cases (averaged (black)
and individual (red)), there is a fall in the value of Ip/Ig with in-
creasing graphite content. This would be expected as the graph-
ite particles have a larger lateral size compared to the exfoliated
GNPs. However, this trend is only seen up to 2 wt % graphite,
with no further change observed above this graphite weight per-
centage value. The overall variation in Ip/Ig ratio between sam-
ples is also relatively small. This trend is matched by the Irp/Ig
ratio, which again would be expected due to the thicker parti-
cles in the graphite materials. See Supporting Information
File 1, Figure S2 for plots including the 100 wt % graphite sam-
ple.

While metrics such as mean intensity ratios are widely used, a
more reliable identifier to distinguish graphite from graphene/
few-layer graphene is the shape of the 2D peak. For graphite, it
shows a clear shoulder on the low-wavenumber side of the
peak, as seen in Figure 2b, and is therefore best fitted with two
individual Lorentzian peaks. In order to investigate whether
Raman spectroscopy can be used to quantify the proportion of
graphite in a bulk sample such as this, a non-negative linear
least-squares (NNLS) algorithm [35] has been applied to the
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Figure 2: (A) Averaged spectra from samples of GNP ¢f with additions of graphite. The bottom spectrum (blue) is from graphite only. The top spec-
trum (red) is from GNP/¢; only. All other spectra are mixtures of GNP ¢f and graphite. (B) Overlaid spectra showing the region of the 2D peak.
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Figure 3: Fitted peak intensity ratios. (A) Ip/lg and (B) lop//g, showing the values from the averaged spectra (black) with the combined standard error
of the fit, and the mean value of the fits across each map (red) with the standard error of the mean.

spectra to calculate the quality of the match to either a graphite
or GNP Raman spectrum. This fitting was carried out using the
“Component Analysis” tool in Wire 5.4, using the average spec-
tra from graphite and GNP samples respectively as the “pure”
components. No additional baseline or normalization was
applied during the analysis, and the spectra were fitted directly
(rather than a derivative of the spectra). Similar fitting can be
implemented in a range of other analysis packages. A higher
value of the correlation value indicates a better match to that
component. Plotting the median value of the graphite correla-
tion value (Figure 4, black data points) shows that it increases
with increasing graphite content across the full range of
measured graphite loading. This approach appears therefore
capable of discerning the amount of graphite in a sample.

From the distribution of component loadings from the GNP,q¢
sample (see Supporting Information File 1, Figure S2) we can
define a threshold value for a spectrum that corresponds to
graphite. This is taken as the dgg value from the distribution.
Based on this, we can then classify each pixel measured across
a sample as either “graphite” or “GNP”. From this, we can
calculate a fraction of graphite in the sample, as shown in
Figure 4 (red data points). The measured fraction of graphite-
like spectra increases with nominal graphite content in the sam-
ple. The fraction for the graphite sample is close to 100%
confirming that the sample has very high levels of thick, graph-
ite-like flakes (see Supporting Information File 1, Figure S3 for
plots of other metrics shown to include the 100% graphite sam-

ple).

The analysis based on simple peak fitting of the spectra
measured from samples with graphite added to GNP have
shown that there is very limited ability to reliably identify the

presence of graphite. In contrast, applying a least-squares fitting
process to estimate the graphite loading in each sample shows
better ability to identify those additions. However, it is of
interest to examine how previously published metrics perform

on the same samples.

Comparison to literature metrics

As mentioned above, several metrics have previously been
published to attempt to obtain quantitative information of the
flake thickness from Raman measurements. A selection of these
have been applied to the data acquired as part of this work to
evaluate whether these metrics can be implemented successful-
ly. Two metrics have been presented by Backes et al. [13] to
quantify the mean number of layers from Raman spectra mea-
surements. The first of these (M) is based on the I,p/I ratio as
calculated above, and an empirical fit to the mean number of
layers N was found as

-2.32

(N)=1.04+(I,p /1) (1

The second metric (M) is based on the ratio of intensities at
two different locations in the 2D band [13]. The first location is
that of the maximum of the 2D band of the parent graphite ma-
terial. In this case, this is the 100% graphite sample and the
location is w; = 2719 cm™!. The second location is 30 cm™!
below the first location, that is, wy = 2689 cm™!. The ratio of
the intensities at these two locations is then normalised to the

ratio from the parent graphite, such that
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Figure 4: Median value of the graphite component loading value, as determined by a non-negative least-squares fit (black squares, left axis) and the
fraction of points that show a graphite-like spectrum (red squares, right axis). A graphite-like spectrum is defined as having a correlation value to the
graphite spectrum of greater than 0.15, as obtained from a non-negative linear least-squares procedure when fitted with both a GNP and graphite
spectrum. The inset shows the low-loading region of the graph, with the same axes.

The mean number of layers per flake can then be calculated ac-
cording to

(N)=0.83¢>M2, 3)

An alternative approach has been proposed, based on the
change in shape of the 2D band as the number of layers in-
creases [23,36-38]. It is known that Raman measurements of
single-layer graphene produces a single peak, whereas graphite
produces a bimodal peak [19]. Furthermore, it has also been
shown that the peak shape changes gradually between these two
extreme cases [34]. As a simple way to characterize this change,
the 2D peak can be fitted to a single Voigt peak, and the quality
of the fit, as quantified by the R? value, can be correlated to the
mean number of layers in the sample. Results from the Casir-
aghi group [39] suggest that a single-layer flake has RZ > 0.987
and few-layer graphene has 0.987 > R% > 0.985. R? values less
than 0.985 would indicate a thicker flake with more than seven
layers.

We have applied the three metrics described above to the cur-
rent data, both the averaged spectra and each individual spec-

trum, with the results shown in Figure 5. It is clear that, neither

of the simple peak intensity ratios described above are effective
at discriminating the presence of graphite within the sample.
Some changes are seen up to 2 wt % graphite, but not beyond
this (see Supporting Information File 1, Figure S3 for plots in-
cluding the 100 wt % graphite sample). We also note that the
number of layers for the GNP, sample predicted by the M;
and M, metrics are in reasonable agreement with the AFM
results presented in Figure 1.

The metric based on the 2D peak shape was derived from mea-
surements on single flakes with well-characterized thicknesses.
It is known that when measuring bulk, reaggregated flakes, the
2D peak retains a symmetric shape, even to values of mean
thickness where a single flake of equivalent thickness would
yield a clear shoulder in the Raman spectrum [13]. It is clear
from these measurements that this method also does not have
the sensitivity to identify the presence of small amounts of
graphite in a sample. Similarly, although the metrics from
Backes et al. were both derived from measurements of reaggre-
gated materials, they are also unable to identify the graphite
content. The samples used to develop these methods, however,
were carefully prepared to exclude all graphite-like material,
which may not be representative of commercially produced

products. Tt is of particular note that the My and R2 metrics give
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Figure 5: Comparison of literature metrics applied to the current data. (A) Mean number of layers calculated for the two metrics published by Backes
and co-workers [13]. (B) R2 value for fitting the 2D peak, as proposed by Roscher and co-workers [23]. In both cases, results are shown from analy-
sis of both averaged spectra (filled markers) and individual spectra within each map (open markers). In the latter case, the median value is shown with

the error bars showing the standard deviation.

significantly different values of mean layer number depending
on whether the single averaged spectrum or the individual spec-
tra are analysed. It is clear that the sequence of analysis
(analysing an averaged spectrum vs averaging values from indi-
vidual spectra) can have an effect on the results obtained for
these methods. In the case of the R2-based metric, this differ-
ence is likely to be a result of the reduction in noise level
affecting the value of R? (see Supporting Information File 1).
Additional metrics, including G peak width and the correlation
between peak area ratios and G peak width, show similar trends
(see Supporting Information File 1).

Sediment additions

While the results presented above demonstrate the limitations of
Raman spectroscopy to identify the presence of graphite in a
GNP sample, of more relevance is the question of identifying
unexfoliated sediment. In typical top-down exfoliation pro-
cesses, the yield of few-layer graphene or graphene
nanoplatelets is very small, often less than 1 wt %. Hence, there
is a need to separate this product from the processed but unex-
foliated material (which can often be recycled through the
process again). Often this is accomplished through a centrifuge-
based method, hence this material is referred to as sediment
here. In order to maximise production yield, there is a need to
maximise the amount of GNP material extracted, while to main-
tain product quality, it is important to prevent sediment acciden-
tally ending up in the extracted GNP fraction. To allow for a
commercially viable, industrial scale-up, it is important to
understand the performance of this separation step in order to
minimise processing time and to maximise separation effi-

ciency.

To investigate if Raman spectroscopy can be used for this
purpose, a fresh sample of GNP,.¢ was prepared as described
above, using the same processing conditions. Instead of fresh
graphite however, the sediment from the first, low-speed
centrifugation step (at 250g) was recovered, and re-mixed into
the GNP, sample. These mixed samples were then filtered and
measured with Raman spectroscopy using the same settings de-
scribed above. The spectra measured by averaging across the
mapped area are shown in Figure 6, where it can be seen that up
to ca. 50 wt % sediment, there is little change between them.
This is despite the fact that the sediment spectrum is clearly dif-
ferent and closely matches what would be expected from graph-

ite.

This result confirms that simple inspection of a Raman spec-
trum, even when averaged across a large number of locations in
a sample, cannot be relied on to confirm the absence of unexfo-
liated graphite material. Fitting these averaged spectra confirms
that the simple intensity ratios (Figure 7a,b) do not show any
significant differences up to between 35 wt % and 50 wt %
sediment added. This is also true of the metric M, (Figure 7c)
and the R? value (Figure 7d) from fitting the 2D peak to a single
Voigt function.

The results in Figure 7 suggest that using a simple metric based
on peak or spectral intensities is not useful to identify the pres-
ence of up to 20 wt % unexfoliated sediment in a sample of
GNPs. This is the case both when analysing an averaged spec-
trum or when averaging the values obtained from individual
spectra across the map. Of the possible metrics examined here,
the method based on the R? value from fitting the 2D peak
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Figure 6: (A) Averaged spectra from samples of GNP with additions of sediment. Bottom spectrum (blue) is sediment only. Top spectrum (red) is
GNP only. All other spectra are mixtures of GNP and sediment. (B) Overlaid spectra showing the region of the D peak and the 2D peak.
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shows the widest range of use when many individual Raman
spectra are fitted and then averaged, as shown in Figure 7D.
However, even in this case there is little change in the calcu-

lated value from samples with up to 10 wt % sediment added.

Using a value averaged across a map, with appropriate uncer-
tainties, is useful and easy to interpret. However, information is
lost in the process of averaging, even when applying the metrics
to individual spectra. An alternative approach may be to apply a
classification of each spectrum and then to calculate the frac-
tions that are “sediment-like”. This can be done in two ways:
first, by adopting the approach of Roscher et al. [23] and
defining a cut-off in the R? value from fitting the 2D peak and,
second, by running a non-negative least squares fit and defining
a cut-off for the “sediment-like” spectral loading, as imple-
mented above for graphite additions. The value of the threshold
has here been set to minimise the mean-squared variance be-
tween the calculated fraction and the known loading of sedi-
ment material. The estimated sediment content based on the

fraction of “sediment-like” spectra for each sample is shown in

Figure 8.

T T T
.09 = 2D-peakR? -
S .
i’g NNLS Component Loading o

-

< - L]
8 e
c -
8
= 104 ° E
C
g e
el ° [} 8
2 °
.g 14 = y i
k7
it

T T T

1 10 100

Actual sediment content / wt %

Figure 8: Estimated sediment content calculated from the fraction of
measured spectra that are “sediment-like” based on either adjusted /2
value from fitting the 2D peak or from NNLS fitting. The line shows the
expected linear trend, rather than a fit to the data.

It can be seen that if the individual spectra in the map are classi-
fied as “sediment” or “GNP” without any averaging, the pres-
ence of this non-GNP material can be identified more reliably
than when using averaged values. We have calculated the vari-
ance from the nominal loading according to:

Sored — 1
[pred — Jnom] 59, 4)

nom
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where fpreq is the fraction of sediment predicted by the metric,
and fjom 1S the weight fraction of added sediment. The largest
variation is still seen at the lowest loading of sediment. Using a
threshold value of 1.09 x 1073, the mean absolute deviation
from the expected value is 73% with a maximum of 172% for
1 wt % using the NNLS fitting. Using the RZ value from the 2D
peak fit with a threshold of 0.949 gives a mean absolute devia-
tion of 47%, with a maximum of 129% for the 0.5 wt % sample.
Tables with the full values of the predicted sediment content
and the variance and the ratio between nominal and predicted
values are provided in Supporting Information File 1, Table S1
and Table S2. It is a useful finding that the mean deviation is
lower for the R? approach as this approach is significantly easier
to implement computationally and the spectra of the pure com-
ponents are not required. This ease of implementation is critical
when designing a quality control system. However, it is impor-
tant to keep in mind that the value of R? obtained is affected by
the signal-to-noise ratio of the spectrum (see Supporting Infor-
mation File 1, Figure S4 and Figure S5). We therefore do not
intend to suggest that the values of the thresholds given here are

universal values.

It is important to consider that the sediment component is
present in discrete particles, which are significantly larger than
the GNP particles and generally larger than the laser spot size
(above 1 um with 100x objective lens). Due to the larger size
and thickness of the sediment particles compared to the GNP
particles, a given weight fraction of sediment will correspond to
a significantly lower number fraction of particles [40]. This
difference will be more pronounced at low mass loading of
sediment, where a small number of particles will be needed to
provide the required mass. This increases the likelihood that the
area mapped does not contain a representative number of sedi-
ment particles and may therefore skew the results. To investi-
gate this effect, we have taken the samples with 5 wt % and
65 wt % sediment, and calculated the metrics obtained from
smaller sub-maps, as shown in Figure 9. Figure 9A shows the
white-light image of the sample with 65 wt % sediment addi-

tion, with the sub-maps used overlaid.

When taking 14 sub-maps of 30 points and applying the criteria
for “sediment-like” spectrum defined above for the R? value of
2D peak fitting, the fraction of sediment measured varied from
0% to 10.3%, with a mean value of 2.9% = 0.2%, with a stan-
dard deviation of 3.5%. Similarly, for the sample with 65 wt %
sediment, the values range from 16.7% to 63.3%, with a mean
value of 38.9% % 1.1% and standard deviation of 15.3%. It is
therefore clear that if only a small number of points are
measured, it is possible to record a significant variation in the
measured concentration of sediment in a sample. Indeed, for the

5 wt % GNP, sample, six of the sub-map analyses would indi-
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Figure 9: (A) Optical image of mapped area of sample with 65 wt % sediment added. Each coloured box shows a sub-map of 30 points taken from
the full map of 441 points, indicated by the white-bordered box. (B) Calculated percentage of graphite for samples with 5 and 65 wt % sediment,
based on the R? value from fitting the 2D peak. Each box shows the standard error of the mean, with the whiskers showing one standard deviation.
The square marker indicates the mean value, while the light line across each box shows the median. The thick line across each panel shows the aver-
age value from the full map area. The individual data points are shown to the left of each box, off-set in the x-direction for clarity.

cate that there is no sediment present. These results emphasise
the importance of acquiring a large number of spectra from a
sufficiently wide area of the sample to ensure representative
sampling. This is in line with Coleman et al. [41] who have pre-
viously discussed the issue of sampling.

Conclusion

While Raman spectroscopy is a powerful and widely used tech-
nique to characterize graphene-related 2D materials, this work
shows that care is needed when interpreting measurements from
bulk samples containing many particles. Measurements on indi-
vidual graphitic particles can distinguish between graphite, few-
layer graphene, and graphene. However, measurements on
mass-produced samples can be more difficult to interpret. In
this case, which is more similar to the requirements of a quality
control process for industrially produced powders containing
GNPs, each measurement location will be sampling multiple
particles, which will have different number of layers and lateral

sizes.

We have shown in this work that when measuring samples with
significant fractions of unexfoliated material, quantification can
be difficult. When analysing the average spectum from a large
number of locations in a bulk sample, the presence of up to
10 wt % graphite can not be reliably identified. When adding
processed graphite (“sediment”) into samples, this limit is ex-
tended up to 50 wt % when analysing the averaged spectrum.
However, we have shown that if individual measurement loca-
tions are analysed and classified separately, it is possible to
identify the presence of this material in the sample, although

quantification of the amount remains approximate. As has been

shown previously, for this to be reliable, a large number of
spectra need to be measured to ensure representative sampling
of the material.

In light of these results, it is suggested that while Raman spec-
troscopy remains a powerful tool, in order to reliably identify
the presence of graphite material in a GNP sample, individual
spectra need to be analysed and classified before averaging.
Using a metric based around the residual of a simple peak
fitting means that this can be implemented in an automated,
unsupervised method. This is essential for the use in a quality
control process for industrial production of materials.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-14-42-S1.pdf]
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