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Abstract: Organically synthesized porous carbon (OSPC-1) has a high lithium uptake of 748
mAh g' demonstrating that it is a strong contender as an anode material for lithium ion
batteries (LIBs). Simulations of the lithium uptake on models generated of OSPC-1 gave
values close to the experimentally obtained data. Thus we assess the potential of OSPC-1 for
use as an anode material in batteries of sodium, potassium, magnesium, and calcium. We find
ion uptakes of 770, 386, 158, and 774 mAh g! for Li", Na*, K*, and Ca*", respectively. We
also study the diffusive capabilities of ions through the OSPC-1 structure via means of active
diffusion. The lithium ions were able to diffuse at a greater rate, followed by the divalent
ions, Mg?" and Ca*", and the monovalent ion, Na" and K*. All of the ions were able to diffuse
completely through the OSPC-1 structure with the diffusion rate being dependent on the ionic
radius of the ion, coupled with the valency of the ion. Therefore we show that OSPC-1 also

has great potential as an anode material for Na*, K, Mg?', and Ca*" batteries.



1. Introduction

Carbon is a very useful element as it has many biological and technological applications.
Alongside its naturally occurring forms of diamond and graphite, synthetic allotropes include
nanotubes, graphene, and graphite. The first allotropes synthetically developed were
fullerenes by Kroto et al.! This has led to the development of a vast array of carbon allotropes
with varying sp’- and sp*- hybridization.

Graphite is the most widely used commercial anode in lithium ion batteries. However,
graphite swells upon lithium ion uptake, and thus results in fractures and destruction of the
crystal structure. Also, the formation of lithium dendrites on the graphite-electrolyte interface
can cause the battery to short circuit. In addition, graphite has a low theoretical capacity
(350mAh g). There is therefore a need for alternative carbon-based materials to act as
alternative anodes materials for battery technologies.>® Alternative anode materials include
metal-oxide anodes,*® layered sheets,” micro and nano constructs,” porous nanocages,’
metal-oxide porous nanosheets,” and metal-organic frameworks.'°

OSPC-1 (organically synthesized porous carbon) (SAper = 766 m? g!), has electron
conductivity, an ability to be charged with more than twice the amount of lithium as
compared to the graphite electrodes in state-of-the-art lithium ion batteries (LIBs), and an
ability to be charged at a high rate without any signs of detrimental lithium plating or
dendrites that can cause explosions of devices. Thus OSPC-1 is a strong contender as a future
anode material in lithium ion batteries.!!

OSPC-1 is synthesized via a catalytic Eglinton homo-coupling'> of ethynyl methane
(Figure SI.1) The PXRD pattern shows an amorphous structure, as no Bragg diffraction peaks
are observed. A BET surface area of (SAger) 766 m?g! was determined via analysis of the

nitrogen uptake isotherm. Conductivity measurements show a conductivity of 1.2 x10* S cm"



!, making OSPC-1 a semiconducting carbon material. This is attributed to a quantum

tunneling effects between the sp- orbitals of adjacent struts of the same node.

A reversible lithium ion uptake of 748 mAh g! is obtained at a current density of 200 mA
g! over 100 cycles. This exceeds many alternative carbon materials, including Ce (2.5 mAh
g'!), carbon nanotubes (324 mAh '), and graphite (324 mAh g!). There is reversible capacity
at higher current densities. More notably, upon reducing the current density back to 100 mA
g, a very similar capacity is obtained to the initial cycle, offering a rate capacity of 944 mAh
gl. The long cycle life and high capacity demonstrate the stability of the interactions with
lithium ions, along with its open framework, giving rise to a large internal storage space.

Trewin et al. produced OSPC-1 models through the in-house code AmBuild'* and were
able to simulate the lithium-ion capacity through simulated annealing using the Sorption
module in Materials Studio,!® giving a theoretical capacity of lithium ion uptake which
equated to 420-579 mAh g as calculated using Faraday's Law. These models reflect the
microporous properties of the OSPC-1 structure, and do not take into account the mesoporous
regions of the material. It was postulated that the mesopore region may contribute to the total
uptake. Based upon the ratio of volume within the microporous and mesoporous areas
obtained through the nitrogen uptake isotherm, a total capacity of 786 mAh g! is obtained, in
high agreement with the experimental value of 748 mAh g'!.

Molecular Dynamics (MD) simulations of lithium ion activated diffusion highlighted the
diffusion pathway through the OSPC-1 pore system. A simulation cell was generated using
AmBuild with the OSPC-1 polymer grown between two graphene sheets. Lithium ions were
seeded at the top of the simulation cell and charge applied to the graphene sheets so that the
charge bias results in diffusion of the Li ions from the top of the simulation cell next to the
positively charged graphene sheet, to the bottom of the cell where the negatively charged

graphene sheet is located. We have termed this as active diffusion.



Due to its excellent performance as an anode for lithium-ion batteries, it is interesting to
establish how OSPC-1 behaves for alternative ions. The development of new battery
materials is key for technology progression. Due to the growing portable device industry,

lithium ion batteries are becoming of high demand, with lithium ion supplies depleting at a
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fast rate. As alternatives to lithium ion batteries, batteries of sodium, potassium,

1719 and magnesium? have been studied.

calcium,

Sodium ion batteries (SIBs) have been a concept for many years. Early studies showed how
sodium ions (Na") could be incorporated into carbon structures such as graphite, offering
capacities from 30 mA h g'! to 140 mA h g!.2! Recent studies have shown the development
of graphene-based, and many carbon-based anode materials for sodium ion batteries.?>2*
Several nitrogen-doped materials have shown charge capacities of up to 1000 mA h g! with a
current density of 0.1 A g''.2° Porous materials have also been studied for their potential as
sodium-ion batteries. Ji et al. displayed the charge capacity capabilities of porous carbon
frameworks.?® This porous material displayed a charge capacity of 290 mA h g! with a
current density of 0.2 A g!'. Similarly, a mesoporous soft carbon material has shown great
recyclability over 3000 cycles (103 mA h g' at 0.5 A g!). The maximum charge capacity of
this material exceeded that of the porous carbon framework with 331 mA h g! at 0.03 A g
charge density.?’

Potassium-ion batteries (KIBs) have received much interest recently due to the availability
and affordability of resources. Recent advancements have seen the development of 3-
dimensional carbon frameworks as anode materials for potassium ion batteries.?® KIBs based
on a perylene-tetracarboxylic acid-dianhydride (PTCDA) cathode® and dipotassium
terephthalate (K.TP)*® anode have shown great promise towards stable cycling performance.

PTCDA based KIBs showed a specific capacity of 131 mA h g'! with a potential range of

1.5-3.5 V vs. K/K", and retained a stable cycling performance over 200 cycles. This



particular material demonstrated a great increase in capacity with a potential of 0.01 V vs.
K/K* (753 mA h g!). The K,TP anode demonstrated a high capacity retention of 94.6 % over
500 cycles, and a specific capacity of 249 mA h g'!. Jiang et al. have introduced several
conjugated microporous polymer (CMP) materials that include benzothiadiazole.’! These
materials exhibit great band gap changes from changing the phenyl linker to
benzothiadiazole.’> However, there is a movement of electron density by incorporation of
benzothiadiazole, allowing K' to readily interact with the electron rich sites. This results in a
capacity of 428 mA h g\,

The capacities of these materials as KIBs are still comparably smaller to LIBs, although
potassium ions possess larger ionic radii to both lithium and sodium ions. A large volume
change commonly ensues from the size of potassium ions resulting in poor cyclability in
comparison to lithium ion batteries.

Magnesium ion battery technology (MIBs) is still young in comparison to LIBs.
Magnesium is a suitable choice as an ion due to its much lower price and toxicity. In
comparison to lithium, magnesium provides a considerably high volumetric energy density
alongside its high volumetric capacity (2200 mA h g! 3800 mA h cm™).>* However, the main
difficulties of developing MIBs has been the electrolyte solution, as proton donating nor
accepting show to be unsuitable, and also the choice of cathode material, as magnesium is not
easily intercalated into many hosts.>*3> Aurbach et al. first introduced a rechargeable MIB
with a capacity of 122 mA h g!.3¢ Since then, research has focused on developing materials
that approach the challenges MIBs face. Doi et al. showed the capabilities of potential
positive electrodes for MIBs, demonstrating their high electrical conductance.?” More recent
advances have seen the development of rechargeable MIBs displaying rate capabilities up to

200 mA h g!.3839



Calcium ions show great potential within the field of battery technologies.?” However,
additional research is required for them to reach their full potential, and to demonstrate
properties that lithium-ion batteries have displayed. Development of calcium-ion batteries
(CIBs) has faced several challenges, one including the lack of redox processes at room
temperature, although the greater abundance of calcium available compared to lithium proves
to be a beneficial factor towards CIB progression. 340

2. Methods

Here we assess the capacity and the activated diffusion pathways of lithium ions in more
detail and compare to the diffusion and uptake of these alternative ions. A set of four OSPC-1
models were generated using the AmBuild code, as described previously with the building
block given in Figure SI.2, with a cell size of 50 x 50 x 50 A. The resulting models are shown
in SI.3 with a comparison of their structural properties to measured experimental data (Table
SI.1). The maximum uptake of each ion was calculated for two 25 x 25 x 25 A samples of
each cell using the Sorption module of Materials Studio, which utilizes a simulated annealing
approach giving a total of eight uptake values for each ion. For lithium, sodium, potassium,
and calcium the PCFF*!' force field was used. The PCFF force field were chosen to best
replicate the experimental uptake, see SI Section 3 for further discussion and a comparison of
the values calculated for other force fields. The capacity is calculated using Faraday’s Law
(Figure SI.6) using the maximum uptake of each ion determined.

For the active diffusion simulations, the OSPC-1 structure was generated within two slabs
of graphene, shown in Figure SI.4 and Figure SI.5, with the graphene slabs at z= 2 A and z=
68 A charged positively and negatively respectively. Fifteen lithium ions were seeded
randomly between z= 66 A and z = 63 A, adjacent to the positively charged graphene slab,
shown in Figure SI.5. Molecular dynamic simulations were ran using the NVT ensemble, the

Hoover thermostat, with a temperature of 0 K, using the DL Poly molecular dynamic code.



After 2000 steps the carbon atoms in each graphene sheet were charged positively and
negatively with each carbon atom having +/-1 charge respectively. The active diffusion of the
lithium ions through the OSPC-1 system was monitored, along with any structural changes.
The lithium ions in their original positions were directly replaced with sodium, potassium,
magnesium, and calcium ions so that the diffusion pathway of each ion can be directly
compared. For the OSPC-1 structure, graphene, lithium, sodium, potassium, and calcium the
PCFF" parameters were used, however the parameters from the COMPASS force field”
were used for magnesium.

3. Results and Discussion

3. 1 Capacity

Figure la shows an example of the uptake of each ion in the same OSPC-1 sample and
Table 1 shows the average value for the capacity of each ion across the eight OSPC-1
structure samples. Table SI. 2-5 shows all the uptake values and the corresponding calculated
capacity.

The highest calculated capacity was for calcium, followed closely by lithium with 774
mAh g'! and 770 mAh g! respectively. Sodium gives a calculated capacity of 386 mAh g\,
The lowest calculated capacity is for potassium at 158 mAh g!. Figure 1b shows the capacity
for each ion plotted against the radius of the respective ion. The group 1 ions are shown in
orange with a clear decreasing trend as you move down the group. This is most likely due to
the increasing radius limiting the number of ions that can be taken up by the OSPC-1
structure due to the size of the pores available. Sodium and calcium have very similar ionic
radius and so a direct comparison can be made. For each sample, a very similar number of
sodium and calcium ions are absorbed into the pore structure. The calculated capacity of

calcium ions is double that of sodium simply due to the divalent charge of the calcium ion



whereas the sodium is monovalent. Calcium therefore fits the trend of decreasing uptake due
to the increasing radius of the ions.

The calculated capacities show that there is great potential for the OSPC-1 material to have
excellent capacity when used as an anode for other ion batteries. In particular, the OSPC-1
material seems to have a high predicted capacity for calcium which, coupled with its relative
abundance, makes this a system of particular interest.

3.2 Lithium Ion Diffusion

Each lithium ion in the simulation cell was readily able to diffuse through the OSPC-1
structures generated. The first lithium ion was able to establish a direct pathway through the
structure with little sign of blockage of the pathway through the OSPC-1 structure. Figure 2
and Figure SI.8 illustrates the diffusion pathway and the z-axis movement of Lil during the
MD simulation. Initially, the lithium ion moves slowly, due to Lil moving around the first
carbon atom before it is able to determine its pathway. Once the lithium ion has maneuvered
around the carbon framework, its movement in the z-axis was fast, taking approximately
1000 steps to diffuse through to the negatively charged graphene sheet.

The additional lithium ions demonstrate very similar diffusive behavior through the OSPC-
1 structures generated. Each ion is able to completely diffuse through the structure towards
the negatively charged graphene sheet. Figure SI. 9 illustrates the z-axis movement for the
lithium ions Li2 to Lil5. Each ion goes through the same establishment procedure as Lil,
showing slow movement at first when the charge is applied, followed by faster diffusion once
a pathway is found. They are able to move approximately 10 A from their origin, but there is
then reduced movement for several hundred steps. The ions are then able to establish a new
pathway that is highly direct, giving it a very short transport time from this point; for
example, Li4 shows a very direct pathway to the negatively charge graphene once a pathway

is established. Several ions highlight areas of the OSPC-1 that are densely packed where the



lithium ions become trapped in pockets or ‘dead-ends’ in the pore network. The active
diffusion rates for the lithium ions in OSPC-1 are shown in Table SI.6 and are calculated
from step 2000 of the simulation. The rate at which the lithium ions diffused is greatly
affected by these dead-ends, although, as shown with the diffusion simulation, these lithium
ions were eventually able to completely diffuse through the OSPC-1 structure generated.

Due to these diffusion rates being calculated from the active diffusion, they are larger than
the charge-free experimental diffusion coefficients (~4 x10™ cm? s!). Therefore, the rates are
used to demonstrate the available pathways within OSPC-1, and also how the structure can
affect the movement of lithium ions through its confines. Figure SI.10 illustrates further how
each lithium ion differs in diffusion rate, and how each differs to the average rate calculated
from the simulation.

To determine how the carbon framework is affected by the movement of the lithium ions,
and vice versa, the distance between the fastest moving and slowest moving lithium ions
(Li12 with an active diffusion rate of 5.94 x10* cm? s°!; Li4 with an active diffusion rate of
3.32 x10* cm? s7!) and the nearest carbon atoms were measured (Figure SI.11). The distance
of the closest carbon was determined for every 50 steps of the simulation. Both ions show
fluctuations in distance as they travel through the system, yet the faster ion (Li 12) displays a
greater distance throughout its diffusion. Lil2 has a wider pathway (average = 2.486 A),
whereas Li4 has a much narrower pathway (average = 2.364 A), and therefore a more
difficult path for the lithium ion to traverse. With the diameter of the lithium ion being 2.8 A,
Li4 is less able to move through along the narrower pathway and was only able to force its
way through at approximately step 3750. The actively diffusing ions force the OSPC-1
structure to move and therefore allow the lithium ion to pass. This is shown in Figure SI. 13.

The distance between these specific carbon atoms of OSPC-1 increase as the lithium ion



passes between them, proving how the flexibility of the node-to-node struts allows the carbon
structure to shape around the lithium ions as they pass through the system.

Several carbon-carbon distances were observed during the lithium ion diffusion simulation.
Figure SI. 15 shows these separations over the simulation period. The structure of OSPC-1
contains available channels for the lithium ions to travel, however, there are pathways in
which several ions travel that are narrower than the available channel. The sp’-sp’ struts bend
and flex to allow the passage of ions through the system. The flexibility of the OSPC-1
structure allows the lithium ions to establish a more open volume within the material,
therefore allowing the lithium ions to readily diffuse through the system. The charge bias in
influences the movement of the carbon atoms of OSPC-1 as the lithium ions are being force
in one direction. Table SI.7 shows the distance between the carbon atoms observed.

This movement shows that the pathways available within the OSPC-1 structure are still not
wide enough to allow lithium ions to pass through. The active diffusion of the simulation
forces the lithium ions through the system, which in turn moves the carbon atoms within the
OSPC-1 structure to allow passage. The average movement of the carbon atoms is 1.162 A.

3.3 Sodium-ion Diffusion

Sodium ions possess an ionic radius larger than that of lithium (Na, 1.16 A; Li, 0.9 A). All
of the 15 sodium ions observed in this simulation were able to completely diffuse through
OSPC-1 towards the negatively charged graphene sheet. This shows that the OSPC-1
structure generated is capable of allowing ions with larger ionic radius to pass through its
structure.

Nal was able to diffuse completely through the OSPC-1 structure and the diffusion
pathway of Nal is shown in Figure SI.16. Nal established a pathway that allowed it to
diffuse completely through the OSPC-1 structure with ease. The movement in the z-axis

showed little to no reduction in the rate of movement, Figure SI. 17.
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Many of the pathways established by the sodium ions observe little obstruction and
reduced movement due to OSPC-1. However, Na3 and Na4 encounter areas of the structure
generated to which they were required to establish an alternate route to diffuse through,
resulting in a reduction in diffusion rate. Both Na3 and Na4 had slower diffusion rates to the
additional sodium ions (Table SI1.8) with Na4 displaying the slowest diffusion rate of 2.37
x10* cm s,

The diffusion rate of the sodium ions is much slower in comparison to the lithium ion
diffusion. The average diffusion rate of the lithium ions was 4.78 x10* cm s™!, whereas the
average sodium ion diffusion rate was 3.30 x10* cm s'. The ions of larger ionic radius
diffuse more slowly, as the sodium ions must establish wider pathways to diffuse through. As
the respective ions have the same starting position, the comparable diffusion rates are
therefore dependent on the size of the ion and the pathway established by each ion in the
simulation. Comparing the diffusion pathways of Nal and Lil (Figure 3 and Figure SI.19),
we can see that they were able to establish almost identical pathways through OSPC-I1.
However, the size of the sodium ion results in it moving at a slower rate through the structure
than that of the lithium ion. Both ions encounter an obstruction at 45 A, where the sodium ion
appeared to have no movement between 2000 and 2500 steps, and the lithium ion showed
reduced movement. After 2500 steps the lithium ion was able to move rapidly. At 2770 steps
we could see the difference in position between the two different ions as they traversed the
system. Figure SI1.20 displays the positions of both Nal and Lil at step 2770.

This demonstrates that ionic radius is also a determining factor for ion diffusion through
OSPC-1, alongside the construction and formation of the porous network. Figure SI.18
illustrates the difference in calculated diffusion rates between the sodium ions and lithium

ions through OSPC-1.
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Although the diffusion rate is slower for the sodium ions in comparison to the lithium ions
observed, a complete diffusion was possible for the sodium ions through OSPC-1. The
pathways determined for each sodium ion do not differ greatly from those established by the
lithium ions. This shows that OSPC-1 has a potential as an anode for sodium ion batteries,
offering pathways for the sodium ions to diffuse through. However, the ions encountered
more obstructions and had a slower diffusion rate due to their ionic radius.

3.4 Potassium-ion Diffusion

The lithium ions were replaced with potassium ions for the active diffusion simulation.
Similar to the lithium ions and sodium ions, each potassium ion was able to diffuse
completely through the structure generated to the negatively charged graphene sheet. K1
(Figure SI1.21) was able to establish a diffusion pathway similar to that of Nal and Lil.

However, in comparison to the calculated diffuse rates and movement in the z-axis, K1
diffused more slowly than Lil and Nal through OSPC-1. The potassium ion showed a further
reduction in movement for the first several hundred steps post charge application, followed
by a further reduction in movement through the construct. Figure SI1.22 shows the movement
of K1 in the z-axis. The potassium ion diffused over approximately 2000 steps, whereas Lil
and Nal diffused to the negatively charged graphene sheet after 1200 and 1800 steps,
respectively. The increased size of the potassium ions resulted in slower diffusion rates and
reduced movement through OSPC-1. However, the porous construct of OSPC-1 posed no
challenge for the potassium ions to pass through, with each ion diffusing completely.
Although each ion was able to diffuse completely through OSPC-1, several ions showed
periods of reduced movement where they were required to navigated blockages or narrower
channels.

K4 is an example of a potassium ion encountering a blockage along its pathway shown in

Figure SI. 23. Li4 also encounters this obstruction, although the duration in which the
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potassium ion took to overcome the blockage and continue on its diffusion pathway is greater
than that of the lithium ion. Li4 becomes blocked for approximately 500 steps, whereas K4
takes over 1000 steps to establish an alternate route. The comparison between the z-axis
movement of K4 and Li4 is shown in Figure 3. Li4 diffuse at a greater rate before becoming
trapped, and then continued to diffuse at a great rate once released. K4, on the other hand,
diffused at a slower rated to begin with, but displayed a greater rate of diffusion once it had
navigated the blockage.

As well as becoming trapped for a longer duration than Li4, K4 was required to establish a
different route to that of Li4 (Figure SI1.23). The potassium ion can be seen following a
similar pathway to Li4 before the blockage, and then diverts onto a differing path to complete
its diffusion. The potassium ion was unable to follow the lithium ion along the same pathway
due to its larger ionic radius, and the size of the pathway.

The diffusion rates calculated for the potassium ions did not surpass the diffusion rates of
any of the lithium ions (Table SI.9).The average diffusion rate for of the potassium ions was
calculated at 2.64 x10* cm s’!, whereas the average diffusion rate for the lithium ions was
4.78 x10* cm s!. Comparably, the average diffusion rate of the sodium ion diffusion was
calculated to be 3.30 x10* cm s™'. This study of group 1 ions diffusing through OSPC-1
demonstrates that the ionic radius of the ions is a highly impacting factor on their diffusion.
The average diffusion rate decreases going down the group from lithium ions to potassium
ions.

The comparison between the individual lithium ions and potassium ions through OSPC-1 is
shown in Figure SI.24. As previously observed, K4 becomes trapped within the OSPC-1
structure, forcing the ion to establish a new direction. Because of this obstruction, K4 was the
slowest potassium ion to diffuse through (1.88 x10* cm s™!), whereas K15 was the fastest to

diffuse through, at 3.13 x10* cm s'. The diffusion rate of K15 was much slower in
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comparison to both Lil5 and Nal5 (5.73 x10* and 3.30 x10* cm s’!, respectively),
demonstrating how the size of pores within the microporous structure, as well as the size of
ionic radius, affect the transport of ions.

This study showed that OSPC-1 has the capacity to allow potassium ion diffusion through
its structure, and therefore a potential candidate as an anode for KIBs. However, the larger
ionic radius of the potassium ions resulted in a slower diffusion rate. Additionally, the
pathways available for the lithium ions were not as readily accessible for the potassium ions
(as seen with Li4 and K4), which presented obstructions and blockage to which the potassium
ions were required to deviate from the lithium ion pathway.

3.5 Magnesium-ion Diffusion

Each of the magnesium ions in the simulation were able to diffuse completely through
OSPC-1 to the negatively charged graphene sheet, establishing diffusion pathways that
presented minor obstructions as they traverse the system. Figure SI. 25 shows the diffusion
pathway of Mgl through OSPC-1. Mgl was able to establish a direct pathway through
OSPC-1 with no obvious blockages (Figure SI. 26). The magnesium ion encountered a
similar obstacle to that of Lil at the beginning of its diffusion, having started to follow the
same pathway as that of the lithium ion. However, Mgl diverted from that pathway and
established a different route, in which it encountered very few obstacles as it traversed the
system, resulting in a final position that was different to that of the lithium ion at the
negatively charged graphene.

Despite the ionic radius of the magnesium ions being similar to that of the lithium ions, the
diffusion pathway of Mgl greatly differed. An example of the magnesium ions establishing a
different diffusion pathway to their respective lithium ions is Mg3. The magnesium ion
diverts from the lithium ions pathway within the early stages of the simulation. However,

both ions converge to a very similar position at the negatively charged graphene sheet (Figure
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SI. 27). The diffusion pathway established for Li3 appears to be more contorted compared to
that of Mg3. However, the chosen diffusion pathway for Mg3 contained more obstructions.
This was apparent from their diffusion rates and movement through the z-axis (Figure 3).
Mg3 showed a reduction in movement at approximately 55 A but was able to continue its
diffusion without further obstruction. The rate at which it diffused after overcoming the
obstacle was still slower than that of Li3, resulting in the ion diffusing over 2000 steps,
whereas Li3 took 3500 steps. This was similar for the additional magnesium ions. The
majority of magnesium ions established direct pathways through OSPC-1, although, such
examples as Mg3, Mg9, and Mgl1 encountered more obstructions during their diffusion.
With the exception of Mg4 and Mg6, the diffusion rates calculated for each magnesium ion
was slower than their respective lithium ions. The individual calculated diffusion rates of the
magnesium ions are shown in Table SI.10.

Due to obstruction in the pathway, Mg3 presented the slowest diffusion rate of all the
magnesium ions with 3.09 x10* cm s™!, whereas Mg13 showed the fastest diffusion rate of the
series with 4.79 x10* cm s\, In comparison to the lithium ions, the average diffusion rate is
slower. The lithium ions presented an average diffusion rate of 4.87 x10* cm s!, compared to
3.94 x10* cm s™! of the magnesium ions (Figure SI1.28).

The maximum diffusion rate observed of the magnesium ions did not surpass the average
diffusion rate calculated of the lithium ions through OSPC-1. However, the magnesium ion
diffusion rates were greater than those calculated of the sodium ions and potassium ions 3.30
x10% and 2.64 x10* cm s™!, respectively). This was due to the ionic radius of magnesium being
smaller than both sodium and potassium, resulting in a greater diffusion rate than both of the
group 1 ions. Additionally, magnesium holds a 2+ charge, which is more strongly attracted to
the negatively charged graphene sheet than the group 1 ions, allowing it to move through

OSPC-1 and force any bond movement of the carbon structure.
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3.6 Calcium-ion Diffusion

Cal (Figure S1.29) was able to diffuse completely through OSPC-1 towards the negatively
charged graphene sheet. The pathway resembles that established by Mgl, finishing in a very
similar position. Calcium has a much larger ionic radius out of the two divalent ions
observed. However, each individual ion was able to establish a full pathway through the
OSPC-1 structure. The divalent ions are more strongly attracted to the negatively charged
graphene sheet, which has potential to force greater movement in the OSPC-1 structure.
However, the size of these ions inhibits their trajectory, as previously seen with the larger of
the group 1 ions.

The pathways established by Lil and Cal are almost identical for the first 35 A through
OSPC-1. At this point the calcium ion deviates from the pathway taken by Lil and is able to
establish an alternate pathway to complete its diffusion to the negatively charged graphene
sheet. The calcium ion was able to force the movement of the OSPC-1 framework, allowing
it to diffuse along its desired pathway, whereas the lithium ion becomes trapped. As the
calcium ion possess a stronger attraction and repulsion to the charged graphene sheets, it is
able to force its way through. The lithium ion, on the other hand, becomes trapped for
approximately 200 steps, shown in Figure SI.30. As shown in Figure 3, the Ca6 moves
steadily through the structure once the charge is applied. Whereas Li6 moves in a step-like
fashion, displaying fast diffusion before encountering blockages at several regions along its
diffusion pathway. Both ions appear to arrive at the same positions in z-axis at within the
same time period. However, due to the faster movement of the lithium ion between each
blockage, overall it is able to diffuse at a greater rate than the calcium ion. The diffusion rate
of Ca6 was calculated to be 2.83 x10* cm s (Table SI. 11), whereas Li6 displayed a

diffusion rate of 3.30 x10* cm s™'. Additionally, the respective calcium ions diffused at slower
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rates to the lithium ions, giving a calculate average diffusion rate of 3.06 x10* compared to
4.87 x10* cm s”! from the lithium ions.

Despite having an ionic radius smaller than both of the larger monovalent ions, the
diffusion rate calculated of the calcium ions did not surpass that of the sodium ions (3.30
x10* ¢cm s), which had an ionic radius slightly larger than that of Ca?’. However, the
calculated average diffusion rate of the calcium ions was greater than the average of the
potassium ions (2.64 x10* cm s'). Figure SI. 31 illustrates the differences in diffusion rate
between the individual lithium and calcium ions that result in the difference in average
diffusion rates calculated.

3.7 Comparison

The lithium ions observed in this study showed the greatest diffusion rate through OSPC-1
in comparison to the alternative metal ions (Table 2). The smaller ionic radius allows the Li*
to ions find suitable pathways to traverse, without resorting to forcing their way through the
structures. Analysis of the diffusion pathways established by the ions show that OSPC-1 is
capable of allowing lithium, sodium, potassium, magnesium, and calcium ions to pass
through, although the ions with larger ionic radius were forced to take different pathways.
This resulted in potassium displaying the slowest diffusion rate. Magnesium and calcium
possess smaller ionic radii to those of sodium and potassium, allowing them to move through
smaller microporous pathways. With the exception of lithium, the divalent ions have greater
diffusion rates than their respective monovalent ions in each period (Mg?* > Na*; Ca** >K™).
Comparing the diffusion rates of each ion showed the correlation between the size of ionic
radius the diffusive capabilities of OSPC-1 (Figure 4), both the monovalent and divalent ions
decrease in diffusion rate as the ionic radius increased down the periodic group. Sodium and
calcium possess very similar ionic radii, therefore give diffusion rates that are very similar at

3.28 x10* cm s and 2.90 x10* cm 5™, respectively. Magnesium ions have a much greater
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diffusion rate than that of sodium, potassium, and calcium. The reduced ionic radius,
alongside the +2 charge, allow them to diffuse more readily, giving rise to an average
diffusion rate of 3.71 x10* cm s'. This can be utilized to estimate the diffusion rates of ions
within the groups. For example, the plotted curve between the magnesium and calcium ion
diffusion rates could be extrapolated to estimate the diffusion rates of beryllium ions and also
strontium ions.

The lithium, sodium, and calcium ions disrupt the carbon framework less than magnesium
and potassium. The RMSD of the carbon atoms in the OSPC-1 structure for each ion, shown
in Figure 5, shows that the potassium ion induces the most movement of the OSPC-1
structure and sodium the least movement. Potassium has the largest ionic radius; it would be
expected that they would enforce greater movement upon the carbon framework of OSPC-1
compared to the alternative ions (Figure 5). The carbon network was required to move to
allow all of the ions to diffuse through. However, the established pathways between all of the
ions differ. Because of this, the chosen pathways of the smaller ions contained more
blockages, resulting in greater movement of the system.

4. Conclusion

In conclusion, the capacity of OSPC-1 with a variety of ions was calculated through uptake
simulations. The value determined for lithium matched very well to the value determined
experimentally. The capacity calculated from the uptake values obtained for sodium,
potassium and calcium in OSPC-1 are promising for future battery systems. It is challenging
to compare to capacity values determined experimentally for different systems as the
charging current varies and dramatically influences the capacity values obtained. However,
for graphite/Ca systems a capacity of 744 mA h g! was determined, similar to the OSPC-
1/Ca value determined here.*® For sodium a value of 270 mA h g'! was determined for hard

carbon/Na smaller than the capacity of 386 mA h g!' determined for OSPC-1/Na.*® All the
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ions observed were able to establish pathways through the structure that allowed for complete
diffusion. However, the structure was required to move to allow for the passage of ions. Both
the size of the ion and their ionic charge were diffusion rate determining factors, as well as
affecting the established pathway of each ion in the system. This study has shown that OSPC-

1 has great potential for sodium, potassium, magnesium, and calcium ion batteries.

Supporting Information. 1. OSPC-1 synthetic procedure. 2. OSPC-1 model generation, ion
uptake, ion diffusion system setup. 3. Plots for: lithium ion diffusion, sodium ion diffusion,

potassium ion diffusion, magnesium ion diffusion, and calcium ion diffusion.
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Figure 1. (a) Ion uptake in OSPC-1. Grey — carbon, white — hydrogen, pink — lithium, blue —
sodium, brown — potassium, and green — calcium. (b) Plot of the average number of ions
taken up by the OSPC-1 models (orange — right y axis) and the calculated capacity (blue —

left y axis) against ¢ (ion radius).
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Figure 2. Plot of the z-axis active diffusion of lithium ion 1 through the OSPC-1 structure.
Inset - trajectory of lithium ion 1 (pink) through the OSPC-1 structure (carbon —green,
hydrogen — white) showing the charged graphene sheets at z= 70 A (positive) and atz=0 A

(negative).
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Figure 4. Plot of the average active diffusion rate of each ion against the ¢ value (ion radius)

for each ion.
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Figure 5. Plot of the root mean square displacement (RMSD) of the carbon atoms of the
OSPC-1 structure. The RMSD is shown from the moment that the charges of the graphene
sheet are activated. Lithium — pink, sodium — green, potassium — blue, magnesium — orange,

and calcium — yellow.
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Ton o (A) Capacity (mA hg')

Li 1.41 770
Na 2.16 386
K 2.83 158
Ca 1.97 774

Table 1. The average capacity for each ion in OSPC-1 calculated using Faradays’s constant

and the average uptake of each ion determined through simulated annealing.
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Average active ion

Ton diffusion rate
(x 10* cm s
Li 4.87
Na 3.30
K 2.64
Mg 3.94
Ca 3.06

Table 2. The average active diffusion rates calculated for each ion through OSPC-1.
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