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Abstract

Recent experimental studies indicated that hydrogenation improves the performance of
graphitic materials used as anodes in lithium and sodium ion rechargeable batteries. Here,
results of density functional theory calculations are presented to demonstrate that this is also
effective for both sodium and calcium ion batteries. It is shown that this can be explained by
the increase in binding strength of the metal adatom to the hydrogenated graphene, compared
to its binding to graphene and also an increase in the inter-layer spacing of the layered
materials. According to our calculations, whereas Na and Ca bind weakly to the graphene
sheet with binding energies of -0.763 and -0.817 eV, they bind more strongly to the single
layer of the proposed hydrogenated graphene sheet (CesHa) with binding energies of -1.670
and -2.756 eV, respectively. Furthermore, although Na does not intercalate strongly in the
layers of the CesHa material, up to 16 Ca can intercalate into the bulk layers of this material
giving an electrical capacity of 591.2 mAh/g and a 29.3% expansion of the inter-layer
distance. Thus, hydrogenated defective graphene provides an anode material that enhances
the performance of rechargeable batteries compared to graphene, using metals that are

cheaper than lithium.
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1. Introduction

Recently, investigations on the possibility of developing sodium (Na) and calcium (Ca) ion
rechargeable batteries have become more widespread. Since 2000, when Stevens and Dahn
[1] inserted sodium into hard carbon materials, much of theoretical and experimental work
has been carried out to see if efficient Na ion batteries (NIB) and Ca ion batteries (CIB) can
be realised through the selection of appropriate electrode materials [2-6]. The electrode
materials that have been considered include a variety of two-dimensional carbon materials
and non-carbon materials [4, 6]. Since Na/Ca are more abundant than lithium, NIBs and CIBs
are cheaper, and therefore favourable alternatives to lithium ion batteries (LIBs). In addition,
Ca has the advantage that its ion has a +2 charge compared with +1 for Li and Na [7-9],

although its atomic mass is higher.

Graphite has been most widely used as the anode material for LIBs [10, 11]; however,
graphite does not bind Na and Ca atoms sufficiently strongly for Li to be replaced by them
[12-14]. Moreover, graphite has an inter-layer distance of 3.35 A and intercalation of Li is
readily achieved, whereas intercalation of Na and Ca is not [15, 16]. This is because the
atomic radii of Na (1.86 A) and Ca atoms (1.97 A) are significantly larger than Li (1.52 A);
22% and 30% larger respectively [17]. Cao et al. [16] suggested that the minimum inter-layer
distance required for Na intercalation would be 3.70 A. In accordance with this, Komaba et
al. [18] found that the inter-layer distance of the disordered carbon (or hard carbon) that they
studied was 3.80 A, made it possible for Na to intercalate. Another issue that prevents the
development of NIBs using Na is that Na has been found to bind more weakly to graphene
than other alkali metal and alkaline earth metal atoms. Liu et al. [12] found that the weak
binding of Na (and Mg) on a graphene layer can be attributed to the relative magnitudes of
ionization energy of the metal atoms and coupling between the graphene and the metal
cations. Thus, two possible ways of designing electrodes for NIBs and CIBs based on layers
of carbonaceous materials are to select materials where the binding of the metals to that

material is stronger and the inter-layer spacing is larger than for graphite.

A solution that has been considered to address the issue of weak binding is the use of
defective graphene, including graphene with Stone-Wales (SW) defects, mono-vacancies
(MV) (graphene with a single C atom removed) and di-vacancies (DV) (graphene with two
adjacent C atoms removed). These structures have been synthesised and considered for metal

atom adsorption [19-24]. Figure 1 shows a schematic view of these defects in graphene.



Figure 1. Optimized structures of graphene with (a) a Stone-Wales defect, (b) a mono-
vacancy and (c) a di-vacancy. All atoms are carbon atoms. Blue atoms are those surrounding

the vacancies or defects and the red atom in (b) indicates an under-coordinated carbon atom.

Vacancies in graphene layers can be produced by ion bombardment using ions such as Ar™ at
various energies [19, 20] with MVs and DVs, being the most likely defects formed after
radiation of low energy beams over the graphene layer. Vacancies can also be produced from
synthetic methods. For example, they can be formed from reduction of graphene oxide [25-
27] or following an annealing process (thermal heating from 1000 to 1500 K), which can lead
to very large defects [28]. Vacancies with odd numbers of C atoms removed have an under-
coordinated carbon atom (commonly denoted to have a ‘dangling bond’ on the carbon atom),
and introduces asymmetry in the configurations [21]. Moreover, the removal of a C atom
results in a strain in the system, which can be partly compensated for by rearrangement of the
structure in the vicinity of the vacancy. Due to the strain, C-C bond lengths around the
vacancy can be longer than the normal C-C bond; for example, Carlsson and Scheffler
observed bond lengths between 1.42 and 1.8 A in defective graphene materials they
considered [21]. Strain and dangling bonds can cause the carbon atoms in the vicinity of the

vacancy to be more reactive than other C atoms in graphene.

There have been a number of studies that considered the effect of defects and vacancies
(mainly SW, MVs and DVs) on the adsorption of Na or Ca with an aim to enhance the
properties of electrodes for rechargeable batteries [29-31]. The theoretical electrical capacity

of the anode material in mA h g is:

E(mAhg™) = Rem T (1)

3.6(nympy+nyg my+neme)

where mys, my and mc are the atomic masses of the M, H and C atoms; nys , ny and nc are the
number of metal (M), hydrogen (H) and carbon (C) atoms in a unit cell and F' is Faraday’s
constant, 9.648 x 10* C mol™! . The value of n. is given by the valency of the metal atoms (1

for Na and 2 for Ca). Considerable increase in the Na and Ca capacity has been observed on



defective graphene sheets compared to pristine sheets. For example, Datta et al. could obtain
capacities of 646 mA h g! and 927 mA h g' for graphene sheets with DVs with a 25%
defect rate [29] (note that in the paper of Datta et al., capacities of 1450 mA h g'! and 2900
mA h gl are reported because the mass of Na and Ca are not included in the definition of the
capacity, unlike in the current work where it is defined by equation (1)). Adsorption of Na or
Ca was allowed on both sides of the sheet in that study. Tsai et al. found a loading of NaCs
(225 mA h g'!) could be obtained in a graphene bi-layer with an AA stacking and a DV on
one of the layers, which resulted in the expansion of the inter-layer distance from 3.35 A to
4.50 A [30]. In a similar study, Yang et al. found that a loading of Na¢Css (228 mA h g!)
could be obtained in bi-layer graphene with an MV and an AA stacking [31]. In each of the
studies mentioned above, Na or Ca accumulation near the vacancy or defect was observed.

Despite increased metal atom capacities, graphene layers with MVs are not expected to be
suitable materials for batteries due to the dangling bonds on the carbon atoms, which make
them quite reactive [32]. This could lead to bonding between layers and reduce the inter-
layer distances. However, the under-coordinated C atoms can be hydrogenated to form more
stable structures [33-36]. Casartelli et al. [36] applied density functional theory (DFT) to
investigate the effect of the presence of C-H bonds on the structure of graphene by
considering a hydrogenated MV. They considered 1 to 6 H atoms (2 for each carbon) on the
three carbon atoms around a vacancy. They found that at 0 K, the fully hydrogenated system
was most stable. However, due to entropic effects, at higher temperatures various degrees of

hydrogenation could be achieved. Figure 2, shows the lowest energy structures for the MV

(Mg (b) @

Figure 2: Side views of the most stable structure of (a) graphene with an MV and a single H

with 1 or 2 H atoms.

atom, (b) graphene with an MV and two H atoms. The grey, blue and red atoms are C atoms,
with those surrounding the vacancy coloured blue and the under-coordinated carbon atom

coloured red. The white atom is a hydrogen atom.

According to Casartelli et al. [34], the creation of a C-H bond in the MV leads to a C-H bond

directed out of the plane of the graphene sheet, as seen in Figure 2a. The carbon atom lies
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0.694 A above the graphene plane [34]. This is of interest as it indicates that hydrogenated

MVs (H-MVs) may increase the inter-layer distance in layered bulk materials.

This possibility is consistent with experimental results of Yoon et al. [37]. They used a new
synthetic route, using supercritical alcohol and which is referred to as a modified Hummers
method, to fabricate hydrogen-enriched porous carbon nano-sheets (H-PCNs) with an H/C
ratio of 2.3. The new material was then tested and found to be suitable for the anode of NIBs.
The electrical capacity of the anode was 300 mA h g™ at 50 mA g'!, with a cycling stability of
2000 at 1-5 A g!. They suggested that the enhanced capacity could be attributed to the high
number of hydrogen-terminated groups, a large number of defects on the sheets and the large
inter-layer spacing of 3.8 A between the material layers. Likewise, other researchers achieved
a high electrical capacity using a hydrogenated carbonaceous material as anode materials for
LIBs and NIBs [38-42], with the highest value for NIBs reported in these papers being 491
mA h g! [42].

In order to examine if hydrogenated defective graphene might be a useful material for Na and
Ca ion battery electrodes due to strengthening binding energies compared to graphene and/or
increasing inter-layer spacing in graphitic materials, we carried out a comprehensive study on
a series of defective graphene sheets. Initial DFT calculations of the binding energies of Na
on graphene sheets with vacancies and hydrogenated vacancies were carried out to determine
which structures would be most likely to enhance alkali metal atom binding. We then
examined the binding of multiple Na and Ca atoms on single layers of this structure and a
model of the bulk, layered material. We expected similar enhanced binding for Ca as was
observed for Na on the single layer. However, the different valency and similar size of the Ca
atom suggested there could be an enhanced capacity with Ca. The Na and Ca binding
energies and the expansion of the material with loading were determined to ascertain
hydrogenated defective graphene could provide a suitable material for NIBs and CIBs. The
results obtained should guide the selection of electrode materials for further experimental

investigation.

2. Methodology

To study the interaction of Na and Ca on the hydrogenated defective graphene, DFT
calculations were performed as implemented in the Vienna ab initio Simulation Package
(VASP, ver. 5.3.5 and 5.4.4) [43]. The system is considered to be periodic in two dimensions

for the single layer studies and periodic in three dimensions for bulk layer studies. A plane-
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wave basis set was used. Within this package, the generalized gradient approximation (GGA)
with projector-augmented wave (PAW) method was selected [44, 45]. The Gaussian
smearing parameter was set to 0.05 eV. To account for the van der Waals interactions, the
DFT-D3 method of Grimme [46, 47] was used. For calculations considering a single layer of
graphene with a defect, the Brillouin zone was sampled with a 3 x 3 x 1 k-point mesh and the
bulk layers were sampled with 3 x 3 x 2 k-point mesh, using the Monkhorst-Pack scheme.
For the density of states (DOS) calculations, a 11 x 11 x 1 k-point grid of was used. The cut-
off energy for the plane-wave basis set was selected to be 700 eV. The energy convergence
criterion was selected to be 1x10° eV for most of the cases and 1x10* eV for the bulk cases.
The force convergence criterion was selected to be between 0.05 eV A and 0.01 eV A!. The
number of k-points and cut-off energy, force and energy convergence criteria were optimized
in preliminary calculations [48]. Moreover, the cell sizes were optimized by cell size
variation or using automatic cell size optimization in VASP for more complex bulk cases
with a high number of atoms. Charges on the atoms were calculated using a Bader charge

analysis [49, 50].

The binding energy between metal atoms and the substrate was determined by:

_ E(S:Mp)—nyEM)—E(So)

Ey )

nm

where E(S.M,) is the total energy of the substrate loaded with ny metal atoms (Na or Ca),
E(M) is the energy of the metal M as an isolated atom, and E(S,) is the energy of the 2D
substrate material in its optimal geometry. Using this definition, a negative binding energy
indicates that the binding is energetically favourable.

In order to calculate the contribution of the binding energy due to the interaction between a
group of adsorbed Na or Ca atoms and the substrate [51], we also define an ‘interaction

energy’ as follows:

B = E(SMw)-E(Mn)-E(Sa)
int —

3)

nm
where, E(M,) is the total energy of n metal atoms considered as an isolated group and E(Sy) is
the energy of the substrate only, in the configuration it adopted after adsorption of the metal
adatoms (the deformed substrate). The value of E(Sg is higher than the value of E(S,), the
substrate before metal adsorption. A negative value of Ej, indicates a favourable interaction

between groups of metal adatoms and the substrate [51].



3. Results and discussion

Graphene sheets with five different vacancies were considered in this work, and their
optimised structures are shown in Figures 1b and ¢ and Figure 3. They differ due to the
number of C atoms removed and are referred to as a mono-vacancy graphene (MVG, Figure
1b), di-vacancy graphene (DVG, Figure lc), tri-vacancy graphene (TVG, Figure 3a), quad-
vacancy graphene (QVG, Figure 3b) and 24-vacancy graphene (24VG, Figure 3c) [32].

24V G was selected as a representative large pore so see the effect of size on the results.

Figure 3: Top view of graphene with a (a) tri-vacancy, (b) quad-vacancy, and (c) 24-vacancy.
All atoms are carbon atoms. Those coloured in red denote under-coordinated carbon atoms
and those coloured in blue surround the vacancy. In (¢) carbons involved in armchair type
and zig-zag type edges around the vacancy are also distinguished by colouring in yellow and

blue, respectively.

The presence of vacancies caused stress in the system, changes in the bonding of the C atoms,
and changes in the cell size of the periodic structures in the defected sheets compared to that

of pristine graphene. The optimised cell parameters are shown in Table 1 where we assumed

a=b.



Table 1: The lattice vector lengths for graphene sheets with various vacancies

Material Lattice vector % difference from
lengths (a & b) / A graphene
Graphene 14.81 -
MVG 14.77 - 0.3 (contraction)
DVG 14.67 - 0.9 (contraction)
TVG 14.65 - 1.1 (contraction)
FVG 14.54 - 1.8 (contraction)
24VG 22.27 + 0.3 (expansion)

Note the cell sizes for systems considered in Figures 3a and 3b are based on smaller
supercells of the graphene sheets (14.81 A) than that in Figure 3¢ which is based on a larger
supercell with length 22.27 A. According to the results shown in Table 1, there are small

changes in the cell sizes induced by the vacancies.

3.1 Hydrogenated vacancies in graphene
Casartelli et al. [36] showed that hydrogenation of an MV by up to 6 H atoms formed
energetically stable structures. Similarly, we considered various degrees of hydrogenation of

the five defect models used here. The hydrogenation energy (AEy) for the reaction:
CGHi+H ———>CHiq 4)
was calculated in the usual way:

AEy = E(CoHiyy) — E(CoHy) — E(H) )
where E£(C,H;) denotes the energy of the reactant, i = 0,1,... and E(H) denotes the energy of
the isolated H atom. The structures and formation energies for the hydrogenated MV are
shown in Figure S1 and presented in Table S1, and the structures of selected hydrogenated
DVG, TVG, QVG and 24VG structures are shown in Figure S2. Note that the notation used
to refer to the different structures (e.g. H2-MVG) gives the number of hydrogen atoms after
‘H’ and the type of vacancy after the dash. It should be noted that H2-MVG has a carbon
atom with a dangling bond on it, which is indicated in red in Figure S1b. The result of AEx
obtained for the hydrogenated MVs (Table S1) are in well accordance with those of Casartelli
et al. [34, 36].



For the DVG, QVG and 24VG, various degrees of hydrogenation were considered. These
structures are shown in Figure S2, and it is clear that for the smaller vacancy defects, the H
atoms and some of the C atoms around the vacancy are out of the plane of graphene sheet.
However, for H12-24VG the H and C atoms are in the plane, indicating the movement out of
the plane was due to the proximity of other atoms. Once the pore size is increased to that of
24VG, there is sufficient space for the H atoms to become planar. This would limit the utility
of hydrogenation in increasing the spacing between layered sheets, although the large pore
itself might somewhat compensate for that, providing space to accommodate Na and Ca
atoms. For TVG, there is a dangling bond on one carbon atom around the vacancy, so adding
1 H atom will saturate that. This structure is shown in Figure S2c, and it is clear that the H
and C atoms are all in the plane of the graphene sheet; therefore, this structure might not
increase the inter-layer spacing greatly. The hydrogenation energy of H1-TVG is -4.92 eV,
which is higher than the AEx of HI-MVG in absolute value (-4.25 eV).

3.2 Na adsorption on defective and hydrogenated defective graphene

The capabilities of the defective and hydrogenated graphene materials to adsorb (or bind) Na
atoms over different sites were considered. For this study, Na was considered because it binds
more weakly to graphene than Ca (-0.763 eV and -0.817 eV, respectively for a single metal
atom on C7;). However, we expected that if enhancement was observed for Na, it would also
be observed for Ca. Four different types of binding site are distinguished, as shown in Figure
4a. In Figure 4b, the binding energy of Na at each of these sites on a range of different
materials is given, with the blue solid line indicating the cohesive binding energy of Na (-
1.113 eV), and the black dashed line indicating the binding energy on pristine graphene (-
0.763 eV). In addition, the binding energies of multiple Na atoms at their optimised positions
is given to provide an indication of the maximum loading. The values of the binding energies

are presented in Table S2.

According to Figure 4b, all graphene sheets with vacancies (MVG, DVG, TVG QVG and
24VG@G) bind Na strongly at sites A and B. The binding energies at sites C and D are also
stronger than the cohesive energy and the binding energy of Na on pristine graphene. The
binding at A and B was the strongest for systems with under-coordinated carbon atoms, and
increased as the pore became larger. This behaviour is consistent with that demonstrated
previously [29, 30, 32]. Our recent calculations for Na bound to graphdiyne showed similar
behaviour, in that the Na preferred to bind in the large pores (-2.53 eV) than over the six-

membered ring (-1.48 eV) [48]. For the material to be suitable as an electrode in rechargeable

9



batteries, the binding should not be too strong or the desorption of Na will be too difficult
during the discharge process or for the material will distort, and not vary too much from site
to site or mobility will be limited. In most cases, the binding at sites A and B is expected to

be problematic due to these reasons.

G
O O O
&
0.5
0.0
-0.5
> -1.0
[5)
o -1 E, of Na binding
Cohesive energy over Graphene,
20 of Na, -1.113 eV -0.763 eV
-2.5
-3.0
(b) mA/B uC D 2-atom ® 3-atom m 4-atom o 5-atom

Figure 4 (a) Schematic diagram identifying the different positions for adsorption of Na in a
graphene material with typical vacancies. Sites A (over the centre of a vacancy defect) and B
(near the edge of a vacancy defect) generally represent the most stable sites over the defect.
Sites C and D are the first and second most stable ring away from the vacancy, respectively.
(b) A bar chart showing the £ of Na at the various sites shown in (a) and for 2, 3, 4 and 5 Na
atoms in their minimum energy positions over and around the vacancy including the rings
nearby. If there is no coloured bar seen for a material and its site, it means that Na was not
able to be adsorbed at that site. For 24VG and H12-24VG we did not consider 2 and more Na

adatoms.

In contrast to the materials with vacancies, the hydrogenated defective materials in the bar
chart show varied results for adsorption of a single Na atom. The materials H1-MVG, H2-
MVG, H3-MVG and HI-TVG had E} values that are stronger than the cohesive energy of Na
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[13]. Although most other materials bound Na more strongly than graphene, in some cases
the magnitude of £, was less than the Na cohesive energy, which could lead to the clustering
of the atoms if more than one Na atom was available. For example, cases with higher number
of H atoms in the vacancy resulted in weaker binding as shown in Figure 4b, which shows the
effect of the number of hydrogen atoms on the binding energies. However, this is not the case
for H2-MVG, which of all the hydrogenated materials binds Na most strongly. This is due to
the third carbon atom around the vacancy having a dangling bond and which is not saturated
with hydrogen as shown in Figure 1b and Figure S1b. H2-MVG is expected to be difficult to
produce experimentally due to is reactivity and because it is less stable than other materials
[36]. However the other materials have Na binding energies at sites A/B that are
approximately 0.1 — 1.0 eV higher than the cohesive energy of Na, and are expected to be

suitable materials for anode according to this constraint.

Another point to note is that four graphene materials with vacancies (MVG, DVG, TVG and
QVG), H2-MVG and HI-TVG can all bind up to at least 5 Na atoms over the vacancy or
around it (i.e., the average binding energy is less than the cohesive binding energy).
Moreover, HI-MVG and H3-MVG bind 3 adatoms (see Table S2). This indicates that these
materials could be of interest for NIB electrode materials. Figure 5 depicts the positions of
the 5 Na adatoms on the defective and hydrogenated defective graphene sheets for structures
where the binding energy per Na atom was stronger than the cohesive binding energy of Na,
or close to it. According to Figure 4b, even when Na atoms are away from the vacancy and
over the hexagonal rings, the average magnitude of the £, values are larger than the cohesive
energy of Na (in Figure 4a, sites C and D, blue and yellow bars). This is consistent with the

results of Tsai et al. [30] and Yang et al. [31].
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Figure 5. The position of 5 Na adatoms on various materials: (a) MVG, (b) DVG, (¢) TVG,
(d) QVG, (e) HI-MVG, (f) H2-MVG, (g) H3-MVG and (h) HI-TVG. The white atoms are
hydrogen atoms, the purple atoms are Na atoms and all others are C atoms. The red atoms in
(a), (c) and (f) indicate a carbon atom with a dangling bond and the blue atoms are those

surrounding a vacancy.

3.3 Na adsorption on large pores of 24VG sheets
As already discussed, Na binds strongly to the 24VG sheet, but not to the H12-24VG sheet,

which is consistent with the result of Okamato [32] for the Li adsorption on the similar
defective graphene. However, in both cases, there are different sites at which the Na can
bind, and it is of interest to consider the relative binding energies at several different sites
in/near the pores. Figure 6 shows the sites considered on each of the two materials and Table

2 summarises the values of £} for those sites.

Figure 6 (a) Structure of 24V G, with possible adsorption sites labelled. Site C is at the centre
of the vacancy, site Z is adjacent to the zig-zag type edge, and site B is adjacent to the
armchair type edge. NS denotes sites where adsorption does not occur, and atoms initially
placed there will move to site B. (b) Structure of H12-24VG with the possible adsorption
sites labelled (C, Z, and B). Sites R1 and R2 are the two rings away from the vacancy.
Armchair type and zig-zag type carbons around the vacancy are also distinguished by
colouring in yellow and blue, respectively. Red coloured carbon atoms are those with a

dangling bond.

Table 2. The binding energy of Na and its distance from the 24VG and H12-24VG

materials for various sites
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24VG H12-24VG
Sites defined

E eV haa | A E eV haa | A
in Figure 6
C -0.968 0.0 -0.249 0.0
B (Armchair) -2.909 0.69 -0.842 2.18
7. (Zig-Zag) -2.706 0.0 -0.724 2.25
R1 NS2 - -0.871 2.20
R2 -1.043 2.23 -0.817 2.20

2NS denotes that Na does not stably bind at this site

From Figure 6a and the binding energies in Table 2 we see that that the strongest binding is at
site B (in front of the armchair type edge within the pore). Site Z (in front of zig-zag type
edge within the pore) is the second most stable site, and this is consistent with Okamato’s
result for lithium adsorption [32]. The sites indicated by NS in Figure 8a do not bind Na, and
if initially we put Na at these sites, they move to sites B or Z on geometry optimization.
Further from the pore at R2, the value of Ej is -1.043 eV. This is still stronger than the
binding of Na to graphene, but weaker than the cohesive energy of Na. The high value of the
binding energy at sites B and Z can be directly attributed to the existence of 12 dangling bond
carbon atoms around the vacancy edge. By contrast, when we hydrogenate the 24VG to get
H12-24VG, as seen in Figure 6b and Table 2, the E; values decrease greatly to values that are
too weak to prevent clustering. These results indicate that neither the non-hydrogenated nor
hydrogenated 24VG sheets are suitable for battery materials: 24VG has many dangling bond
carbon atoms which is likely to lead to binding with other sheets (although it strongly binds
Na); and H12-24VG does not bind Na sufficiently strong. However, it is interesting to
observe that the position at which Na binds most strongly is in the pore for 24VG but over the
defective graphene surface for H12-24VG. In summary, the above results show that large
pores within graphene will not enhance Na binding when it is passivated by hydrogen and
will have problems associated with instability or reactivity if it is not passivated [32].

Therefore, we focus on the small vacancies in the following sections.

3.4 Na adsorption on single layer and bulk graphene with MV and DVs

Due to the fairly strong binding of Na to a HI-MVG evident from Figure 4b, it is of interest

to examine how the binding energies of Na vary on sheets containing several MVs and the

13



maximum number of atoms that could be expected to be adsorbed. We firstly optimized a
defective graphene sheet with 4 MVs in a 6x6 graphene supercell (C¢s which we refer to as
4MVQG), as shown in Figure 7a. This structure has a 5.55% defect concentration with respect
to graphene, and adding more defects in the supercell was found to disrupt the structure of the
layer. The geometrically optimized 4MVG structure (Figure 7a) is planar due to the triplet

electronic state [34].

® ¢ o &

Figure 7. Top and side view of the optimized structure of (a) graphene sheet with 4 mono-
vacancies (4AMVGQG) (b) 16 Na atoms adsorbing on the 4AMVG material (c¢) 20 Na atoms
adsorbing on the 4MVG material, 4 of which forming a second layer on top of the first layer.
Blue colours are those surrounding vacancies, red atoms are those with a dangling bond, and

purple atoms are Na atoms.

In order to evaluate the ability of this structure to adsorb Na atoms, we optimised several
initial configurations and found that a maximum of 16 Na atoms can bind to the 4MVG sheet
in a single layer. The average E is -1.369 eV (stronger than the cohesive energy of Na), and
the average height of adsorption (/) is 2.48 A. The top and side views of the material with
this loading are shown in Figure 7b. Examination of the top view in Figure 7b indicates that a
fairly regular network of Na atoms is situated above the material, with the Na-Na distances
varying between 3.5 and 4.2 A. This is similar to the distances between the closest Na atoms
in a single layer of Na arranged in the structure corresponding to that of the 110 surface of the
bulk metal (Figure S3a) (3.54 — 3.64 A). On addition of more Na atoms, the atoms start to

form a second layer further from the sheet as shown in Figure 7c.

14



To test the intercalation of Na atom within the bulk layers of 4MVG, we optimized the
structure with an AA stacking. This AA stacking was the most stable of the possible
stackings considered and results in overlaying the two mono-vacancies in adjacent layers.
The average inter-layer distance of this stacking is 3.37 A, which is very similar to the inter-
layer distance of graphene (3.35 A [16]). Therefore, as expected, the vacancy defect does not
result in a significant increase in the inter-layer distance. Moreover, this distance is smaller
than the values of 3.70 A reported by Cao et al. [16] and 3.94 A reported by Tsai et al. [30] as
the distance required for Na intercalation. Therefore, intercalation of Na within the 4AMVG

with AA stacking is likely to be difficult.

Figure 8a depicts top and side views of the 4MVG bulk layers intercalated with 1 Na atom
over the mono-vacancy in AA stacking. The under-coordinated carbon atoms of the two
adjacent MVs moved out of their planes and formed a bond of length 1.37 A, which is very
similar value to a carbon-carbon double bond length of 1.33 A [17]. This is a shortcoming of
the 4AMVG material, because it causes a decrease in inter-layer distance of the 4MVG bulk
layers to 3.32 A. It also keeps the layers in fixed positions relative to each other and prevents
them from sliding as normally seen in graphene stacking types (AB, ABA, ABC) [53]. These
problems indicate that graphene sheets with a mono vacancy would not be suitable for use as

materials for NIBs.

Figure 8 (a) Top and side view of the structure formed from geometry optimization of 4AMVG
bulk layers intercalated with a Na atom (purple). This results in bonding between the layers
as shown in the right panel, with a carbon-carbon bond length of 1.37 A. (b) Top and side
view of the structure formed from geometry optimization of DVG bulk layers with an AA
stacking intercalated with a Na at sites A or C. In the side views the Na atoms at the A and C

sites are eclipsed.

We also inserted a Na atom between the layers of DVG with an AA stacking, which was the
optimal stacking for the bulk layers. Even though Na bound strongly at both sites A and C
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(defined in Figure 4) of a single layer DVG material (E5 values of -1.79 and -1.52 eV,
respectively), in the bulk material these values are reduced to -1.74 and -0.71 eV,
respectively. A large difference of 0.81 eV in the binding energy at site C in the bulk system
indicates that Na atoms would bind strongly in the centre of the defect but weakly at site C,
which means that this material is unlikely to be a suitable option for anode material since
diffusion of the Na would be slow. Suitable bulk layers must provide strong binding energy

at all the sites including the sites near the defects for a number of adatoms to intercalate.

3.5 Na and Ca binding on H-MVG single and bulk layers

Of the hydrogenated MVGs considered above, only the HI-MVG and H2-MVG materials
bound Na strongly at locations near the MV. Indeed, H2-MVG has a dangling bond on the
vacant carbon atom around the vacancy, as shown in red in Figure 2b. Therefore, C-C
binding as shown in Figure 8a may occur for this structure. The optimized structure for H1-
MVG is shown in Figure 2a, and it is found that the C-H bond length is 1.077 A. In contrast
to the planar MVG structure, the C atom in HI-MVG is 0.748 A above the plane. By
hydrogenating the 4AMVG material (Figure 7a) with one hydrogen atom at each MV, CegsHa,
denoted by 4(H1-MVG), is obtained as seen in Figure 9a. Different structures can be formed
with different combinations of direction of the C-H bond such as those shown in Figure 9.
The structure in Figure 9a has all the H atoms on the same side of the sheet, which we refer to
as cis-4(H1-MVGQG), and that in Figure 9b has two on one side and two on the other side, and
we refer to it as trans-4(H1-MVG).

Figure 9. Top and side view of the 4(H1-MVG) sheet with (a) H atoms all on one side of the
sheet and (b) half the H atoms on one side and half on the other. In (b) binding sites, A and
B, are labelled. Blue colours are those carbon atoms surrounding vacancies, and white atoms

are hydrogen.

The trans-4(HI-MVGQG) has a lower total energy than cis-4(HI-MVG), -628.50 eV versus -
628.08 eV with 0.42 eV difference. Therefore, we selected trans-4(H1-MVG) for the rest of
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our computations. Table 3 presents the binding energies of Na to trans-4(H1-MVGQ) at the
two sites (A and B) indicated in Figure 9b. Initially we added 1 and 2 Na atoms to compare
the binding energies at different sites. It is also of interest to compare the binding energy of
Ca with that of Na, since Ca has two valence electrons (Na has one) and this is relevant to the
electrical capacity (n. = 2 in equation 2). In order to determine the maximum capacity of one
side of the single layer, we have considered the binding energy of 12, 14 and 16 atoms on the
same side. In addition, we considered the binding energy of 8, 10, 12, 14 and 16 atoms to
each side of the sheet, (totally 16, 20, 24, 28 and 32 atoms, respectively). The results are
presented in Table 3.

Table 3. Average binding energies and Bader charges for Na and Ca on trans-4(H1-MVG)

Na Ca
Average E , Average Average E , Average

Number of atoms atom /ey  Badercharge .. . /oy Bader
and binding site per atom / e charge per
atom/ e
1(@A) Binding -1.506 0.819 -2.115 1.352
1 (@ B) to one -1.670 0.824 -2.756 1.336
2(@wA&B) side -1.597 0.814 -2.376 1.005
12 -1.248 0.273 -2.137 0.507
14 -1.241 0.218 -2.103 0.493
16 -1.250 0.179 a -
Max. capacity® / 360.8 - 547.0 -
mA h g1 (16 Na) (14 Ca)
16 Binding -1.214 0.258 -1.960 0.607
20 to both -1.184 0.210 -2.008 0.582
24 sides -1.162 0.171 -2.074 0.550
28 -1.160 0.142 -2.063 0.531
32 -1.182 0.105 a -
Max. capacity®/ 551.0 780.4 (28
mA h g (32 Na) Ca)

2 In this case we were unable to bind a single layer of Ca atoms
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® We define the maximum capacity as the point after which there might be sheet disruption
(e.g. in the case of 16 Ca) or formation of another surface over the sheet (e.g. in the case of

20 Na)

Figure 10 depicts the top and side views of the single layer loaded with Na and Ca.
According to the results of Table 3, all the magnitudes of E;, are lower than the cohesive
binding energies of Na (-1.113 eV) and Ca (-1.840 eV) [13], and Ca has a stronger binding to
the sheet. For both metal atoms, the preferred binding site is site B (see Figure 9). The
average Bader charges [49, 50] on the metal atoms are higher for Ca (1.336 for a single atom

at site B) than Na (0.824 for a single atom at site B) as expected from their valencies.

Figure 10: Top and side views of the trans-4(HI-MVG) with (a) 16 Na, (b) 14 Ca, (c) 32 Na,
and (d) 28 Ca atoms. In (a) and (c) light and dark purple atoms are those Na atoms located
over and behind the layer, respectively. In the same way in (b) and (d), light and dark green

atoms are those Na atoms located over and behind the layer, respectively.

The distance between the Na-Na atoms in the case with 16 Na atoms on one side varies
between 3.5 and 3.8 A (Figure 10a). This is similar to the arrangement of the 16 Na atoms
over the 4MVG sheet (see Figure 9b), and is also similar to the distance between two
neighbouring Na atoms in a single layer of atoms arranged in the structure corresponding to
the 110 surface of the bee metal, 3.54 and 3.64 A (Figure S3a). Similarly, for Ca adsorption
(Figure 10b), the Ca-Ca distance varies between 3.5 and 5.1 A, which is similar to the
distance between Ca in a single layer of atoms arranged in the structure corresponding to the
100 surface of the fcc metal of 3.57 and 5.05 A (Figure S3b). These similarities suggest that

there is likely to be interactions between the Ca atoms.
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We note that as the loading becomes high, the average charges on the metal atoms drop (see
Table 3) which is in accordance with the previous result of Li on graphene [54].
Consideration of the charge distribution indicates that there is a general drop in charge for all
the metal adatoms (e.g. with 16 Na atoms the charges range from 0.02 to -0.34 and with the
14 Ca atoms from -0.20 to -0.84). The same trends generally hold for the E; of the adatom on
the surface, except two cases: going from 14 to 16 Na adatoms on one side and from 28 to 32
Na adatom on the both sides. A small increase in the absolute value of Ey, the low values of
the Bader charges on the atoms and the fact that the distances between the atoms are similar
to that in the single atom metal sheets suggest that the interaction between the metal adatoms
might be starting to dominate the behaviour, and that a metal surface is forming over the
substrate. To get a better indication of the interaction between the metal adatoms and
substrate, we have reported Ep, Ein: (defined in equations 2 and 3) and Er (the formation
energy of the metal cluster from single isolated atoms) for Na and Ca, and the results are

presented in Table 4.

Table 4: Values of Ein; and Er for Na and Ca adsorbed on the 4(HI-MVG) single layer

material and comparison with Er for the 2D metal surface.

Substrate + Number Ep, Eint , €V Es, Energy of surface

Adadtom of metal eV/atom atom eV/atom formation of pure
adatoms metal atoms
12 Na -1.248 -0.987 -0.289 -0.894%

4(H1-MVG) 14 Na -1.241 -1.229 -0.037
single layer + 16 Na -1.250 -1.654 +0.385

Na
4(H1-MVG) 8 Ca -2.188 -1.420 -0.778 -1.024%
single layer + 10 Ca -2.137 -1.307 -0.910

Ca 12 Ca -2.137 -1.200 -1.054

14 Ca -2.103 -1.193 -1.061
2 Energy of metal surface formation in the Na 110 and Ca 100 configurations (Figures Sla

and S1b)
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As shown in Table 4, the values of Er for the isolated clusters of Na or Ca atoms in the
structures they formed on the substrate are mostly higher than the formation energy of Na and
Ca atoms in ideal 110 and 100 configurations (Figures Sla and S1b), as expected. In addition,
apart from the case where 16 Na atoms were adsorbed (in which the isolated Na structure was
not stable), the E;,; between the cluster and the substrate was lower in magnitude than Ep.
This indicates that part of £, was due to interactions between the metal atoms. The fact that
the formation energy of the metal clusters is more positive than either Ej or E;, indicates that
the metal atoms are interacting significantly with the substrate. This difference is larger for
the smaller Ca clusters but the reverse trend is observed for Na; reflecting the fact that the
isolated Na clusters become less stable as their size increases and the fact that their structure

is highly affected by the strength of their interaction with the substrate.

3.6 The intercalation of Na and Ca in the 4(H1-MVG) bulk layers

In order to investigate the intercalation of Na and Ca within the bulk trans-4(HI-MVGQG)
(CesHa) layered materials, we have carried out computations for 4 different types of stacking.
The optimised structures of 4 different stackings are presented in Figure S4. It is found that
the AA stacking has the lowest energy with an average inter-layer distance of 3.49 A
(separation of centre of mass of the carbon atoms in each layer), which is approximately 4%
higher than the inter-layer distance in graphene and the AB2 stacking is least favourable with
an energy that is 1.8 eV higher and an inter-layer distance 13.4% higher than that in
graphene. We might not expect the distance to be much greater than that for graphene, due to
the van der Waals forces between the layers [30, 55]. Comparing the energies of the 4

stackings (Figure S4), we observe that the lower energy, the smaller the inter-layer distance.

Selecting the AA stacking for the 4(HI-MVG) bulk layers, we calculated the Na and Ca
intercalation energies, (see Table 5) while keeping the inter-layer distance fixed to be that of
the minimum energy 4(H1-MVG) structure with no metal atoms. Figure 11 depicts the two
sites in between the layers at which we placed Na or Ca adatoms. These were selected based
on the results obtained for the monolayers. Site A is over the mono-vacancy and between the

layers and site B is over a hexagonal ring close to the MV and between the layers.
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Figure 11: Location of sites A and B on 4(H1-MVG) bulk material with AA stacking type. In
both cases, the Na or Ca atoms are located in between the layers. Blue atoms are those carbon

atoms surrounding vacancies, white atoms are hydrogen all other atoms are carbon atoms.

Table 5: The E» and Bader charge values for Na and Ca atoms at the sites A and B of
the 4(H1-MVG) bulk layers

Atom Site A, Site B, Bader Analysis

E eV E eV Charge on atom at  Charge on atom

Site A/ e atSite B/ e
Na -0.649 -0.303 0.748 0.739
Ca -2.793 -2.048 1.339 1.301

According to the results shown in Table 5, Na does not bind strongly between the bulk layers,
with the E; values being much weaker than the cohesive energy. As a result, clustering may
occur when a number of Na atoms are intercalated between the layers. It was also found that
the Bader charge values of Na is +0.75 e which is even lower than the Bader charge of 1 Na
on a single layer of 4(H1-MVG) at 0.819 and 0.824 e (Table 3).

By contrast, Ca is found to bind strongly within the layers, with all the binding energies
stronger than the cohesive energy of Ca (-1.840 eV). It is interesting to recall that both Na
and Ca bound to the 4(HI-MVG) single layer, although Ca was still stronger. The binding
energy of the Na is much weaker in the bulk system than on the single layer, whereas Ca is
similar on single layers and in the bulk. Moreover, the amount of charge on the Ca when
intercalated in the bulk 4(H1-MVG) (1.34 ¢) is very similar to that when it is on a single layer
(1.35 e, see Table 3).

In order to investigate the effect of inter-layer distance of 4(HI-MVG) bulk layers on Na
binding we considered the variation of E; with expansion of the 4(HI-MVG) bulk layers
intercalated with 1 Na atom on each layer at site A (Figure 11) (2 Na atoms in the supercell).
This is similar to way that Tsai et al. [30] considered Na in bi-layers of graphene and

defective graphene. The results are presented in Figure 12.
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Figure 12: (a) Bulk 4(H1-MVG) intercalated with Na atoms (purple) at sites A. The white
atoms are hydrogen and all others are carbons in the two different layers; (b) Variation of Ej
for Na intercalated in 4(H1-MVG) bulk, with the % expansion of the inter-layer spacing

compared to the material without Na.

From Figure 12b, we see that the minimum £} occurred at approximately 7.5 % expansion of
the layers compared to that of the material with no Na and the binding energy (-1.148 eV) is
just a little stronger than the cohesive energy of Na. Therefore, expansion of layers does not
improve the Na binding sufficiently to suggest that bulk 4(HI-MVG) would not be a useful
material for NIBs. The expansion of the of 4(HI-MVG) bulk layers on intercalation of Ca is

considered in the next section.

3.7 Loading 4(H1-MVG) bulk layered materials with multiple Ca atoms

In this section, we investigate the loading of 4(HI-MVG) bulk layers in a AA stacking with a
number of Ca atoms in order to determine the maximum capacity and the expansion of the
layers. We considered 2 to 32 Ca atoms in the supercell, with equal number of Ca atoms in
each slit-pore. Figures 13a and b show the top and side views of the systems loaded with 2
and 32 Ca atoms. Figure 13c shows the variation of £} values and expansion of the layers as a

function of the number of Ca atoms that are intercalated.
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Figure 13: Binding energies per Ca atom for 4(H1-MVG) loaded with (a) 2 Ca atoms and (b)
32 Ca atoms. The H atoms are colored white, the Ca atoms are light or dark green depending
on which slit pore they are located in, and the carbon atoms are gray or blue depending on the
sheet they are in (c) Variation of the binding energy per atom, E», and expansion % of the

bulk systems as a function of Ca loading.

From Figure 13, it can be seen that with 2 Ca atoms Ej is -3.65 eV and the bulk material has
undergone a 6.6% expansion. With 32 Ca atoms Ej is -2.84 eV and expansion is 29.3%.
Overall, the binding energy per atom becomes weaker with an increase in loading which is
expected. The deviation of the behaviour from this trend is due to the symmetry of the system
and/or the fact that there are many local minimum energy arrangements, and in some cases
the global minimum might not have been found. The maximum value of expansion was
found to be 31% with 6 Ca atoms, and it corresponds to the inter-layer distance of 4.56 A.
Similar expansion was observed in graphdiyne bulk layered materials loaded with 7 Na atoms
on each layer (C»57Na) at 28% [48]. With more than 32 Ca atoms, we were unable to obtain a
stable structure with a single layer of Ca atoms between the 4(H1-MVGQ) layers, so 32 was
taken as the maximum loading. Furthermore, the Bader analysis shows that the average
charge on a Ca atom with 32 Ca atoms is 1.17 e, which is higher than that obtained with 14
Ca atoms on one side of a single layer of 4(HI-MVG) (0.493 ¢) or 28 Ca atoms on both sides
of the single layer (0.531 e) (see Table 4).
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We note that intercalation of a relatively small number of Ca atoms results in expansion of
the layers of 4(HI-MVG) and this expanded material allows other Ca atoms to intercalate. In
addition, the existence of apical (non-planar) C-H bond in the basal defect (mono-vacancy)
makes the inter-layer spacing sufficiently large to allow intercalation of the first Ca atom.
Moreover, there is no disruption in the structure of the 2D material. According to this result
and the definition above, the maximum capacity of 4(H1-MVG) bulk layers is 32 Ca atoms or
CesHsCais, equivalent to an electrical capacity of 591.2 mA h g'!; this capacity is compatible
with the electrical capacity of 300 mA h g! at 50 mA g! achieved by Yoon et al. for
hydrogen enriched porous carbonaceous material [37] and 491 mA h g! achieved by
Pramudita, et al. [42] for hydrogenated graphene (H-TEGO) selected for NIBs.
Consequently, the combination of Ca with 4(H1-MVG) is predicted to be a promising anode

material for CIBs.

3.8 Electronic Properties Density of States (DOS)

In this section, we briefly report the electronic properties of the studied systems through total
(TDOS), partial density of states (PDOS) and charge density. Figure S5 depict the TDOS and
PDOS for 4(H1-MVG) substrate, and 4(H1-MVG) + 1 Na and 1 Ca atoms. A single layer of
4(H1-MVQG) is considered.

According to the TDOS in Figure S5a, there is no band gap, so the 4(HI-MVG) sheet is
conductive as desirable for an anode material. The same holds for the two indicated carbon
atoms as indicated in Figure S5b. Likewise, Figures S5c¢ and d indicate that the there is no
band gap for 4(H1-MVG) intercalated with 1 Na or 1 Ca atom. In addition, Figure S5e
depicts the PDOS of the Ca and also the indicated carbon atom (red colour). According to
this figure there is an overlap of the Ca states (blue curve) over the C states (yellow curve),

which suggests bonding between the Ca atom and the indicated carbon atoms.

Charge densities for the 4(H1-MVG) with Na and Ca atoms adsorbed were also determined.
The charge density difference is given by,

AP = P4HI-MVG) +Na/Ca— P 4HI-MVG)— P Na/Ca ®))

where p is the charge density of the systems specified (e Bohr3). The charge density
differences for the systems with single Na or Ca are shown in Figures 14a and b, with the
blue colour indicating greater electron density on the carbon atoms and the red colour
indicates positive charge around the Na or Ca cations. Regarding Figures 14c and d, there is

also a considerable charge transfer from the 16 Na and 14 Ca atoms to the substrate. In this
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case, the positive charge is delocalized among the Na and Ca, suggesting that the layer is
becoming metallic. The system with 14 Ca atoms (Figure 14d) has more charge transfer (seen
as a greater region of blue in Figure 14d). This is consistent with the higher valency for Ca

than Na.

Figure 14: Charge density difference, the red and blue colours indicate regions where the
charge becomes more positive or more negative, respectively, compared to the isolated metal
atoms or substrate. a) 4(HI-MVG) + 1 Na, Ap =0.0001 e Bohr , b) 4(HI-MVG) + 1 Ca, Ap
=0.0001 e Bohr?, ¢) 4(H1-MVG) + 16 Na, Ap =0.0007 e Bohr~, and d) 4(H1-MVG) + 14 Ca,
Ap =0.0007 e Bohr?. In ¢) and d), purple spheres are Na atoms and green spheres are Ca

atoms, respectively.

4. Conclusion

The effect of vacancies on the binding of Na and Ca atoms to a variety of defective carbon-
based 2D sheets have been considered. If defects result in under-coordinated carbons, the
binding of the metal atoms is enhanced, but these materials are likely to result in linking of
the layers and therefore saturation of the defects by hydrogenation is considered. The
hydrogenated mono-vacancy or 4(H1-MVG) (CegH4) has apical C-H bonds at the basal plane.
This results in an increase in the spacing between layers compared with graphite as well as
enhancement in the binding of Na and Ca to the materials. However, only Ca provides
sufficiently strong binding to the bulk layers of 4(H1-MVG) to prevent cohesion of the metal
atoms. The bulk material provides a maximum capacity of 16 Ca within each AA stacked
layer. This is equivalent to CesHsCais and 591.2 mA h g'! electrical capacity which is
comparable with experimental results for hydrogenated graphene [37, 42], which found that
such materials could be useful as anodes for rechargeable batteries. The expansion of the

stacked layers after Ca intercalation varies from 6.6% to 31.0%. These calculations
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demonstrate that the enhanced performance of hydrogenated anode materials compared to
pristine graphene [12, 13] could be both because of the stronger binding of the metal atoms to
the substrate and the expansion of the material due to the apical C-H bond that acts as a side
arm to expand the layers and enable intercalation. It also proposed that synthesis of

structures similar to 4(H1-MVG) could be beneficial for battery materials.
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Figure S1. Top and side views of the optimised graphene sheets with hydrogenated MVs. (a) HI-MVG, (b) H2-

MVG, (c) H3-MVG, and (d) H4-MVG. Note that the terminology used gives the number of hydrogen atoms after
‘H’ and the type of vacancy after the underscore. The white atoms are hydrogen atoms and all the others are C

atoms. Those coloured in blue surround a vacancy.

(©) (d)
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Figure S2. Top and side views of selected graphene materials with hydrogenated vacancies : (a) H4-DVG
(C70H4), (b) H6-DVG (C70Hs), (c) HI-TVG (CeoH1), (d) H8-QVG (CesHs), and (e) H12-24VG (CizsHiz). The
white atoms are hydrogen atoms and all others are C atoms. Those coloured in blue surround the vacancy. In e)
boat type and zig-zag type carbons around the vacancy are also distinguished by colouring in yellow and blue,

respectively.




Table S1. Hydrogenation energy and average C-H bond lengths for graphene sheets with a
hydrogenated monovacancy

Empirical Optimal C-H bond  Average C-H bond

Material formula configuration length / A ABu/eV
H1-MVG C7iHi - 1.08 -4.25
H2-MVG C71H» anti 1.09 -3.39
H3-MVG C7H3 anti 1.07 -3.91
H4-MVG C7nHy anti 1.08 -2.49

Table S2. Binding energies (eV) of Na at different sites of defective graphene and hydrogenated

defective graphene. For location of sites, refer to Figure 4b.

E) at various sites

Material eV / Na
Centre A/B
2 Na
of (over C D 3 Na 4 Na 5 Na
over
vacancy  vacancy)

MVG NS? -2.083 -1.506 -1.320 -1.535 -1.376 -1.228 -1.173

DVG NS? -1.792 -1.524 -1.282 -1.285 -1.294 -1.256 -1.180

TVG NS? -2.350 -1.789 -1.581 -1.847 -1.588 -1.470 -1.313

QVG -0.939 -2.185 -1.886 -1.666 -1.657 -1.480 -1.393 -1.290

24VG -0.968 -2.909 NS? -1.043 NCP NCP NCP NCP
H1-MVG NS? -1.481 -1.546 -1.363 -1.214 -1.197 -1.111 -1.080
H2-MVG NS? -2.070 -1.588 -1.458 -1.484 -1.341 -1.279 -1.171
H3-MVG NS? -1.472 -1.261 -1.162 -1.120 -1.252 -1.069 -1.032
H4-MVG NS? -0.837  -0.783 -0.764  -1.022  -0.969 NC® NC®
H4-DVG NS? -0.879 -0.878 -0.841 -0.890 -0.998 -0.965 -0.959
H6-DVG NS? -0.894 -0.888 -0.956 -0.929 -1.056 -1.026 -0.994
H1-TVG NS? -1.963 -1.773  -1.578 -1.315 -1.295 -1.214 -1.132
H8-QVG -0.490 -1.241 -1.165 -1.118 NS? NS? DH¢ DH°¢

H12- b b b b

2AVG -0.249 -0.842 -0.871 -0.817 NC NC NC NC

*NS: not a stable site (movement to another location like the nearest site)
®NC: not calculated

°DH: detachment of H atoms from substrate after Na adsorption
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Figure S3. Supercell for a single layer of metal atoms arranged in a (a) (110) configuration for Na (purple), and
(b) (100) configuration for Ca (green). These structures were obtained by optimisation using DFT computations,

including optimisation of the lattice parameters. The distances between neighbouring atoms are indicated.

Figure S4. Structures of 4 different stackings of 4(H1-MVG) bulk layered materials with their AE (= E aBi stacking
— EaA sucking), and inter-layer distances (D). (a) AA stacking with D = 3.49 A, (b) AB1 stacking with AE = +0.9
eV, and D =3.54 A, (c) AB2 stacking with AE = +1.8 eV and D = 3.80 A, (d) AB3 stacking with AE =+0.9 eV
and D = 3.56 A. The inter-layer distance (D) is measured through vertical distance between the two centres of
mass of the two layers. In all the figures, the grey carbon atoms indicate the top layer, and blue carbon atoms

indicate the bottom layer. White atoms are hydrogen.
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Figure S5. (a) TDOS for 4(H1-MVG) pristine, (b) PDOS for the two indicated carbon atoms in 4(H1-MVG)
single layer, (c) TDOS for 1 Na + 4(HI-MVG), (d) TDOS for 1 Ca + 4(HI-MVQG), (e) PDOS for 1 Ca and the

indicated carbon atom (red).



