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In the accompanying supporting material file, we have included additional figures for
the main text and supplementary notes that provide further depth to our research:

e Section I, Supplementary Figures: These are the essential figures that supplement
and provide a visual complement to the main text.

e Section II, Supplementary Note 1: This section delves into a comprehensive break-
down of the energy components of the intercalation and adhesion energies used in the
main text.

e Section III, Supplementary Note 2: Here, we discuss the implications of utilizing
different coverage areas, such as 6x6 and 10x10, in comparison to the 12x12 system
examined in the main text.

e Section IV, Supplementary Note 3: In this section, we present a hypothetical quali-
tative discussion on the implementation of microsolvation, examining the influence of
incorporating explicit solvation molecules on the properties of the bilayer graphene
system.

We have included the last part separately from the main text as we believe it better fits
within the supporting material file.
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Figure S1: DFT models of single SOi_ and single and multiple C10

side and top view with the blue atoms indicate the deformed

between two graphene layers;

graphene regions. We defined the deformed region highlighted in blue by selecting the C

(b) 2-C1O; -L,

4

atoms whose z coordinates fulfill the condition z > huyn + 0.4 A. (a) 1-C10

) 1-S03™.

1-9, (d) 3-ClO;-L, and (e

(c) 3-CI1O
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Figure S2: The C-C bonds of the upper layer are colored according to the bond length
from blue to red in (a) 1-ClO,, (b) 2-ClO, -L, and (c) 3-ClO, -S. The two black stars in
(b) indicates the position of the anion below the layer. 3-ClO,-L structure is not shown

because the changes in the bonds are negligible. The length scales are different.

a
@ Top surface Bottom surface
E T T T . 0.08
0.06
1]
- - 2 0.04 g
L i :’ 0.02 E
0.00 &
B T -0.02§
L i 004 8
-0.06
C . -0.08
-10 0 10 20
x (A) x (A)
0.08
0.06
004 3
< o
% 002 g
000 &
o)
-0.02g
-0.04 m
-0.06
-0.08
0.08
0.06
[%]
°<A 0.04 g)
< {002 S
000 S
-0.02 %
-0.04 o
-0.06

-0.08

Figure S3: The distribution of Bader charges in (a) 1-ClO,, (b) 3-ClO, -S, and (c) 3-ClOj -

L in color code as evaluated using the Critic2 code.



Table S1: The Values of Bader Charges Before and After Intercalation in All Structures

Structures Sum over C atoms Top layer Bottom layer Sum over C1O; Avg. over O atoms Cl atoms
Pristine bilayer -0.003 -0.002 -0.001 - - -
ClOy4 neutral - - - 0 -0.602 2.410
1-C10y 0.864 0.370 0.494 -0.867 -0.842 2.502
2-ClO;-S 1.762 0.842 0.920 -0.883 -0.827 2.426
2-ClO;-L 1.803 0.885 0.919 -0.903 -0.826 2.401
3-ClO;-S 2.685 1.338 1.347 -0.899 -0.822 2.391
3-ClO;-L 2.792 1.416 1.376 -0.933 -0.821 2.346
(@

Figure S4: Charge density difference of (a) 1-ClO, (b) 2-ClO;

L, (¢) 3-ClO;-S, (d) 3

ClO, -L, and (e) 1—80421_. The yellow and cyan areas indicate electron accumulation and

depletion, respectively. Isosurface level is set to +6 x 1073 ¢/ A3,
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Figure S5: Planar-averaged charge density difference in the planes parallel to the graphene

surface as a function of the z-coordinate in (a) 1-ClO; and 1-SO?

~, (b) 2-ClO;-S and

2-ClO; -L, (c) 3-ClO, -S and 3-ClO} -L, with z(I) as the position of ions.
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Figure S6: The side and top view of ClO; intercalated in a 10x10 4-layer graphite slab.
The ClO, is intercalated between (a) the second and the third and (b) the third and
the fourth layers. The colored carbon atoms in different layers correspond to the vertical

deformations caused by the anion.

Figure S7: Charge density difference of ClO, intercalated between (a) the first and the

second, (b) the second and third, and (c¢) the third and the fourth layers. The yellow and

cyan areas indicate electron accumulation and depletion, respectively. Isosurface level is

set to +6 x 1073 e/A3,



Table S2: Structural and Energetic Characteristics of the Multilayer Systems.

Nano-

protrusion Height (hnano), Minimum Interlayer Distance (hmin), Adhesion Energy (Faqn),

Intercalation Energy per Anion (Eic), Total Intercalation Energy ( Fi.). All Energies are

Expressed in eV and Heights in A.

Structures  hpano  Pmin D F.an FEie Eic
L1-L2 1.78 3.51 11.02 5.74 3.16 3.16
L2-L3 1.21  3.62 11.28 5.62 4.26 4.26
L3-14 0.88 4.57 1191 2.66 6.09 6.09
L1-L2-S 1.97 3.65 11.38 5.09 1.62 3.24
L1-L2-L 1.60 3.95 11.85 2.83 2.13 4.27
L2-L3-S 1.22 417 1195 3.67 2.35 4.70
L2-L3-L 0 6.80 14.06 1.42 2.05 4.11
L3-L4-S 0 745 14.60 1.46 1.95 3.91
L3-L4-L 0 7.34 1442 1.49 1.93 3.87




I Supplementary Note 1: Decomposition of the Energies

In order to deepen our understanding of the different physical quantities that underpin
the intercalation process, we derived decompositions of the two main energy quantities,
the intercalation and adhesion energies. Here we give the derivations and some further
comments. We use the notation where E(S) is the total energy of the system, S[I], is the
collection of the x (an)ions, where x is the count of anions, a superscript asterisk % denotes
that the coordinates of the subsystem have been extracted from the geometry of the full
intercalated system — otherwise the geometry is optimized to yield the lowest total energy

—, underlined terms in equations are combined in the subsequent expressions.

Il.I Intercalation

We start by defining the intercalation energy as
Eic = E (gr[llz) — [E(gr) + E («[T)1)],

where F (gr[l],), E(gr) and E(x[l];) are the total energies of the intercalated system, the
bilayer graphene, and the x ions, respectively. We define the energy of the ionic system as

the sum of the total energies of each of the optimised ions, or,
E (z[ll) == x E([I1)

Further we define an energy of the ionic arrangement in the intercalated system as the sum
over the total energy of each isolated ion in the system in the geometry extracted from the
intercalated system, E (z[I]7) = XE ([I]}).

By adding and subtracting the same terms one can split the Ej. as

Eie = E (gr(l]e) —E(gr) + E (gr) — E (gr) —E (z[I)1) + E (z[I];) — E (=[1]7)

where the last two terms are the energies of the rigid isolated systems in the geometry of

the intercalated ion; then one defines
By = E (gr[lls) — E (gr*) — E ([I]7)

as the interaction between the ions and the graphite substrate, in the geometry of the



intercalated system, and

Eepas(I) = —E (z[I)1) + E («[I]7)

Eepas(gr) = —E(gr) + E (gr7),
which characterise the elastic energy that one has to insert into the system to attain the
adsorption geometry. Thus after reordering and combining the terms we eventually arrive

at the decomposition of the intercalation energy as
Eic = Eint + [Eelas(gr) + Eelas(I)] .

The first term, Ej,¢, is usually negative and describes the attraction between the ions and
the substrate. The two other terms are always positive and account for the energy penalty
to deform the subsystems from the optimal geometry into the corresponding geometries in
the intercalated system. Empirically we notice that the term Fgj,5(I) is much smaller and
varies less than the other terms, and thus Ej. = Eiy + Felas(gr), a sum of two terms with
opposite signs.

We note that we can study further the role of the different energy contributions in the
ions without the substrate of the bilayer graphene in detail. In addition to the total energy
of the independent, optimised ions from above, E (z[I];) = « x E ([I];), and the sum over
the rigid ions in the total system, F (z[I]7) = X E ([I]7), we use the energy of the ions all in
the same calculation, F ([I]%). We further comment that in the case of three ions one could
further inspect the role of super-molecular interactions by dividing the energy to one-, two-
and three-body interactions, but we do not delve into this here, as the other results already
indicate a weak ion-ion interactions in the systems under investigation here.

Adding and subtracting the energy of the ionic system interacting in the geometry of

the full system, F ([I]), from the elastic energy of the ions we obtain
Eelas(I) = —E (x[I)1) + E ([I]7)
= —E(«fll) + F (1) —E (1) + E («[l];)

= Fhind(I) — Eing(I)

where we have defined the two new terms

Epina(D) = E([1];) — £ (2[l]1)



and
En(I) = E([1I7) — £ (=[1]7) -

T

The first quantity, Eping(I), quantifies the interaction energy between the ions at the same
geometries but once interacting and once without the inter-molecular interaction excluded.
The second quantity, Ein(I), characterises the full interaction among the ions, bringing
them from the gas phase to the intercalated system (but without the substrate, the bilayer

graphene). Reorganising the terms, we would have

Ebind (I) = Eint (I) + Eelas (I)

II.LIIL Adhesion

We define the adhesion energy as the loss of energy when the top layer is extracted rigidly

from the system:

Eaan = —E (gr[llz) + E (gr™) + E (er°[1})
When we add and subtract the same energy terms from this expression, we obtain

Eaan = —E (gr[ll,) + E (er™) + E (&®[1]}) + E (&) —E (&) +E(gr) — Egr)
ng*) E (gr’[]}) + E (gr%) — Eewas(gr) — Egr)

) + E (gr°[17) +E (gr*) — Eowas(gr) — E(gr) +E (1) — E (11];)
(er®[1]3) — Eeas(er) — Egr) — E ([1];)

(ng) —F (ng) + F (grB [I];) — FEepas(gr) — E(gr) — E([1]2) .

= —Lint + E (ng*

Using the definition Epina(gr) = E(gr) — E (gr") — E (gr®) , E(gr) — E (gr") = Fpinalgr) +
E (grB) and we arrive at

Eaan = —Em+E (gr™) —F (gr") 4+ E (grP[1]%) — Eelas(gr) — Evina(gr) — E (gr®) —
E([13).

T

Defining the energy differences
Eelas (ng) =-F (ng) +E (ng*)

and

ERy = E (e”[1;) - E([1;) - B (&™)

int — x



which resemble the corresponding energies in the full system, it is easier to work in the

relative energies than the absolute ones:

ey nE
- - - 5 -

Energy components marked blue are negative (“attractive”), the values in red positive

(“repulsive”), without the signs included.
Above we defined
Eic = Eint + [Eelas (D + Eelas (gr)] )

so we have FEiyg + Eelas(gr) = Eic — Eolas(I) and thus we can relate the two energies:
Eaan = —Eic + [El]?lt + Felas (ng) + Eelas (I)] — Ebind (gr)-

So we would be left with the two energies, F.qn and Fj., with the relation and Fynq(gr),
which is the same in all structures (but different in different supercells) and the term in the
square brackets.

Further if we take that Fp,s(I) is small, as found in practise, we have:
E.an & —FEic + [Eﬁt + Eelas (ng)] — Ehina(gr).

Another observation of the E,qg, is that when the top layer is detached from the ions
and the bottom layer and is almost flat, Foas(gr) = —FEpina(gr) and Egjas (ng) is small,
and thus

Eadh = —Eint + Fetas (81") + Bl — Eelas(gr) — Ebinalgr)
> — By + By

Indeed we find that the sum of the latter two terms approaches the value of the F,qy, in

particular in the system 3-ClO, -L, where the assumptions are nearly fulfilled:

Eoqn = 2.67 eV, =By + EB. =218 eV

n

10



Effect of the Surface Area

Supplementary Note 2:

Note: In the structures presented below, we have inserted anions into two additional

We have added a

different supercells in the same manner as in the 12x12 supercells.

number before each structure to distinguish between them. This number corresponds to

the size of the supercell used. For example, if a single anion is inserted into a 10x10

supercell, the structure will be named 10-1-ClOj to indicate the specific structure being

referred to.
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Figure S8: Anions intercalated between 6x6 bilayer graphene. Side and top view of (a)
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Figure S11: Adhesion energy (E,qn) and its contributions as a function of the ion con-
centration in (a) 12x12 and (b) 10x10. (c) Elastic energy (FEeas(gr)) as a function of the
average height (havg) in 12x12, 10x10, and 6x6. The Ey;, Epe and Epg are the binding
energies of the 12x12, 10x10, and 6x6 pristine bilayer graphene, respectively. (d) The
intercalation energy per anion, and (e) the adhesion energy in 12x12 and 10x10, and (f)
the relationship between the intercalation energy (Ei,) and the interaction between the

ions and the bottom layer (EB,) in 12x12, 10x10, and 6x6. As mentioned in the main

int
text, the ion concentration C is given by C' = %, where C represents the ion concentration,
n denotes the number of ions, and A represents the area in angstroms. In Figures (d) and
(e), the ion concentrations for the 12x12 and 10x 10 cells are represented on the lower and

top x-axes, respectively.
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Table S3: Energetic and Structural Characteristics of Intercalated Systems: 6x6, 10x10,
and 12x12. Adhesion Energy (E,qn), Intercalation Energy per Anion (Eic), Total Interca-
lation Energy (Ei.), Elastic Energy of the Bilayer Graphene (FEq.s (gr)), Interaction Energy
(Eint (gr[I]x)), The Energy Cost to Create the Nanoprotrusion (EelaS (ng)), The Interac-
tion Between the Ions and the Bottom Layer (EB

int), Minimum Interlayer Distance (hmin ),
Average Height of the Top Layer (hayvg), and Nano-protrusion Height (hpano). All Energies

are Expressed in eV and heights in A.

Structures Eaan FEi. Ei. Eelas (gr) Eint (gr [I]x) Eelas (ng) EB hmin havg hnano
0

int

6—1—8012[ 092 0.19 0.19 2.73 -2.53 -1.68 7.69 7.71 0
6-1-Cl0, 094 0.18 0.18 2.73 -2.57 0 -1.70  7.59 7.63 0
10—1—803_ 2.78 491 491 5.68 -0.81 0.98 -0.79  4.46 4.98 1.85
10-1-Cl1Oy 2.74 5.08 5.08 5.84 -0.78 1.13 -0.79  4.45 4.99 1.91
10-2-C10,-S  1.25 1.88 3.77 7.35 -3.59 0.06 -2.50 7.10 7.30 0
10-2-ClIO -L  1.17 1.93 3.86 7.38 -3.53 0.03 -247 749 7.59 0
10-3-ClO,-S  1.87 0.74 2.21 7.42 -5.22 0.04 -3.43 7.66 7.73 0
10-3-ClO4-L  1.72 0.70 2.10 7.43 -5.35 0.04 -3.70 7.77  7.82 0
12—1—803_ 8.46 3.85 3.85 4.64 -0.90 1.70 -1.15 3.55 4.13 2.43
12-1-ClOy 8.22 431 4.31 4.91 -0.73 1.89 -1.14  3.55 4.15 2.49
12-2-C10,-S 453 2.60 5.20 9.33 -4.10 1.44 -3.33 437 5.14 2.34
12-2-ClO4-L  2.58 293 5.85 10.68 -4.80 0.75 -3.94 4.88 5.87 0.90,0.90
12-3-ClO4-S  3.50 1.15 3.46 10.74 -7.25 0.67 -5.32  5.24 594 1.92
12-3-ClO-L  2.67 1.08 3.24 11.21 -7.97 0.04 -5.78  6.72 7.03 0.78
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Intuitively, one might expect that changing the coverage area of the structures could
affect the interaction of anions with graphene layers. To explore this idea, we conducted
a series of additional DFT calculations. These were designed to determine how the in-
teraction of confined anions with bilayer graphene is influenced by manipulating both the
ion concentration and distance between inserted anions, as well as the area of the graphene
surface. The aim is to understand how these factors influence the properties of the systems.
Figures S8 and S9 show two distinct graphene supercells, the 6x6 and 10x10 structures.
These are set in comparison with the 12x12 structure, which has been examined in the
main text. Upon the intercalation of single ClO; and SO?[ ions into the 6x6 cell, the up-
per surface was shifts in the z-direction, thereby increasing the spacing between graphene
layers without inducing any surface deformation (nano-protrusion), as depicted in Figure
S8. After relaxation, the anions maintained their bond lengths between atoms, compara-
ble to those in the gas phase. The hpj, were measured to be 7.59 and 7.69 A for ClO,
and SOi_ respectively. This expansion is anticipated given the small surface area of the
graphene and the large volume of the inserted anions, which apply a uniform stress across
the entire top layer. This consequently reduces the van der Waals forces between graphene
layers, facilitating ion intercalation. The hnyi, values obtained herein for ClO; and SOZ_
closely aligned with previous findings [1, 2]. The slight discrepancy between our results and
those reported can be attributed to the different functionals and approaches employed in
our study. The variation in Ay, induced by SOZ_ intercalation is due to its slightly larger
volume compared to ClO, . Indeed, several studies have reported that the graphite inter-
layer expands as the molecular volume or ionic radius of the intercalate increases [1, 3, 4].
This is only the case when the lateral size of the supercells is small, as noted in the main
text for the 12x12 system, where the variation in the molecular volume exerted a negligible
effect. As illustrated in Figure S9, the intercalation behavior of single ClO; and SO;~
ions in the 10x10 structure was analogous to that of the single anion in the 12x12 struc-
ture. The top layer exhibited slight bending at the edges, leading to interaction between
the graphene layers. Consequently, the top sheet moved closer to the bottom, forming a
nano-protrusion. The values for 10-1-Cl1O, were lower by 0.58 A for hpano and 0.9 A for
hmin compared to 12-1-ClO, . Similar values were observed for SOi_ when compared with

12—1—8042[. When a single anion was inserted into the 12x12 structure, the spacing between

15



the layers was less than 4 A, suggesting that a limited ion concentration were insufficient to
induce substantial intercalation. In contrast, a larger spacing was obtained for 1-6-ClO; .
As the supercell size of the bilayer graphene was reduced, the layers are able to separate
further apart, resulting in an increase in hy,iy, as shown in Figure S10(b). We increased the
ion concentration in the 10x 10 structure following the same methodology as that discussed
for the 12x12 structure. Intriguingly, upon intercalation of additional anions, as depicted
in Figures S9(c) and (d), the two anions, irrespective of their distances, readily overcame
the weakly bonded bilayer graphene. This resulted in a high Ami, exceeding 7 A, with no
nano-protrusion on the surface. Only minor warping is observed, as illustrated in Figure
S10(a). Ref. [5] also reported the separation of interaction between stacked graphene layers
due to intercalation. According to their calculations, the intercalation of a large number
of SO?{ ions, forming a monolayer, separated the graphene layers by 7.6 A and decoupled
the electronic interaction between them. The minimal distortion of the bilayer graphene
basal planes and the large inter-atomic distances between the O and C atoms suggest the
absence of strong covalent interaction between the oxygen electrons and the 7 electrons of
the graphene layers. The hp, slightly increases to a value of 7.66 A when three closely
packed anions are intercalated (Figure S9e). However, beyond this point, despite the large
distance between the anions, the Ay, remains relatively constant (Figure S9f). This sug-
gests that further increasing the ion concentration fails to increase the graphene spacing.
In our previous study [6] and in Ref. [7], it was found that the number of hydroxide ions
decreases as the SO?[ concentration rises, leading to low water content. Consequently,
the graphite expansion and anion intercalation processes are expected to proceed slowly.
Nevertheless, our theoretical results revealed that the distance between the graphene layers
reached a maximum, even with a relatively large ion concentration.

In terms of energetics, the Ej. of the structures decreases as the ion concentration in-
creases, similar to the trend observed in the 12x12 structure, where the initial intercalation
requires more energy than subsequent intercalations, as depicted in Figure S11 (d). Con-
versely, the F,qn exhibits relatively minor changes with an increasing ion concentration, as
shown in Figure S11 (e). To gain a deeper understanding of these trends, we will discuss
the decomposition of energies for both quantities, while concurrently drawing parallels with

the 12x12 structures.
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All systems exhibit a negligible Fqja5(I). As a result, the intercalation energy is governed
by the competition between the elastic (Eglas(gr)) and (Eiy (gr[l];)) interaction energies. In
terms of Fejas(gr), when multiple anions are inserted, the distance between the ions becomes
less relevant in smaller cells. The resulting values are essentially identical and closely align
with the limiting value of the binding energy of pristine 10x 10 bilayer graphene. In this
state, the upper layer detaches, eliminating interaction between the layers, as depicted in
Figure S11 (c) and Table S3. However, when comparing the 10x10 to the 12x12 structure
with a single anion, the Eqj,s(gr) for the 10-1-ClO4™ structure is larger due to the greater
hmin, which results in the layer being elevated uniformly, which costs more Egj,s(gr). This
occurs regardless of the size of the nano-protrusion, as the systems lose more of the in-
teraction energy between the graphene layers in the 10-1-ClO, structure. This is evident
in Table S3 when comparing 12-2-ClO, -L and 12-3-ClO, -S, where the latter has a larger
Pnano and hmin, and nearly identical hayg, yet they possess the same FEgjas(gr). However,
when comparing 10-1-ClO; with 12-2-ClOj -S, the h,yg is nearly the same, but the Egjas(gr)
is significantly higher by about 3 eV. This might be attributed to the fact that the 12x12
cell has a 44% larger area than the 10x10 cell. From these results, we can conclude that the
elastic energy is an extensive quantity and depends on three factors: the hmin, the Apano,
and the surface area of the systems (Figure S11 (c) and Table S3).

The values of Ejy (gr[l],) demonstrate that the anions have a significant attractive
interaction with the graphene layers, as shown in Table S3. This aligns with the behavior of
the charge transfer between anions and the graphene layers, which is similar in both 10x 10
and 12x12 structures. Therefore, as the ion concentration increases, the electron transfer
between the anions and bilayer graphene is expected to increase. This results in a higher
energetic cost and overall energy, which explains the greater challenge for a single anion to
intercalate, while it is easier for multiple anions. Thus, the ease of anion intercalation into
bilayer graphene appears to be influenced by the extent of electron transfer.

Regarding Fejas (ng), the energy cost to create a nano-protrusion is approximately 1
eV for a single anion when intercalated in the 10x10 cell. This cost becomes negligible
for other cases involving 2 or 3 anions (cases S or L), as no nano-protrusion is generated
on the surface. For instance, when these structures are compared to the 12-3-ClOj-L

system, similar values are observed, despite the hpgno = 0.78 A (Table S3). Such similarity
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arises because the elevation is distributed over a large area, and the small local curvature

does not incur significant energy cost. In Figure S11 (f), the EP

m

. is plotted against the
total interaction, revealing a strong correlation. The energy Eﬁt represents the interaction
between the ions and the bottom layer. One might expect that the Ei]it would be half
of the total interaction, given that only the two oxygens facing the bottom layer interact
with it. Yet, this is not the case. The discrepancy could be attributed to the fact that
the bottom layer is fixed, causing the entire electron structure to adjust accordingly. This
might explain why the slope in the figure is not equal to one.

The E.qn trend across all structures, both 12x12 and 10x 10, is primarily influenced by
the elastic energy. It becomes saturated immediately following the incorporation of multiple
anions into the 10x10 structures, in comparison with the 12x12 structures, as depicted in
Figures S10 (a) and (b). The Egas(gr) values, hover around 7.40 eV when either 2 or 3
anions are intercalated (cases S or L). Interestingly, these values are close in magnitude to
the binding energy of the pristine 10x10 bilayer graphene, which is -7.46 eV (Table S3).
This is due to the high separation induced between graphene layers during intercalation.
The presence of multiple anions causes the upper layer to become flat, resulting in the loss

of attractive interactions between the layers.
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IV Supplementary Note 3: Effect of Microsolvation
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Figure S12: (a) DFT model of single ClO; anion surrounded by seven water molecules
intercalated between two graphene layers; top and side view with the blue atoms indicating
the deformed graphene region and (b) the charge density difference. (c¢) The Ay, and the
hnano for three different structures: None represents the 1-ClO, structure without solvation
shell, 3-H2O represents 1-ClO} -3-HO, and 7-H20O represents 1-C10, -7-H20. (d) The Ej.

and F,qy for the three structures.
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Table S4: Bader Charges for the Intercalated Bilayer Graphene Solvated Anion Systems

Structures Sum over C atoms Top layer Bottom layer Sum over Cl1O; Avg. over O atoms Cl atoms
Pristine bilayer -0.003 -0.002 -0.001 - - -
ClO4 neutral - - - 0 -0.602 2.410
1-C10, 0.864 0.370 0.494 -0.867 -0.842 2.502
1-Cl0 -3-H20 1.423 0.736 0.686 -1.387 -0.691 1.377
1-Cl0; -7-H20 0.972 0.302 0.670 -0.873 -0.842 2.497
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Under practical experimental conditions, water molecules may co-intercalate with the
anions during the intercalation mechanism within the graphitic layers. In fact, the possibil-
ity of ion-solvent intercalation has been reported from previous experiments [2, 7, 8]. These
studies demonstrated that as graphite layers undergo oxidation, they depolarize and ex-
pand, thereby facilitating the intercalation of anionic species and potential co-intercalation
of water molecules. To this end, we made an initial attempt to quantitatively verify the
effect of incorporating water molecules as microsolvation of ClO, on the graphene sur-
face. We constructed a model where several HoO molecules surrounded the ClO; anions
in between the bilayer graphene. An explicit solvent model was used, and the number of
water molecules was determined based on earlier studies [9, 10, 11]. These studies had
determined that tetrahedral anions, such as SOE_, exhibit stability when coordinated with
a minimum of three water molecules depending on the concentration. In the models herein,
we have used the minimum of three and a maximum of seven water molecules to construct
a two-dimensional hydrated cluster surrounding the ClO, . This approach offers an appro-
priate model to elucidate the molecular interaction between the ion-solvent and graphene
surfaces. In Figure S12a, we illustrate a model of the 1-ClO, -7-H2O system, where the
ClO; anion is surrounded by seven water molecules as example. The introduction of HoO
leads to substantial changes in various properties. For example, as depicted in Figures
S12c, the hpano decreases with the presence of three water molecules but increases when
seven are present. This can be attributed to the reduced interaction between the top layer
and the anion and the enhanced interaction between the anion and water molecules when
fewer HoO molecules are present, resulting in a lower protrusion. In contrast, when the
number of water molecules is larger, they predominantly interact with each other rather
than the anion. This phenomenon is evident in the charge distribution, as the charges for
the Cl and O atoms differ markedly from the cases without solvation or with seven water
molecules. In the absence of solvent, the Fj. was determined to be 4.31 eV. However, with
the inclusion of HoO molecules, Fji. initially rises to 5.30 eV before decreasing to 3.91 eV.
This trend suggests that a larger number of water molecules could be advantageous for
the intercalation process, potentially due to an increase in charge transfer between the host
material and intercalants. Concurrently, the F,q;, increases from 8.21 to 9.14 eV and subse-

quently drops to 6.75 eV. The adhesion of the top graphene layer is significantly influenced
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by HsO and could facilitate local exfoliation of the graphene surface. The maximum charge
transfer from graphene to the solvated anion is greater in the 1-ClO -7-H>O system, but
the amount of charge acquired by ClO, is nearly identical to that in the unsolvated case
Table S3. The remaining charges are lost from the graphene m-system and gained by the
water molecules. This observation implies that charge transfer from graphene layers to an-
ions plays a crucial role and suggests that the intercalation process relies on charge transfer
between intercalants and graphene layers as shown also in the main text. Based on our
calculations and comparisons with structural parameters obtained from STM, we propose
that, during the early stages of the intercalation mechanism, only the anion, without the
solvation shell, occupies the interlayer space, inducing surface deformation and expanding

the spacing, which may subsequently be followed by solvent molecules.
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