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D6.2.1 In-situ EELS analysis of graphene oxide samples - Zaragoza University:

The reduction of GO is a pillar in current nanomaterial research due to the myriad of potential
applications it allows. For this, detailed in-situ characterisation of GO thin samples as they
undergo different procedures (such as, but not limited to, thermal reduction and electrical
current) is of extreme importance. In order to maximise the amount of information gained by
in-situ EELS characterisation, ZAR has set in place a complete protocol to estimate the oxidation
degree, thickness, mass density and sp? fraction in the C atoms of the sample, taking the core-
loss and low-loss spectra of the sample as the starting points.

Core-loss: initial calibration

Initially, the core loss spectra have been subjected to a standard calibration, taking the C-K and
the O-K edges of the spectra as reference for this calibration. The N-K edge, attributed to
dopants in the sample, has been used in place of the O-K edge for heavily reduced samples.

With the purpose of removing the effects of multiple scattering, every background-subtracted
core-loss spectrum has undergone a Fourier log-ratio deconvolution® with a low-loss spectrum
of the identical region of the sample, which can be seen as a point spread function. An example
of the effects of this procedure can be seen in Figure 1.
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Figure 1: Background subtraction and Fourier log-ratio deconvolution on a core-loss EELS C-K
edge.

The analysis of the ELNES features in the C-K and O-K edge of the core-loss spectra corresponding
to the oxygen functional groups (OFGs) present in the sample is key for the characterisation of
GO samples. Based on previous XPS and EELS studies, as well as studies that focused on the
temperature desorption of certain OFGs, we have been able to locate individual features for
each OFG*™.



In the C-K edge, six different ELNES features can be present, all of them corresponding to m*
transitions. Going up in energy, the features locate at 248.9 eV, 286 eV, 286.6 eV, 287.5 eV,
288.4 eV and 289.4 eV, corresponding, respectively, to sp? C, C-OH bonds of hydroxyl groups,
C-O bonds in ether and epoxide groups, C-N bonds, C=0 bonds in carbonyl groups, and finally to
the O-C-OH bonds of carboxyl groups. Depending on the investigated sample, not all of these
features are present or resolved due to small differences in energy or might slightly shift in
energy. Fig. 2 shows C-K spectra were four OFGs are marked. This Fig. 2 illustrates well the
effects of the in-situ reduction and how the removal of the OFG can be then monitored.

As for the O-K edge, five ELNES features are found at 531.8 eV, 533.6 eV, 534.9 eV, 536.2 eV and
538.5 eV, corresponding, respectively, to water vibrations, O=C bonds in carbonyl groups, C-O-
C bonds of epoxy groups, C-O-C bonds in ether groups and O-H bonds in hydroxyl groups. These
features can vary slightly with the sample and their presence will depend on the sample itself. A
second feature for water has been found at 534.5 eV®. A representation of two spectra, one for
GO and another one for rGO, can be seen in Figure 2.
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Figure 2: C-K (left) and O-K (right) edges of a heavily oxidised GO sample (blue) and a reduced,
via Joule effect, GO sample (black). OFG ELNES features are noted in each spectrum.

Chemical quantification and oxidation degree

The common integration quantification methods for core-loss EELS are used in these studies in
order to analyse the relative composition of carbon and oxygen, as well as possible natural
dopants (nitrogen) and potential pollutants. These measurements allow for a simple expression
of the oxidation rate of the sample, taken as the normalised oxygen ratio with respect to the
sum of the carbon and oxygen relative compositions:

0 =T+ 10]



Thickness estimation

The thickness of the GO samples has been estimated by means of a log-ratio technique?,
applying the following expression, which can be derived from basic optics

t 1 (It)
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where t is the estimated thickness, A is the inelastic mean free path (IMFP) of the sample being
studied, I; the transmitted unscattered intensity, and I, the incoming intensity.

For the purpose of this analysis, I, has been taken as the zero-loss peak of the spectrum and
measured by integrating the spectral intensity from -2 to 2 eV. I; has been taken as the total
intensity of the spectrum and measured by integrating the spectral intensity from -2 to 100 eV.
A visual representation of these windows can be seen in Figure 3.
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Figure 3: Low-loss EELS spectrum of a GO sample. Both the [, (red) and the I; (blue) regions
are shown.

Based on previous studies and experimental parameterisations on the matter”#, and taking
into account that we are working at low acceleration voltages and low thicknesses (t < 54), the
value of A can be parameterised as

106 X F X E,

En % In (2 x%)

where F is a relativistic constant, Ej is the incident energy, 8 is the microscope collection semi-
angle, and E,, is an effective energy related to electron scattering that is defined as E,, =
7.6><ng3}6, where Z,¢r is an effective atomic number that can be estimated from the
composition analysis of the sample

7. = Tilil x z°
Tl x 297



where i represents each element present in the sample, [i] its relative concentration and Z; its
atomic number.

Mass density estimation

The bibliography offers an expression for the mass density of the sample as a function that can
be either measured directly or have been approximated in the literature®, provided we only
have trace amounts of elements other than nitrogen, and that even these are very small
amounts (in other words, X + Xp = 1):

_Efxm" X ey X px (12 + 4X,)
p= hx e x (4 + 2Xp)

In this expression, m*is the effective electron mass that has been approximated in the literature

for this kind of materials as m* = 0.87 X m,; [ is an atomic mass parameter defined as p =
Mc
12:Ny

, where M, is the molecular weight of carbon and N, is Avogadro’s number.

As for E,,, this value refers to the plasmon energy of the material itself, which can be estimated
by performing a Drude fit on the m 4 ¢ plasmon spectral region in the low-loss spectrum
(determined by the spectral window, where the intensity of the plasmon peak is over 70% of the
maximum intensity of the feature):

1 ) 3 Ej X E X AE,
e(E)) (B2 —E2)* + (E x AE,)’
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In the case of thin (t<10 nm) and reduced samples, a double fit has been performed to account
for both features. An example for both fits can be seen in Figure 4.
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Figure 4: Drude model fitting of the low-loss EEL spectra. Left: single fit of a GO sample with no
visible surface plasmonic feature. Right: double fit of a rGO sample with a visible surface
plasmonic feature (red) as well as a volume plasmonic feature (blue).



sp? fraction estimation

The estimation of the fraction of the C atoms in the sample that present sp? hybridisation (that
is, graphene-like carbon) is estimated using the C-K edge of the core-loss EEL spectra. For
amorphous samples, the sp? fraction in the sample is proportional to the relative intensity of
the * feature with respect to the sum of the m* and ¢ * features in said edge. This ratio is known
as y'. It is known from the literature that, for the experimental conditions in the studies (a =
0.5, = 19.7), the value of y’ for a 100% sp? sample is 0.2%%, so for any amorphous sample
the sp? fraction is estimated as:

Vs s
=5 %100
0.

Y100 2

%sp? =

Where y; is the y’ ratio estimated from the core-loss spectra of the sample.

For this estimation, a spectral region is selected from 280 eV to 3 eV over the local minimum
between the m* feature and the ¢* feature. The o* feature has been fitted by means of a
Gaussian fit centered at 294 eV, while the m* feature has been fitted with an exponentially
decreasing series of 60 Gaussians to account for its spectral tail'*!2, The Gaussian sum used for
this particular fit is as follows:

—(x—x0—0.5-1)%
I—hx207‘><e o2

with h being proportional to the height of the initial Gaussian, x being the position of the initial
Gaussian and o being proportional to the FWHM of the Gaussians employed. An example of a
spectrum featuring the Gaussian sum fit for the * feature can be seen in Figure 5.
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Figure 5: Gaussian sum fit of the T*feature of the C-K edge in GO. The red striped area

represents the integrated intensity of this feature in the energy window of interest, and the
blue striped area the integrated intensity of the whole spectrum in this energy window.

In the case of heavily oxidised samples, where the fine structure features associated with the
OFGs present in the sample are intense enough to interfere with this analysis, additional



Gaussian fits have been put in place to account for these features. An example of this analysis
can be seen in Figure 6.
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Figure 6: Gaussian sum fit of the *feature in the GO C-K edge (black crosses) as well as
Gaussian fits related to OFG ELNES features (circles, asterisks and diamonds).

The value of y’ has been calculated as the ratio between the integrated intensity of this
Gaussian sum in the spectral window of 280-310 eV and the integrated intensity of the whole
C-K edge in this same spectral window.

As it has been mentioned, this method, under these experimental acquisition conditions, is only
accurate for amorphous carbonaceous materials, that is, isotropic samples. In the case of
graphene-like samples, the high anisotropy of the material leads to orientation effects that
result in an important underestimation of the sp? fraction. For this reason, an MLLS approach
has been used for these samples, fitting each spectrum with two spectra of which its sp? fraction
value was known. These two references have been, respectively, a spectrum of GO at 70 °C and
a reference spectrum of HOPG, of which we assumed a sp2 fraction of 100%, both with similar
thickness.

After normalisation, the spectra were cut to an energy window between 280 and 290 eV and
fitted with the two known references, which were approximated with a multi-Gaussian fit to
reduce noise. In this sense, each spectrum can be expressed as a linear combination of the two
reference spectra or, in this case, a linear combination of their Gaussian decompositions:

8 8
S=aXS60+bXSHOPG=aXZGGO+bXZGHOPG
1 1

Once the fit has provided the values for a and b, it is possible to calculate the value for the sp?
fraction:



a X %spzo + b X %spiopc
a+b

%sp? =

An example of this fit can be seen in Figure 7.
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Figure 7: MLLS fit of a highly reduced GO sample using an amorphous GO spectrum and an
HOPG spectrum.
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D6.2.2 In-situ EELS investigations of metal/insulating transitions - Orsay:

ORS studied the temperature-activated metal (PM) to insulating (AFI) transition (MIT) in V203
nanostructures. Low-T thermal cycles across the electronic transition, i.e. 135 - 165 K, were
monitored for probing and mapping the PM and AFI spectroscopic signatures using UHR (ultra
high-resolution) STEM-EELS. Initially, Abe et al. performed low-loss and core-loss EELS at specific
temperatures evidencing (i) a sharp spectral feature at ca. 1 eV in the PM state attributed to an
interband plasmon that vanishes in the AFl phase and (ii) an energy shift of ca. 500meV on the
O-K edge between PM and AFI states associated with a decrease in intensity in AFl related to
the lower V3d - 02p hybridization . The experiments were performed on the CHROMATEM
microscope equipped with a double-tilt HennyZ stage cryo-holder providing variable
temperature (from 110K).

First, the EELS low-loss signatures upon cooling and warming enabled us to highlight the
temperature range of both electronic phases (Fig. 2.a) and a 15K hysteresis between the MIT
and IMT. Furthermore, the low-loss PM and AFI signatures were mapped at the sub-nm scale
upon thermal cycling confirming the coexistence of I/M nanodomains limited here by an
electronic domain wall (Fig. 2.b). K-means clustering analyses %' were applied on the low-loss
hyperspectral data confirming an electronic homogeneity of each PM/AFI domains (Fig 2.c and
2.d). Upon heating, the electronic nanodomains switching can be observed dynamically over few
degrees by following the propagation of the electronic domain wall, which tends from insulating
to metallic. In addition, in-situ 4DSTEM experiments also performed during the thermal cycles
revealed the structural evolution of these I/M domains across the phase transition.
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Fig. a. EELS spectra acquired in the low-loss domain (sum of 2000spectra of 100ms) probed every
1K across the resistive transition while cooling and heating. * indicated the characteristic peak at
ca. 1.eV solely present in the metallic phase. b. STEM-HAADF image acquired at 147 K, the
associated hyperspectral data were acquired in the region of interest (black square). c. EELS spectra
extracted in the I/M domains among the region of interest, d. map of the electronic coexistence at
the I/M domain wall at 147 K et obtained par the K-means clustering method.

[1] Hiroyuki Abe, et al. Electron Energy-Loss Spectroscopy Study of the Metal-Insulator
Transition in V203. Jpn. J. Appl. Phys. 37, 584 (1998).

11



