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A Direct Real-Time Observation of Anion Intercalation in
Graphite Process and Its Fully Reversibility by SAXS/WAXS

Techniques

Giorgia Greco,* Giuseppe Antonio Elia,* Daniel Hermida-Merino, Robert Hahn,

and Simone Raoux

The process of anion intercalation in graphite and its reversibility plays a
crucial role in the next generation energy-storage devices. Herein the reaction
mechanism of the aluminum graphite dual ion cell by operando X-ray
scattering from small angles to wide angles is investigated. The staging
behavior of the graphite intercalation compound (GIC) formation, its phase
transitions, and its reversible process are observed for the first time by directly
measuring the repeated intercalation distance, along with the microporosity
of the cathode graphite. The investigation demonstrates complete reversibility
of the electrochemical intercalation process, alongside nano- and
micro-structural reorganization of natural graphite induced by intercalation.
This work represents a new insight into thermodynamic aspects taking place
during intermediate phase transitions in the GIC formation.

became of great interest not only be-
cause our knowledge of the mechanism
is still incomplete,l?) but also because
of practical application in high-energy-
density batteries and hydrogen-storage
systems. Since the 1940s,3# already in
the initial studies on intercalation phe-
nomena in graphite, X-ray diffraction has
been the most used technique to indi-
rectly observe the structural modifica-
tions of graphite induced by the inter-
calating species which follows a stag-
ing mechanism.>1 An indirect mea-
sure needs the use of models and theo-
retical calculations to reconstruct the cur-

1. Introduction

Nowadays, storing and converting “clean” energy is mandatory
due to the increasing global demand for renewable energy, thus
helping to mitigate climate change caused by burning fossil
fuels.!'! For this reason, the mechanism of intercalation, more in
general, the property of some solids to host atoms or molecules,

rent intercalation stage of the graphite in-

tercalation compound (GIC).[B1%1 A direct
observation instead allows the estimation of the CIG formation
process without the need for simulations or theoretical calcula-
tions. In particular, small angles (SAXS) can be a very suitable
methodology for evaluating the GIC formation as it can directly
detect the periodic repeat distance I, allowing the direct evalua-
tion of staging and its intermediates phase transitions with high
accuracy!'!12]
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Figure 1. Operando study of aluminum battery in the first two cycles. On the left side (a), the small-angle range is plotted in logarithmic scale, the
central panel (b) shows the wide-angle range, and in the right panel (c), the actual potential curve acquired during the experiment. To get a better and
complete overview of the process, the SAXS and WAXS patterns were shifted throw the y axis.

More recently, the direct observation of GIC formation was ob-
served by a combination of RAMAN and optical microscopy.[213]
However, those techniques are surface sensitive and could only
give partial information about the bulk transition. In 2018, Pan
et al." showed the direct measurements of the intercalated re-
peated distance in the first charge of aluminum graphite dual
ion cells (AGDICs). The AGDICs system is based on the anion
(AICl,") intercalation between graphite layers!”>""* and have at-
tracted significant interest as a potential electrochemical storage
system characterized by high power and elevated cycle life.[16-24]
The further understanding of the reaction mechanism can pro-
vide not only development on AGDICs but also for application in
Li, Na, K, Mg, and Ca batteries, and hybrid systems./”:!®]

Anijon intercalation phenomenon into graphite at the positive
electrode is a very versatile electrochemical storage mechanism
that can be coupled with many negative electrode systems, from
the more popular lithium!?>?°l to more recent alternatives such
as Na 77l K,[28 Mg %] Ca,[**) and All** Moreover, GICs formation
mechanism is extremely relevant for cation intercalation, using
graphite as the negative electrode, for alkali metals such as Li*?]
and K1**l as well as for Na intercalation mediated through solvent
cointercalation.**]

The characteristics of the AGDICs make them particularly
suitable for applications in stationary storage systems, where
long cycle life and low cost are highly desirable.'*?22+35] Among
the diverse types of natural and synthetic graphite that have been
investigated for application in AGDICs, natural graphite (NG)
has shown the most attractive characteristics in terms of the de-
livered capacity, cycle life, and power density.':1#3¢37] Due to
its good performance and long-term stability, this system repre-
sents an interesting and suitable model to study the intercalation
mechanism in NG.

Herein we carried out a detailed structural character-
ization of the Al/l-ethyl-3-methylimidazolium chloride
(EMIMCl):aluminum trichloride (AICl;)/NG system, evalu-
ating its reversibility by operando X-ray scattering from SAXS
to wide angles (WAXS). The characterization allows for deter-
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mining the relationship between the structural modifications
of the NG cathode and the electrochemical behavior, giving a
more comprehensive understanding of the intermediated phase
transitions during GIC formation, an aspect that is not still
clear.[>10:38]

2. Results and Discussion

Figure 1 shows the SAXS and WAXS spectral evolution during
galvanostatic cycling of the AGDIC. The voltage signature of the
galvanostatic cycling performed during spectral acquisition is re-
ported along with the spectra that were collected simultaneously
during cycling. Figure S1, Supporting Information, displays a
picture of the set-up and the operando cell.

At a glance, Figure 1 gives a complete overview of the
graphite electrode’s structural changes upon cycling, indicat-
ing a structural evolution that goes through various GIC
intermediates.[®1%3] The voltage profile reported in Figure 1c
shows an initial sloping voltage profile between 0 and about
50 mAh g~!, where a shift of the peak to higher g values is ob-
served in the SAXS spectra (Figure 1a). The second part of the
voltage profile, from about 50 mAh g~! until the end of the charg-
ing process, has a flat voltage profile (Figure 1c), corresponding
to the gradual disappearance of the peak located at g ~ 3.2 nm™!,
and the appearance of a new peak at ¢ = 4 nm~!. Similar behav-
ior is also present in the WAXS spectra reported in Figure 1b,
where the (002) reflection of graphite disappears alongside the
formation of two new reflections associated with the formation of
the GIC. These reflections gradually shift during the initial phase
of the charging process until a capacity of about 50 mAh g is
reached. The peak at ¢ = 16.5 nm™! can be observed to disap-
pear progressively alongside the formation of two new peaks at
g=16and 12 nm™.

Figure 2 reports selected spectra obtained during the operando
experiment highlighting phase transitions between stages. At
open circuit voltage (OCV), the pattern reveals the typical main
peak (002) at g~ 18.7 nm~! of the NG.[1122] Ag soon as the current
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Figure 2. Selected a) SAXS and b) WAXS profiles of the first cycle along with the relative capacity. The arrows in (a) indicate the development of a new
peak corresponding to a phase transition. The star in the WAXS profiles, shown in (b), indicate the (002) peak of graphite.

(25 mA g!) starts to flow, a smooth peak appears in the SAXS pat-
tern at g = 2.6 nm~!, which we refer to as Peakl. In the WAXS
region, two less intense peaks appear, and the main peak of the
graphite can be observed to decrease (see Figures 1 and 2). It has
already been demonstrated(!"1214] that the peak in the SAXS re-
gion is related to the intercalated AlCl,~ species, and in particular
is the intercalated repeated distance, which is defined as:

I.=Ad+n -0.335nm (1)

where Ad is the intercalant gallery height, »n is the number of
free graphene layers, and 0.335 nm is the distance between
them.['122] The peaks that arise in the WAXS range come from
Bragg reflections.l*] In the q range, we have:

I.~2r7/q. 2
and the additional reflections:

g m-q 3)

where g is the peak position in the SAXS region, m is an in-
teger equal to 1, 2, 3..., and g is the momentum transfer or
scattering vector.'**1l The peaks appear for m = 5 and 6 in the
WAXS range in correspondence with the first voltage plateau at
50 mAh g=! in Figure 2. The other integer reflections are not
evident (see Figures 1 and 2). This is due to the weak inten-
sity of the peaks and the disordered arrangement of the inter-
calant species within the host structure, as has also been ob-
served in the work of Pan et al.*?] As charging is continued,
Peakl in the SAXS region shifts continuously toward higher g
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values, and the peak becomes sharper. At the same time, the sig-
nal at g &~ 2.4 nm™" starts to disappear alongside the appearance
of a sharper peak at g = 2.6 nm™!, which we refer to as Peak2,
which is highlighted in Figure 2a with the orange arrow. In the
corresponding WAXS patterns, this first phase transition is less
evident, but the graphite peak at g ~ 18.7 nm™! begins to disap-
pear while the two additional peaks increase. This behavior in-
dicates an ordering of the intercalant species arrangement in the
host structure; see Figures 1b and 2b. As can be seen in Figure 1,
when the capacity reaches ~#30 mAh g=!, a small bump in the
voltage curve is present, which coincides with the appearance of
Peak2.

Between ~30 and 50 mAh g~!, Peak? shifts slightly (see Fig-
ure 2a and at ~50 mAh g1, a well-defined peak at ~4 nm~" ap-
pears, which we refer to as Peak3. This peak is highlighted by
the blue arrow in Figure 2a. During the second voltage plateau
between 50 and 100 mAh g=! (Fully charged in Figure 2), two
well-defined GIC phases coexist. In the WAXS range (Figures 1b
and 2b), four peaks are present, which correspond to m = 3, 4,
5, and 6 Bragg reflections. Lower integer reflections become evi-
dent due to the higher ordering degree of the intercalant anions.
Peak3 remains at a position of ~4.0 nm~! and increases in inten-
sity until Peak2 almost disappears (see Figure 2), but it is never-
theless still present with low intensity in the fully charged state.

The battery is fully charged at 100 mAh g=!, and a single,
sharp, and intense peak is evident at ¢ = 4 nm™', corresponding
to a stage of n = 3 from theoretical calculations,*?! see Figures 1
and 2.

Figures 1 and 2 show that the discharge behavior of the battery
is perfectly symmetric to the charging behavior in both the SAXS
and WAXS ranges. When the battery is fully discharged, the peak
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Figure 3. SAXS fitting parameter results along with the electrochemical
performance of the operando NG/Al cell. The voltage profile acquired dur-
ing the experiment (a), the intercalant gallery distance I. (Equation (1))
obtained from the SAXS peaks positions (Peakl, Peak2, and Peak3) (b),
the SAXS peak amplitudes (c), and peak strain behavior as a function of
time (d). In the inset of (a), the numbers indicate the stages and the stag-
ing transitions upon cycling.

of the intercalant gallery distance I. disappears in the SAXS range
along with the appearance of the (002) peak of graphite in the
WAXS range, thereby revealing the full reversibility of anion re-
lease (Figures 1 and 2).

Figure S2, Supporting Information, reports patterns collected
on the bare electrolyte during the first cycle, evidencing no ob-
servable changes, suggesting the negligible contributions of the
electrolyte over the full SAXS range.

Figures 3 and 4 show the results obtained by fitting the SAXS
curves with a model represented by the sum of four contribu-
tions: background, microporosity (pore size < 1 um diameter),
and two Gaussian peaks,*!! the details of the model are described
below. All SAXS profiles have been fitted with the same model.
Figure S3, Supporting Information, reports an example of the fit
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for the 30 mAh g~! sample. Figure 3 summarizes the fit parame-
ters obtained as a function of capacity and the voltage curve of the
cell (Figure 3a). Figure 3b shows the amplitude of peaks related
to I. shown in Figure 3c. Figure 3d shows the strain calculated by
the formula Ag/q.[!]

Additionally, the WAXS profiles were fitted as described be-
low. The fit results are shown in the Supporting Information. The
strain behavior and peak position obtained agree with the SAXS
results and the Bragg reflections.

The peak evolution reported in Figure 3 shows that two broad
and low-intensity peaks overlap in Peakl and appear just after
the current begins to flow in the cell. The peak positions and
broadening suggest the occurrence of mixed staging!**! regions
around stage 6. With an increasing state of charge, I. gradually
decreases, and the strain starts increasing up to ~30 mAh g7! in
correspondence with a first phase transition. In this region, we
can assume that upon anion intercalation, the staging continu-
ously shifts from 6 to 5.

In the second half of the voltage plateau, the intensity of
Peak? increases until ~50 mAh g=!, where it is possible to distin-
guish a single sharp peak. At this point, the strain associated with
the most intense peak decreases, and the staging evolves from
5 to 4. The complete transition from stage 5 to 4 corresponds
with the inflexion of the voltage and the start of the flat voltage
plateau. During this charging stage, only Peak?2 is present in the
SAXS region.

The second voltage plateau is characterized as a two-stage
region,*}] where two well-defined peaks (Peak2 and Peak3) are
evident in the SAXS region, indicating a transition between
stages 4 and 3, see Figures 2 and 3b. In this second phase of the
charging process (=50 mAh g=!), the position and strain asso-
ciated with the peaks remain approximately constant, but there
is a rapid increase in the amplitude of Peak3, which is associ-
ated with stage 3. This persists until the battery is fully charged
(100 mAh g™1). As already described above, the discharge behav-
ior is highly symmetric with the charging process. One slight de-
viation from symmetry is evident at the end of the discharge pro-
cess, where the strain increases and I, shows a broad peak proper
of stage 7, which has not previously been observed (see Figures 2
and 3c,d). This phenomenon can be associated with nano- and
micro-structural reorganization of NG induced by the intercala-
tion during the first cycle.

The volume size distribution of the micropores of the NG
for different states of charge was also evaluated to investigate
changes in porosity, as reported in Figure 4. It can be seen that
there is a certain degree of microporosity in NG at OCV, which
decreases upon charging. The AICL,~ ions intercalate through the
NG lattice, generating a volumetric expansion of the cathode and
thereby decreasing the porosity,['"*] which almost disappears at
the fully charged state. The release of AICl,~ induces cathode
microporosity, which grows during discharge (Figure 4). After
full discharge, the microporosity increases by three times rela-
tive to the initial microporosity. Figure S4, Supporting Informa-
tion, compares the pore size distribution of the electrode at the
beginning and after the second cycle.

Figure 5 compares the SAXS and WAXS profiles of the elec-
trode before and after two cycles. The slope of the SAXS curve
at OCV for lower g values follows the expected trend of g=*,[1122]
indicating a smooth surface of the NG crystallites.[!'?2] A com-
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Figure 4. Volume weighted size distribution of micropores in the electrodes at different states of charge. (a) reports the microporosity during charge
and (b) reports the mesoporosity during discharge, with the arrows indicating the trends in changing microporosity.
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Figure 5. a) SAXS and b) WAXS profiles after background subtraction of the electrode at OCV and in the fully discharged state after the second cycle.

parison of the SAXS slopes reported in Figure 5a indicates an
increase in the overall scattering intensity, which is most likely
associated with a difference in contrast that can be attributed
to a homogeneously distributed increase in porosity, as is also
implicated in Figure 4. In the SAXS region, the increase in in-
tensity at low g values can be attributed to crystallite form factor
orientation changes, as confirmed by the changes in WAXS
peak intensities before and after two cycles. Figure 5b demon-
strates a total recovery of the graphite peaks but a change in the
relative intensities of the peaks (100) and (101). This behavior
indicates a preferential orientation of the crystal lattice during
the insertion of the intercalant and an associated structural
reorganization. The 2D SAXS images reported in Figure S5,
Supporting Information, demonstrate amplitude intensity mod-
ulations, which are characteristic of the partial orientation of the
sample.[*!]

Figure 6 shows an overall schematic of the AICl,” intercala-
tion process based on the model proposed by L. B. Ebert.*’] In
this work, we focus on the meso- and micro-structure of graphite
(range below um), so we are not sensitive to the blister formation
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characterized and modeled by Hathcock and Murray in 1995.1°
As the current begins to flow through the battery, the AICl,™ an-
ions randomly intercalate through preferential graphite planes,
leading to a combination of stages, including pure graphite, as de-
picted in Figure 6b. The intermediate and disordered phases dis-
appear when the battery is half-charged, and a more well-defined
stage emerges, as shown in Figure 6¢. When the battery is fully
charged, the second phase transition from stage 4 to stage 3 ends;
at this stage, the degree of order is very high, and it is likely that
the intercalated species further arranged themselves, as depicted
in Figure 6d.

3. Conclusions

In this study, operando SAXS/WAXS characterization during
electrochemical intercalation of AICl,~ into NG was used to
provide new insight into the anion intercalation process in
graphite electrodes. The study demonstrated the complete
electrochemical and structural reversibility of the anion inter-
calation process, following the GIC staging process in detail.
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Figure 6. Schematic view of the intercalation process at selected states of charge: at OCV (a), at the beginning of the intercalation process and corre-
sponding to the beginning of the first voltage plateau (b), when the first phase transition to stage 4 is complete (c), and when the battery is fully charged

and a well ordered stage 3 is present (d).

The operando investigation allowed a detailed mapping of the
GIC staging behavior during the electrochemical process, which
demonstrated a disordered intercalation characterized by mixed
staging in the initial phase of the process, followed by a more
ordered intercalation process between stage 4 and stage 3 GICs.
Additionally, the characterization revealed a nano- and micro-
structural reorganization of NG induced by the intercalation
in the first cycle, with an associated increase in the electrode
microporosity. A more in-depth comprehension of the anion
intercalation process represents a step forward in the develop-
ment of this class of electrochemical energy storage systems. In
addition, this system also has a broader interest in basic research
of ion intercalation phenomena and GIC formation.
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4. Experimental Section

Sample Preparation and Operando Cell Assembly: The electrolyte
EMIMCI:AICI; in a 1:1.5 molar ratio was provided by IOLITEC, with a
water content of the electrolyte lower than 100 ppm. The NG powder
used as the cathode material was provided by PLANO GmbH.I"7l The
NG electrode was produced by spray deposition on a Whatman GF/A
glass fiber separator.['7:46] The NG electrodes employed in these tests
had an active material loading of 5 mg cm~2. The electrochemical mea-
surements were performed using PEEK self-made cells. Figure S1b, Sup-
porting Information, shows a picture of the cell used for the test. The
cycling tests of the AI/EMIMCI:AICI; /NG cell was carried out by apply-
ing a specific current of 25 mA g~! in the voltage range 0.4-2.4 V. This
cell configuration was selected for its stability against the highly corrosive
EMIMCI:AICI; electrolyte.[12:17:47:48]
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Operando Set-Up:  SAXS and WAXS measurements were performed at
the European Synchrotron Radiation Facility at the beamline bm26 B sta-
tion, DUBBLE SAXS/WAXS beamline,[*?] Grenoble, France. A picture of
the set-up is shown in Figure S1, Supporting Information. The beamline
could generate a photon flux of ~10'" photons s~! in a 300 x 300 um
focused beam using sagittal and bent mirror focusing optics. The pho-
ton energy was used to collect simultaneously SAXS and WAXS measure-
ments with an energy of 12 keV. In order to have the same sensitivity for
WAXS and SAXS, the same detector technology was selected. The SAXS
pattern was collected using a Pilatus 1M detector with a sensitive area
of 168.7 X 179.4 mm?2. The WAXS pattern was collected with a linear Pi-
latus 300 kw detector with a sensitive area of 253.7 x 33.5 mm?.[5% For
both detectors the pixel size was 172 X 172 um. The absence of readout
noise and dark current, a sharp point spread function, and a high dynamic
range (approximately one million counts per pixel) allowed the acquisition
of high-quality data even at very short exposure times. The measurements
were acquired for 5 s every 10 min. The SAXS g range went from 0.1 to
4.3 nm~', between 62.8 and 1.4 nm.

SAXS/WAXS Data Reduction: The 2D SAXS and WAXS images were
integrated in the DUBBLE[®'] program and 1D profiles were obtained.

Background Subtraction and SAXS Fit: The electrolyte contribution,
shown in Figure S2, Supporting Information, was first subtracted from the
total scattering curve of all the curves and in particular for Figure 3. The
fluorescence scattering or background was also subtracted by the Porod
plot, 4l which consisted of plotting the SAXS curve as y = g*Al(q) versus
x=q*. It was then possible to obtain a straight line defined as g* Al(q) = Ko
+ g*, where K, represented the intercept of the straight line and the so-
called fluorescence background. To remove the fluorescence background,
it was sufficient to remove the obtained K, for all scattering curves!*!] af-
ter the background subtraction, each peak, labeled as Peak1, Peak2, and
Peak3, were fitted with a Gaussian function with the SASfitl>2] program
and the micropores were considered spherical as first approximation. The
Gaussian function was chosen in order to direct calculate the strain by the
formula 24 [41] The results of which are shown in Figure 3.

WAXS Data Treatment and Fit: The WAXS patterns were fitted by
Fityk!33] program. After the background subtraction, the peaks were fit-
ted by a Gaussian function in order to compare SAXS and WAXS results.
The obtained WAXS results are in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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