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Abstract: Graphene is thought to be a promising material for many applications. However, pristine
graphene is not suitable for most electrochemical devices, where defect engineering is crucial for its
performance. We demonstrate how the boron doping of graphene can alter its reactivity, electrical
conductivity and potential application for sodium and aluminum storage, with an emphasis on
novel metal-ion batteries. Using Density Functional Theory calculations, we investigate both the
influence of boron concentration and the oxidation of the material on the mentioned properties.
It is demonstrated that the presence of boron in graphene increases its reactivity towards atomic
hydrogen and oxygen-containing species; in other words, it makes B-doped graphene more prone
to oxidation. Additionally, the presence of these surface functional groups significantly alters the
type and strength of the interaction of Na and Al with the given materials. Boron-doping and the
oxidation of graphene is found to increase the Na storage capacity of graphene by a factor of up
to four, and the calculated sodiation potentials indicate the possibility of using these materials as
electrode materials in high-voltage Na-ion batteries.

Keywords: graphene; boron-doped graphene; reactivity; oxidation; metal-ion batteries

1. Introduction

Graphene is a two-dimensional material with a graphite monolayer structure and
sp?-hybridized carbon (C) atoms arranged in a honeycomb lattice [1,2]. Due to its rare
properties, such as good electric conductivity and a large surface area, graphene has
attracted interest as a potential anode material. However, the fact that it is a zero-bandgap
semiconductor, along with its chemical inertness, limits its application possibilities [3-7].
Therefore, the graphene lattice is usually changed by chemical doping or by introducing
covalent bonds with certain chemical groups or even molecules [8,9]. It should, however, be
noted that the defects in graphene can also occur spontaneously during synthesis, and they
can be sometimes difficult to predict and control [10]. The simplest modification method
of pristine is chemical doping by heteroatoms, which improves the properties of pristine
graphene by improving the metal-surface interaction, adsorption and charge transfer
abilities [2,4,11,12]. Heteroatoms such as boron (B), nitrogen (N), sulfur (S), fluorine (F),
and phosphorus (P) are frequently chosen for this purpose since they change the bandgap
and the position of the Fermi level, which depends on their concentration [4,13].

Carbon-based materials, including graphene, are widely investigated as candidates
for electrode materials in metal-ion batteries (MIBs). For MIBs, the strength and the nature
of the interactions of the metal (and/or metal-based ions) with electrode materials are
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essential. Novel types of MIBs focus on metals other than Li as the electroactive species
due to the problems associated with Li-ion batteries [14] and Li abundance in general.
These other metals include Na and Al, as they have small a mass and radius and a high
abundance in Earth’s crust [15]. Additionally, further advantages of Al are its three-electron
redox property and low flammability. However, both Na and Al interact with pristine
graphene relatively weakly [16], resulting in low voltages in hypothetical novel MIBs with
graphene as the electrode material. Thus, chemical functionalization is needed to boost
graphene’s Na and Al storage capacity. Some reports of Al- and Na-ion batteries, which
use carbon-based electrodes, can already be found in the literature [17-20].

Boron-doped graphene is an especially good candidate for the doping of graphene
since B- and C-atoms have similar radii, making a C-B bond in a monolayer only ~0.5%
longer than the C-C one. Because of this, doping does not affect the planarity of the
graphene sheet or the sp? hybridization of the carbon atoms within [11,21]. Boron is
less electronegative than carbon, which causes a difference in electron density between
boron and carbon atoms, leaving the boron site with an electron deficit [22]. In addi-
tion, since boron has one electron less, B-graphene acts as a p-type semiconductor [23].
B-graphene also has, similarly to pristine graphene, a very low or nondetectable total
magnetization [12,23]. For now, B-graphene has primarily found its place in energy-related
applications, such as batteries and supercapacitors [24,25], but there are also studies where
itis used as a gas and optical sensor material [26,27] and in the biomedical field of study [28].
For example, Ling and Mizuno used first-principle calculations to demonstrate that the
sodiation of boron-doped graphene preserves its structural integrity, avoids the formation
of dendrites and allows for approx. 2 times the capacity of the graphite anode in Li-IB and
approx. 2.5 times higher than hard carbon in Na-IB [29]. Zhang et al. presented the facile
synthesis of boron-doped reduced graphene oxide, which can be used as a sodium-ion bat-
tery anode [30]. Recently, Yiqun et al. demonstrated that the cathode based on boron-doped
reduced graphene oxide displays a high Al-storage capacity and outstanding long-term
stability [31].

In this study, we continue our previous work [32,33], where it was shown that the
introduction of dopants (B, N, P or S) into oxidized graphene or the controlled oxidation of
doped graphene can enhance the Na storage capabilities of the material, with boron found
to be a very suitable dopant for this purpose. Thus, we investigate the effects of different
concentrations of boron as a dopant in graphene on its properties, which are not addressed
in detail in the literature but are of high importance for the electrochemical applications of
B-doped graphene. First, we focus on the reactivity of the material towards H, O and OH,
and next, we investigate the adsorption of Na and Al onto bare and oxidized boron-doped
graphene to explore the possibility of using such modified graphene surfaces in novel
energy storage devices.

2. Methods

In order to carry out Density Functional Theory (DFT) calculations, the open-source
program packet Quantum ESSPRESO [34,35] was used. GGA and PBE functionals were
used as part of this package. Since the adsorption of sodium and aluminum on graphene-
based materials was investigated, dispersion interactions need to be included by utilizing
the DFT-D2 correction [36]. The kinetic energy cut-off of plane waves was set at 36 Ry,
and the density cut-off was set at 576 Ry. Spin polarization was included in all the con-
ducted calculations. The first irreducible Brillouin zone was obtained using a I'-centered
4 x 4 x 1 grid utilizing the general Monkhorst-Pack scheme [37]. Lowdin charges were
used for discussing charge transfer. To investigate electronic structure, a denser centered
20 x 20 x 1 grid was used.

Pristine graphene was modelled as a (3\5 X 3\@)12300 structure containing 54 carbon
atoms, Cs4. Boron-doped graphene was constructed by replacing one, two or three carbon
atoms with boron, obtaining graphene with 1.85, 3.70 or 5.56 at.% of B, respectively. To
evaluate the stability of boron-doped graphene, the binding energy (Ep,) of boron at the
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vacancy sites was used. The binding energy of the nth (n € {1, 2, 3}) substitutionally
introduced boron atom is calculated as

Ep(nth B) = E(Cs4—1By) — E(Cs4—,By—1) — E(B) 1)

where E(Csy—,,B,) stands for the total energy of graphene doped with n atoms of B,
E(Cs4_By—1) is the total energy of graphene doped with n — 1 atoms of B and a va-
cancy at the site where the nth B will be introduced and E(B) the total energy of an isolated
boron atom. Since the adsorption of atomic hydrogen, atomic oxygen and hydroxyl groups
on Cs4_,B,; was also investigated, their corresponding adsorption energies (E,q5) were
calculated using the following formula:

Eads(A) = Esubs+A - Esubs —Ea (2)

where Egypsia, Esups and Ex stand for the total energies of the optimized adsorbate—
substrate system, bare substrate (Css_,B;;), and isolated adsorbate atom/group (A = H,
O, or OH), respectively. The most stable O@Cs4_,,B,, and OH@Cs,_,, B, structures were
further used as models of oxidized Cs4_,,By;.

Finally, the adsorption of Na and Al on bare Cs4_,,B;; and its oxidized forms (O@Cs4_,, By,
and OH@Cs4_,,B,) was investigated, while the strength of their interaction with the sub-
strate was estimated in terms of differential and integral adsorption energies. The differen-
tial adsorption energy (E,gs giff) was calculated as

Eads,diff (M) = Esubs+mM — Esubs+(m71)M — Em (3)

where “subs” can be Cs4_,,B;;, OQCs4_,, B, or OH@Cs4_,,B,, while Eg s Stands for the
total energy of the chosen substrate with  atoms of metal M adsorbed (i.e., m is the number
of atoms M, M = Na or Al). Similarly, Eg.ps+(u—1)m stands for the total energy of the chosen
substrate with m — 1 atoms of metal M adsorbed. The integral adsorption energy (E,gs int)
was calculated as

Eads,int M) = (Esubs+mm — Esubs — m-En)/m 4)

where Egps stands for the total energy of the optimized substrate without any M adsorbed.
Charge redistribution caused by metal interaction with the chosen model systems was
investigated through a 3D plot of charge difference (Ap), defined as:

Ap = Psubs+M — Psubs,frozen — M 5)

where pgbs+M/ Osubs frozen and P stand for the ground state charge densities of the substrate
interacting with M, the ground state charge densities of the substrate when M is removed
(with frozen geometry) and that of the isolated M atom, respectively.

Graphical representations of all the graphene structures in this paper were made using
VESTA [38].

3. Results
3.1. Graphene Doping by Boron

Pristine graphene, Cs4, was used as a starting model. Its optimization resulted in
a C-C bond length of 1.43 A, which is in agreement with previous studies [12,39,40]. B-
doped graphene was modelled by replacing n carbon atoms by boron, as described in
the Computational Details section. While the position of the first boron atom can be
chosen arbitrarily, it is necessary to perform additional calculations to find the optimal
positions of the second and the third boron atom relative to the first one, or the first and
second one, respectively. In the case of CspB; systems, we find that the energetically least
stable configuration is the one where the two B atoms are next to each other (Figure 1).
The systems become more stable as the two B atoms separate, and the optimal structure
corresponds to the state where they are one across from the other, on opposite sides of the
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same C4B, hexagon (Figure 1). We note that substitutional B atom clustering was recently
observed for B-doped graphene single layers on the Ir(111) surface [41]. Boron atoms did
not prefer direct bonding, that is, the configuration in which they are adjacent to each
other in a C4Hj ring. The situation we find is not identical to that described in ref. [41],
which also included the geometric deformation of the B-doped graphene sheet caused by
its bending towards the Ir(111) surface.
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Figure 1. Relative stabilities (in terms of total energies, Eit) of the investigated Cs;B; (left) and
Cs1B3 (right) structures compared to the most stable one with Ejumin, Which corresponds to

Etot — Eto’t,min =0.

A similar pattern was found upon the introduction of the third boron atom—the
dopant atoms are one across from the other on opposite sides of one hexagon, while it is
optimal to have two boron atoms inside one hexagon. The first boron atom (the case of C53B)
is found to be incorporated into the graphene lattice with a binding energy of —12.90 eV
and a C-B bond length of 1.49 A, which is in agreement with our previous studies [12,42].
When more B atoms are introduced, the binding energies follow the following trend:
Ey(1st B) < E,,(2nd B) < Ep(3rd B), i.e., the first B is bound the strongest. The differences
in their E}, are up to 6.2%. The results are summarized in Table 1. The results presented
here suggest that boron atoms at higher doping levels could form a 2D array even in a
self-standing B-doped graphene sheet, similarly to B-doped graphene on Ir(111) [41]. All
the investigated Cs4_,,B;, systems were found to be nonmagnetic. We observed that there
was no disruption to the planarity, even with the addition of three B atoms, which is a
consequence of the similar atomic radii of B and C. Upon the introduction of boron, the
Bader charge of its first neighbouring carbon atoms increased by 0.1 e. On the other hand,
the charge of boron atoms decreased by 0.1-0.2 e, which is expected since boron is less
electronegative than carbon.

Table 1. Binding energies of boron atom (Ey(B)), C-B bond lengths (4(C-B)) and partial Léwdin
charges of B (Ag(B)) for the studied Cs4_,,B;, models.

Model Ey(B)/eV d(C-B)/A Aq(B)le
Cs3B -12.90 1.49 —0.1
Cs,B, -12.46 151 —0.2
Cs1B3 -12.15 1.51 —0.2

Upon boron insertion into a graphene lattice, the Fermi energy is shifted towards
higher energies. In Figure S3, the electronic structures of pristine graphene and doped
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species were also compared. The energy range in this figure is chosen so that the p states of
boron atoms can be clearly seen. For the full range DOS plots please see Figure S3, right. It
is well known that pristine graphene is a semimetal with a zero-band gap [23]. This was
also observed here, and it is also shown that doped models behave as conductors. This is
very important for the materials” potential electrochemical purposes.

After setting the models of boron-doped graphene with various concentrations of B,
we move on to exploring their reactivity towards species of interest.

3.2. Reactivity and Oxidation

The H, O and OH adsorption trends of Cs4_,B;;, are summarized in Figure 2. When
investigating H adsorption (Figure 2, top), the C-top sites were found to be the most
favourable ones. For the B-doped surfaces, the carbon atom that is the closest to a boron
atom is the one where H prefers to adsorb. This is in agreement with some previous
research [12,43]. We find that with the increment of boron percentage in the system, the
H adsorption energy decreases, i.e., H is bound more strongly. For pristine graphene, the
energy of H adsorption is —0.79 eV, while for C5;B3 itis —2.06 eV. The C-H bond length
does not change significantly upon B introduction (1.13-1.15 A).

c54 c53B c5282 CS1B3
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Figure 2. The adsorption trends of H, O and OH on Cs4_,, B, models: the relationship between the
adsorption energies and the number of boron atoms, n, in the system. For boron-containing models,
optimized adsorption structures are given for each system.

The situation is somewhat different when looking at the adsorption of O (Figure 2,
middle). The preferred site is the bridge site, which in the case of pristine graphene implies
the site between two carbon atoms. In the investigated cases of B-doped graphene, the
preferred bridge site is the C-B bridge. The energy of adsorption behaves in the same way
as for the H adoption—the boron percentage and adsorption energies of O are negatively
correlated, the lowest energy being —4.30 eV for O@Cs; B3.

The adsorption of OH (Figure 2, bottom) gave similar results as in previously con-
ducted research [12]—OH binds via creating a C-O bond in the case of pristine graphene
and a B-O bond in the case of Cs4_,,B;,. When there are two boron atoms in the model,
the adsorption to each one of them gives similar results, with the more stable one hav-
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ing a binding energy of —2.21 eV and B-O and O-H bond lengths of 1.52 A and 0.98 A,
respectively. However, for the Cs1B3 structure, it is most favourable for the OH group
to adsorb on top of the boron atom that is in the middle, obtaining a binding energy of
—2.21 eV and the same bond lengths as in Cs;B;. It is also interesting to note that, unlike
the cases where the adsorption of H and O was investigated, the most stable model with
adsorbed OH is not the Cs;1B3 structure but CspB,. The bond lengths do not vary much
when increasing the number of boron atoms. It is also noted that the re-hybridization from
sp? to sp> occurs in all the cases upon H, O or OH adsorption, meaning that the models
lose their initial planarity.

Obviously, all the investigated adsorbates bind more strongly to B-doped graphene
than to pristine graphene, with the strength of the interaction rising with B percentage.
This means that the introduction of B into the graphene lattice results in an enhanced
reactivity of the material towards H, O and OH. The increased reactivity towards H is of
significance for the possible applications of such materials for hydrogen production and
storage. The adsorption energy of atomic hydrogen is used as one of the basic descriptors
for the hydrogen evolution reaction (HER) activity of the material. In fact, metal-free
substitutionally B-doped graphene (1.85 at.% of B) was previously demonstrated to have
significantly higher HER activity compared to defective graphene and glassy carbon, with
a HER onset potential of around —0.3 V vs. RHE (Reversible Hydrogen Electrode) [44].
This value agrees well with the calculated hydrogen binding energy on B-doped graphene
(~—2.1 eV, Figure 2). Moreover, from the results presented here, it is clear that the HER
active sites are not the B site but the carbon atoms adjacent to the dopant sites, whose
activity is rendered by B incorporation into the graphene lattice.

On the other hand, the enhanced reactivity of Cs4_,B;, towards O-containing groups
signals that boron doping makes graphene more prone to oxidation, i.e., that O-groups will
be more stable on the surface containing B than the pristine one. This is very important
from the aspect of metal interaction with such surfaces, which is crucial for applications
of materials in metal-ion batteries. It is known that the oxygen-containing groups on
graphene can play a very important role in this case, allowing for a stronger interaction of
the chosen metal with the surface [38,40]. However, there is a risk of the O-group interacting
“too strongly” with the metal and detaching from the surface irreversibly. Therefore, the
stabilization of O-groups on graphene by its doping with B could be a good strategy for the
better performance of graphene-based materials in metal-ion batteries. Another important
question, when it comes to electrochemical applications, is the electrical conductivity of
the material. The electronic structures of Cs4_,B;; upon the adsorption of H, O and OH are
given in Figure 3. It can be seen that the oxidized forms of Cs4_,B;, (i.e., C54—,,B; with O
and OH adsorbed) act as conductors, making them good candidates for further research.
However, we note that there is a DOS change around the Fermi level upon oxidation, which
indicates that even though there is no band gap opening, the conductivity of the material is
altered by the presence of oxygen-containing groups. The adsorption of the two metals of
interest, Na and Al, onto bare and oxidized Cs4_,B; surfaces will be investigated in the
next sections.
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Figure 3. Electronic structures of the optimized H@ Cs4_,,B,; (left), O@Cs4_, B, (middle) and
OH@Cs4_,,B;; systems (right). Except for the total DOSs and p states of dopant atoms, the states of
the adsorbate are also given as follows: p states of O (cases of O,qs and OH,45) and s states of H
(cases of H,gqs and OH,45)-

3.3. Metal Adsorption

Sodium is known to adsorb on pristine graphene at the C4-hollow site with an adsorp-
tion energy of —0.93 eV [16]. Aluminum also adsorbs to a hollow site on pristine graphene,
with an adsorption energy amounting to —1.09 eV [16]. The reported energies vary depend-
ing on the computational approach (especially the chosen dispersion correction) and the
size of the supercell. Regarding the adsorption of Na onto oxidized (nondoped) graphene,
it is known that Na can directly interact with OH group, resulting in its detachment from
the basal plane and NaOH phase separation [33]. We confirm all the mentioned facts
regarding pristine graphene here and, additionally, investigate the adsorption of sodium
and aluminum onto Cs4_,B;, O@Cs4_,,B;, and OH@Cs4_,,B;,. The calculated metal adsorp-
tion energies on pristine graphene are found to be —0.85 eV and —1.26 eV for Na and Al,
respectively. When it comes to OH@Cs,, we find that both Na and Al adsorption result in
metal hydroxyde phase separation. On the other hand, for O@Csy, there is no detachment
of the O-group, and we find that the adsorption energy of Na is —1.54 eV and that of Al
is —3.84 eV. In the case of Cs4_,,B,;, the metal can occupy various top, bridge, or hollow
adsorption sites. For the oxidized surfaces, the metal generally interacts directly with
the oxygen-containing group. Three different outcomes can be identified, and they are
represented in Figure 4. Here we have shown only the representatives of the three main
groups of adsorption geometries. All optimized structures of Na and Al adsorption on the
investigated (oxidized) B-doped graphene can be found in SI, Figures S2 and S3.

The first outcome is for the cases where the metal atom is adsorbed on the same side
of the basal plane as O or OH. In these cases, the metal atom interacts directly with the
oxygen-containing group. Most of the investigated systems behave like this. In the second
outcome, the adsorbed Al or Na is on the opposite side of the basal plane from oxygen. This
was only found for Cs;B3 models with an adsorbed oxygen atom. This can be explained by
the combination of a high dopant concentration and the presence of the O-group, which
significantly alter the planarity and charge of the surface. Because of this, it is easier for
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the metal atom to approach the other side of the plane. In both cases, the adsorbed metal
occupies a hollow site on the opposite side from O,qs. This is similar to the case of Na
adsorption on corrugated doped graphene [45]. The third outcome represent the cases
where the new phase emerges upon the adsorption of the metal. This happens in three
cases: Na@OH@pristine graphene, AI@OH@pristine graphene and when OH is bounded
on top of the Cs3B after the adsorption of Al. Therefore, these new phases represent
the formation of metal hydroxyde. These models were not considered further since the
formation of a new phase is not favourable for electrochemical purposes. Additionally, the
charge redistribution is considered through charge difference plots. Again, for brevity, the
mentioned plots are given in Figure 5 only for the chosen systems, which are representatives
of the different types of interaction of the metals with the surfaces.

Figure 4. Examples of different outcomes of the metal adsorption on top of the obtained models
for the case of Al: Al adsorbed at O@Cs3B (left), Al at O@Cs;B; (middle) and Al at nonoxidized
C53B (I‘lght)

Na@C;,B, Na@O@C;,B,

Figure 5. Charge difference plots for the indicated chosen systems of Na adsorption. Grey isosur-
faces indicate charge loss, while the yellow ones indicate charge gain. The isosurface values are
+0.002 eV/A.

It can be clearly seen that in all the cases, the metal atoms are the ones that lose
their charge and transfer it either completely to the graphene basal plane (in the cases of
nonoxidized surfaces) or partially to oxygen and partially to the basal plane (in the cases of
oxidized surfaces). The only exception when it comes to the oxidized surfaces is the already
mentioned M@O@C51Bs (Figure 5, top right), where M adsorbs on the opposite side of
the basal plane from O, so that no charge transfer from M to O is found. According to
Lowdin charges, Na transfers 0.65-0.75 e to the substrate in all the cases, while Al transfers
0.46-0.52 e to the substrate.

In order to avoid forming a metal precipitate, the interaction energy between the
metal and the substrate needs to be higher than the cohesive energies of the metals [46].
Thus, one of the main points of interest was comparing the absolute value of the calculated
adsorption energies with the cohesive energies of Na 1.113 eV atom™!, and Al 3.39 eV
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atom™! [47,48], as shown in Figure 6. It can be seen that in the case of sodium, only one
system has an energy lower than the cohesive energy, and that is O@Cs4. On the other
hand, for aluminum, half of the systems, not counting the ones where a new phase emerges,
do not fulfil this condition. This is intuitive since Al has higher cohesive energy compared
to Na. The systems where the precipitation of Al does not occur are O@Cs4, O@C53B,
O@C52B2, OH@C52B2 and OH@C5183.

3.5+ 4.5
[ ]C, [CCyB, [ ]G, [CxB,
[CsB [ JCyB, ] 40{0CsB [ 1CsBs —
3.0 5153
I 354 E, (A1)
25 | _
_ g 3.0 |
s o > _| |
= 20+ ] = 254
2 <
1.5 - 2204
5 o
4o 0 L Fen(2) = 154
1.0
1.0
0.5
0.5
00 0.0

C54'"Bn c54-an0 C54-anOH c54'"B" Csd-ano C54-an0H

Figure 6. Adsorption energies of Na (left) and Al (right) in Cs4_,,B;, models compared to their
cohesive energies (E},), given by dotted lines. The missing columns (Na@C5,0H, Al@Cs4OH and
Al@C53BOH) indicate metal-hydroxyde phase separation.

For electrochemistry purposes “the intermediate” adsorption energy is the one that is
preferable, meaning that it is high enough for metals not to precipitate but the adsorption
is not so strong that it becomes irreversible.

For substrates without pre-adsorbed O or OH, the absolute value of the adsorption
energies of sodium and aluminum increases with the increment of boron atoms in the
structure up to a point where there are two boron atoms, and then it decreases again,
making the Cs;B, model the one with the most exothermic adsorption energy for both
metals. The same trend is observed for Na when O is pre-adsorbed on the surface. However,
this is not the case for Al, for which the highest absolute value of the adsorption energy is
for the O@QC;5, B, structure. When OH is bonded to the surface, for both metals, the absolute
value of the adsorption energy increases with the percentage of boron.

Another important point is determining whether the systems are conducting. They
need to be conducting to be used as electrode materials. This is why the analysis of the
electronic structure, in particular, the density of states (DOS), was carried out for all the
investigated systems. Figure 7 shows them for the case of sodium (for brevity).

Out of the considered models that fulfil the previous conditions, almost all behave as
conductors, except Na@Cs3B and Na@O@Cs3B, which, upon adsorbing sodium, have a
very low DOS around the Fermi energy (Figure 7).

Next, we investigated how the presence of boron dopant atoms in different concentra-
tions, as well as the presence of O/OH groups on the surface, affect the adsorption capacity
for Na and Al (Figure 8). We compare the calculated differential adsorption energies of each
added Na atom to its cohesive energy and find that up to four Na atoms can be adsorbed
onto C51B3, O@Cs53B and O@Cs,B,. For the oxidized forms of Cs1Bs, the absolute value
of E,gs dgiff of the fourth Na atom is lower than Na’s cohesive energy, which indicates that
metal phase precipitation would occur. On the other hand, for OH@Cs3B, the Na-O phase
separation occurs upon the addition of the second Na atom, while for Cs3B and OH@Cs;B,,
it happens upon adding the third Na atom, and for Cs; By, after the addition of the fourth
Na atom. The optimized structures of two, three and four Na atom adsorption onto the
models for which no phase separation occurs and the adsorption energies overcome the
cohesive energy of Na are shown in Figure 9. From this figure, it is obvious that, in the
case of nonoxidized boron-doped graphene, Na prefers adsorbing on B-containing hollow
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sites. On the other hand, in the case of the oxidized surfaces, it mostly interacts with the
O-group, which can bind up to three Na atoms.

total DOS Bp(all —— Nas —Op
| 1 | Na@o@cs:B 1 ] Na@OH@Cs:B ]
Na@c;,sB A
B . 4 4

T T T v T T

] 1 1 Na@0O@Cs;B, 1 1 Na@OH@C5:B; 1
Na@Cs,B; ] ] ]
S |

®

A

T T T T T T T
| I | | Na@oH@CsB, |
Na@O@C;,B;
Na@Cs4B; J
N = ] N
T T T T T T T T T
-0 5 0 5 10 5 0 5 -0 5 0 5

E-EqleV E-EgleV E-E:leV

Figure 7. Electronic structures of sodium adsorption onto nonoxidized and oxidized Cs4_,,B;, models.
Except for total DOS, the s states of sodium are given, as well as the p states of boron dopant atoms
and p states of O (when present, as in the cases of O@ Css_,,B, and OH@Cs4_,,B;,).

m-n=1 ® n=2 A n=3

0.8 ol T . . . .
54-n—n L ] 1
1.2 e 4
] P
1.6 1 yd 4
] . yayd ]
204 o % 7 .

E,.(m™" Na)/eV

m(Na)

Figure 8. Differential adsorption energies of m Na atoms (11 goes from 1 to 4) onto the investigated
substrates. Lacking data points indicate M-O phase separation (e.g., in the case of 2Na@OH®@Cs53B).
For comparison, the cohesive energy of Na is given as dotted, grey horizontal lines.
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2Na@Cs,B; 3Na@Cs,B; 4Na@C;;B;

Figure 9. Optimized structures of 2-4 Na adsorption onto Cs1B3 (top row), O@Cs3B (middle row),
and O@Cs5,B; (bottom row).

When it comes to Al adsorption (Table 2), upon the addition of the second Al atom,
most cases result in adsorption energies lower than the Al cohesive energy (comparing
absolute values), while for others, Al-O phase separation occurs. The only case with a
stable adsorption of 2Al is 2Al@0@Cs;B,, which also results in Al-O phase separation
upon the addition of the third Al atom.

Table 2. Differential adsorption energies of 1-2 Al atoms onto the investigated substrates. Lacking
values indicate M-O phase separation. Bolded values indicate that the adsorption energy overcomes
Al’s cohesive energy.

E, qsn'™ Al@subs)/eV

m(Al) oe oe oe OH@ OH@ OH@
Cs3B CsB Cs51B

%3 22 S>3 Cs3B Cs52B> Cs51B3 Cs3B Cs2B; Cs51B3

1 —2.71 —3.11 —2.92 —3.93 —3.75 —2.72 —3.80 —3.69 —4.05

2 - - - - —3.70 - - - —2.81

Finally, as we see clear improvement in the materials’ capacity for Na induced by B-
doping, we calculate the sodiation potentials of the studied materials as electrode materials
in a galvanic cell. For this consideration, a proper reference point needs to be taken, since
potential cannot be directly compared to the adsorption energies of an isolated Na atom.
Therefore, we use the approach explained in detail in ref. [33] and consider a galvanic cell
(potential secondary sodium-ion battery) with solid Na as the anode and the investigated
boron-doped graphene surfaces as the cathodes. The half reactions in this cell (equivalent
to battery discharging) would be, at the anode:

Na ) — Na® +e” (6)
and at the cathode:

Na* + e~ +*O/OH)Cs4_,B, — Na@O/OH)Css_,,By, @)
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where *(O/OH)Cs4—_,B,; stands for the adsorption site on the investigated surface, i.e.,
Cs4_1,By, O@Csy_,B,, or OH@C 54, B,,. We note that this consideration assumes that the
activity of Na* in the electrolyte is 1, that the changes in volume and entropy due to
adsorption are negligible [49], and that the Na* ions interact with B-graphene free of their
solvation spheres. This way, the change in the Gibbs free energy of the adsorption, AG,
can be estimated as the energy change in the Na transfer from the metallic Na anode
to the B-graphene cathode. As explained in ref. [33], under the mentioned assumptions,
the electrode potential at which the sodiation of graphene-based material takes place, E°
(Na*/Na@(O/OH)Cs4_,,B;), referred to as the Standard Hydrogen Electrode, SHE, is

E°(Na*/Na@(O/OH)Css_,,B,) ~ E°(Na* /Na) — AE/F (8)

where E9(Na* /Na) is the standard electrode potential of the Na*/Na electrode (—2.71 V
vs. SHE, from tables of standard electrode potentials), AE is the energy change upon Na
adsorption and F is the Faraday constant. When we look at the average adsorption of 1Na
(le™ in the reaction), AE reduces to E,qs int(Na) + Ecop(Na), and we get

E°(Na*/Na@(O/OH)Css_,B,) ~ E°(Na* /Na) - [E,g4s(Na) + Econ(Na)] /e ©9)

where E.,(Na) is the already mentioned cohesive energy of Na, and E,4s int(Na) is the
integral (average) Na adsorption energy (both E.y, and E,4s,int are given in eVs, per one
Na atom, and therefore divided only by e in Equation (9), where E.,,(Na) = 1.113 eV
atom™! [47,48]). From Equation (9), it can be seen that E(Na*/Na@(O/OH)Cs4_,,B,) is a
linear function of E,4s(Na). Given that E,45(INa) is negative, the stronger the Na binding
is to the surface, the more positive E°(Na*/Na@(O/OH)Cs4_,,B,;) will be. The calculated
sodiation potentials are shown in Table 3.

Table 3. Integral adsorption energies (E,qg int) of 24 Na atoms on (O/OH)Csy4_,,B;; surfaces and
corresponding sodiation potentials (E(Na*/Na@subs, bold values), where subs = (O/OH)Cs4_,By).

indicates that phase separation has occurred, and such systems were not taken into further
account.

Subs

2Na 3Na 4Na

Eads,int
leV

E°(Na*/Na@subs) E,ds,int E°(Na*/Na@subs) E,ds,int E°(Na*/Na@subs)

v leV v leV v

Cs3B

-1.50

-2.34 * * * *

Cs2B2

-2.13

_1.71 * * * *

Cs1B3

-2.19

-1.65 -1.94 -1.90 -1.78 -2.06

0@Cs3B

-1.79

-2.05 -2.00 -1.84 -1.82 -2.02

0@Cs5;B,

-2.10

-1.74 -1.84 -2.00 —2.04 -1.80

0@Cs1B3

-2.25

-1.59 -2.05 -1.79 * *

OH@C52B2

-2.35

-1.49 * * * *

OH@Cs;B;3

-2.77

-1.07 -2.41 -1.43 * *

It is obvious from Table 3 that the calculated sodiation potentials for all the inves-
tigated (oxidized) B-doped graphene surfaces are negative, with —2.34 V vs. SHE for
Na*/Na@Cs3B for m = 2 as the lowest (most negative). However, none of them are more
negative than the standard electrode potential of the Na*/Na electrode (—2.71 V vs. SHE),
which indicates that in the considered galvanic cell, solid Na would indeed dissolve to
release Na* ions, which would then adsorb at the B-doped surfaces of graphene. The mate-
rial with the most positive sodiation potential (the case of Na*/Na@OH®@CsB; for m = 2)
combined with an Na*/Na electrode would yield the most positive standard electromotive
force (¢%) of the cell, & = —1.07 V — (—2.71 V) = 1.64 V, resulting in a high-voltage sodium-
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ion battery. The possibility of obtaining high-voltage sodium-ion batteries is in line with
our previous findings on (oxidized) doped graphene, ref. [33]. However, in the mentioned
study, the dopant concentration was not investigated as a variable. Here, we can clearly
see (Table 3) that for the case of 2Na adsorption, an increase in B concentration makes the
sodiation potential more positive. However, this is not the case when we consider three
and four Na atom adsorption, where Cs;B; is found to be optimal.

It is interesting to compare pristine graphene and its oxidized forms with the boron-
doped analogues studied here. If we were to calculate the sodiation potential for pris-
tine, nonoxidized graphene, based only on 1Na adsorption, it renders a very negative
E%(Na*/Na@Cs,), amounting to —2.99 V. Obviously, this case surpasses (is more nega-
tive than) the standard electrode potential for pure Na*/Na, indicating that in such a
galvanic cell, Na*/Na would actually act as the cathode, where Na* would reduce, while
Na*/Na@Css would act as the anode, i.e., the half reactions (R1) and (R2) would go in
opposite directions than previously stated. The resulting ¢” would be 0.28 V. This means
that the pristine graphene material would have to be filled with Na,45 before the start of
the battery operation to provide Na, which would oxidate during the battery discharge.
Additionally, next to low battery voltage, we add the fact that pristine graphene shows a
rather poor Na capacity, with already the second Na not being able to surpass E.,,(Na),
making room for Na-metal phase separation and deteriorating the possibility of preparing
the Na-filled graphene electrode material. When it comes to the oxidized forms of non-
doped graphene, in O-functionalized graphene, one epoxy group is found to be able to
bind up to three Na atoms, while the presence of OH allows for its interaction with just
one Na. The B-doping of the material is found to improve this situation—the sodiation
potentials are more positive than Na*/Na, the cohesive energy problem is surpassed and
the Na* (battery) capacity is improved up to four times.

4. Conclusions

DFT calculations were utilized to investigate the influence of boron dopant concentra-
tion and surface oxidation on the potential for Na and Al storage in graphene. The obtained
results demonstrated that the introduction of boron into graphene has a significant effect
on its reactivity towards oxygen-containing species, rendering the material more suscep-
tible to oxidation. Consequently, when modeling such materials, it is crucial to consider
the oxidation of the B centers. In terms of electrochemical applications, the oxidation of
B-doped graphene modifies its electronic structure but does not induce a bandgap. As a
result, the controllable doping of graphene with boron, followed by oxidation, appears
to be a promising approach for enhancing its electrochemical performance with respect
to Na and Al storage. Specifically, this strategy optimizes the strength of the interaction
between Na and Al and the graphene surface and its storage capacity, thereby opening
up possibilities for its applications in metal-ion batteries and energy storage in general. In
both cases, the adsorbate atoms tend to bind to or near B atoms, which are additionally
functionalized by surface groups such as O or OH. Depending on the B-dopant concentra-
tion and the oxidation of the surface, such functionalized materials can store up to four Na
atoms per dopant atom and are possible candidates for high-voltage (up to approx. 1.6 V)
and high-capacity Na-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/c9040092/s1: Figure S1. Investigated configurations of Cs;B,.
Figure S2. Investigated configurations of Cs;B3. Figure S3. Electronic structures (total DOS) of
pristine graphene (Csy, first row) and investigated boron-doped graphene Cs4_,,B;; (bottom three
rows), zoomed in to the range of —5 to +5 eV (left) and in full energy range (right). The p states
of boron dopant atoms are shown separately (in the case of Cs;B;, the p states of two B atoms
overlap). For clarity, all total DOS plots are divided by 5. The Fermi level (dashed, black line) is set
to 0. Figure S4. Optimized structures of Na adsorption onto (oxidized) Cs4_,,B;; systems (first row:
bare Cs4_,,B;;, middle row: Cs4_,,B,; oxidized by O,q4s, bottom row: Css_, B, oxidized by OH,4s).
Graphical representations were made using VESTA. Figure S5. Optimized structures of Al adsorption
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onto (oxidized) Cs4_,, By systems (first row: bare Cs4_,,B;;, middle row: Cs4_,B;, oxidized by O,qs,
bottom row: Cs4_,, B, oxidized by OH,4s). Graphical representations were made using VESTA.
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