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COHESIVE ENERGY DENSITY TRENDS

Figure S1. The cohesive energies per unit volume (MJ/L units) and weight (MJ/kg

units), taken from the literature1, are shown for the same materials as those in Fig. 2 of

the main text. The trends for the cohesive energy across the periodic table resemble those

for the latent heat per unit volume and weight shown in Fig. 2 of the main text. Here, C is

the graphite allotrope, and red circles are used for the most promising materials for energy

storage in defects, for which first-principles calculations are carried out in this work.
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DEFECT FORMATION ENERGY CALCULATIONS

The defect formation energy EF is computed under the assumption that defects do not

interact with each other, so that EF is the energy to form an isolated defect. Figure S7

shows the convergence of EF , achieved by employing supercells with a single defect and

progressively increasing the supercell size to remove spurious image interactions2. The for-

mation energy is then obtained by extrapolating the results to the N →∞ limit. These

extrapolated results, used in Figure 3 of the main text, are given below in Table S1. Note

that since the defects studied here are neutral (i.e., not charged), no additional corrections

due to the periodic boundary conditions are necessary. Next, we provide additional details

on the calculations carried out in this work.

Graphene: we use a hexagonal 2-atom unit cell with an experimental lattice constant of

2.46 Å and a 60×60×1 k-point grid. For the n × n × 1 supercells with the Stone-Wales

defect, we use k-point grids of 10×10×1, 9×9×1, 8×8×1, and 6×6×1 for supercells with

n = 6, 7, 8, and 10, respectively. A 20 Å vacuum in the layer-normal direction is included in

the simulation cell in all cases. The relaxed structure is shown in Fig. S2.

Graphite: we use a hexagonal 4-atom unit cell with experimental lattice constants of a

= 2.46 Å and c = 6.708 Å. The k-point grid for the unit cell is 60×60×8. For the vacancy,

we use the following n × n × 1 supercells: n=4 (63 atoms, 15×15×8 k-point grid), n=5

(99 atoms, 12×12×8 k-point grid), and n=6 (143 atoms, 10×10×8 k-point grid). For the

interstitial, we use the following n×n×1 supercells: n=4 (65 atoms, 16×16×8 k-point grid),

n=5 (101 atoms, 12×12×8 k-point grid), and n=6 (145 atoms, 10×10×8 k-point grid). For

the Frenkel pair, we use the following n×n×1 supercells: n=5 (100 atoms, 12×12×8 k-point

grid), n=6 (144 atoms, 12×12×8 k-point grid), and n=7 (196 atoms, 8×8×8 k-point grid).

The relaxed structures are shown in Fig. S3.

Diamond : we use a cubic 8-atom unit cell with an experimental lattice constant of 3.567

Å. The k-point grid for the unit cell is 10×10×10. For the vacancy, we use the following

n×n×n supercells: n=2 (63 atoms, 5×5×5 k-point grid), n=3 (215 atoms, 4×4×4 k-point

grid), and n=4 (511 atoms, 4×4×4 k-point grid). For the interstitial, we use the following

n×n×n supercells: n=2 (65 atoms, 5×5×5 k-point grid), n=3 (217 atoms, 4×4×4 k-point

grid), and n=4 (513 atoms, 4×4×4 k-point grid). For the Frenkel pair, we use the following

n×n×n supercells: n=2 (64 atoms, 5×5×5 k-point grid), n=3 (216 atoms, 4×4×4 k-point
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grid), and n=4 (512 atoms, 4×4×4 k-point grid). The relaxed structures are shown in

Fig. S4.

Silicon: we use a cubic 8-atom unit cell with an experimental lattice constant of 5.43

Å. The k-point grid for the unit cell is 10×10×10. For the vacancy, we use the following

n×n×n supercells: n=2 (63 atoms, 5×5×5 k-point grid), n=3 (215 atoms, 4×4×4 k-point

grid), and n=4 (511 atoms, 3×3×3 k-point grid). For the interstitial, we use the following

n×n×n supercells: n=2 (65 atoms, 6×6×6 k-point grid), n=3 (217 atoms, 4×4×4 k-point

grid), and n=4 (513 atoms, 3×3×3 k-point grid). For the Frenkel pair, we use the following

n×n×n supercells: n=2 (64 atoms, 5×5×5 k-point grid), n=3 (216 atoms, 4×4×4 k-point

grid), and n=4 (512 atoms, 3×3×3 k-point grid). The relaxed structures are shown in

Fig. S5.

Tungsten: we use a body-centered cubic 2-atom unit cell with a converged lattice con-

stant of 3.19 Å. The k-point grid for the unit cell is 30×30×30. For the vacancy, we use the

following n × n × n supercells: n=3 (53 atoms, 10×10×10 k-point grid), n=4 (127 atoms,

5×5×5 k-point grid), and n=5 (249 atoms, 2×2×2 k-point grid). For the interstitial, we use

the following n×n×n supercells: n=3 (55 atoms, 10×10×10 k-point grid), n=4 (129 atoms,

5×5×5 k-point grid), and n=5 (251 atoms, 2×2×2 k-point grid). The formation energy of

the isolated Frenkel pair is obtained using these vacancy and interstitial calculations. For

the unstable Frenkel pair, a 3×3×3 supercell with 54 atoms is employed, together with a

10×10×10 k-point grid. The relaxed structures are shown in Fig. S6.
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1.317 Å
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1.42 Å

122.64 ° 

Figure S2. Stone-Wales defect in graphene. Shown is the relaxed structure of graphene

with a SW defect. The bond lengths and angles around the SW defect are also shown,

together with the C−C bond length of 1.42 Å in pristine graphene.
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(a) Vacancy

(b)  Interstitial

(c) Frenkel pair
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Figure S3. Defect configurations for graphite. Shown are the relaxed structures of

graphite with a vacancy (a), an interstitial defect (b), and a Frenkel pair (c). The bond

lengths around the defects are also shown. The distance between the vacancy and

interstitial atom in the Frenkel pair is 2.33 Å. Green atoms marked with the letter V

indicate vacancies and red atoms marked with the letter I indicate interstitials.
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(a) Vacancy

(b)  Interstitial

(c) Frenkel pair
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Figure S4. Defect configurations for diamond. Shown are the relaxed structures of

diamond with a vacancy (a), an interstitial defect (b), and a Frenkel pair (c). The bond

lengths around the defects are also shown. The distance between the vacancy and

interstitial atom in the Frenkel pair is 2.58 Å. Green atoms marked with the letter V

indicate vacancies and red atoms marked with the letter I indicate interstitials.

7



(a) Vacancy
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(c) Frenkel pair
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Figure S5. Defect configurations for silicon. Shown are the relaxed structures of silicon

with a vacancy (a), an interstitial defect (b), and a Frenkel pair (c). The bond lengths

around the defects are also shown. The distance between the vacancy and interstitial atom

in the Frenkel pair is 1.93 Å. Green atoms marked with the letter V indicate vacancies and

red atoms marked with the letter I indicate interstitials.
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(a) Vacancy

(b)  Interstitial

(c) Frenkel pair

2.738 Å
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Figure S6. Defect configurations for tungsten. Shown are the relaxed structures of

tungsten with a vacancy (a) and an interstitial defect (b). The bond lengths around the

defects are also shown. The Frenkel pair shown in (c) is unstable and recombines in the

DFT relaxation. For this reason, the isolated Frenkel pair formation energy is employed in

this work. The distance between the vacancy and interstitial atom in the Frenkel pair is

4.82 Å. Green atoms marked with the letter V indicate vacancies and red atoms marked

with the letter I indicate interstitials.
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Fig. S7 shows the defect formation energy computed for supercells with increasing num-

bers of atoms, together with the extrapolated N→∞ values, which are also given in Table

S1. These extrapolated formation energies are in very good agreement (within 5−10 %)

with available experiments and previous calculations (Table S2). We find vacancy formation

energies in the 4−8 eV range for the covalently bonded materials studied here, which are

greater than the typical 0.5−4 eV values for metals3; for example, the vacancy formation

energy computed here for tungsten is ∼3 eV. Our computed interstitial formation energies

span a wide range, with values of 3−21 eV. The FP formation energy also varies widely

(4.5−17.5 eV) for the materials studied here. In certain metals, FPs are stable against

recombination only if the interstitial is at a minimum distance away from the vacancy4,5.

For instance, the FP in tungsten is not stable5 in our simulation cell and recombines upon

DFT relaxation. For this reason, the FP formation energy in tungsten is estimated using

the value for the IFP, namely, the sum of the vacancy and interstitial formation energies.

We use the same approach to obtain EFP in other materials for which we used computed

FP formation energies taken from the literature (Table S3). The defect formation energies

computed here, together with values taken from the literature for materials not studied here

with DFT (Table S3), form the basis to compute the energy stored in defects.
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           SW defect 
       Vacancy 
       Interstitial 
       Frenkel pair

Figure S7. Defect formation energies computed with DFT for different types of defects

considered in this work, plotted against the inverse of the number of atoms in the

simulation cell. Different colors and shapes indicate different materials and defect types,

respectively. The points on the y-axis are the extrapolated formation energies, employed in

this work to compute the stored energy density.
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Table S1. Converged defect formation energy, EF (N→∞) (units: eV)

Material Defect EF Material Defect EF

graphite V 8.26 silicon V 4.07

I 7.37 I 3.27

FP 11.63 FP 4.54

diamond V 7.46 tungsten V 2.98

I 20.88 I 9.35

FP 17.48 FP 12.33a

graphene SW 4.50

V: vacancy; I: interstitial; FP: Frenkel pair; SW: Stone-Wales

a The value is taken to be the sum of the converged formation energy of a vacancy

and an interstitial.
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Table S2. Comparison of our computed defect formation energies with previous

calculations and experiments. The number of atoms in the simulation cell is provided in

parentheses for calculations taken from the literature that did not extrapolate the

formation energy to the infinite number of atoms limit. Where this extrapolation was

done, as in our work, an infinity symbol is put in parentheses. Units of eV are used

throughout the table.

Material Defect Our EF (number of atoms) Available data (number of atoms)

graphene SW 4.50 (∞) 4.666(∞)

graphite V 8.33 (63), 8.30 (99), 8.207(63), 7.68(53),

8.29 (143), 8.26 (∞) 7.09(e)

I 7.33 (65), 7.35 (101), 7.88(55)

7.32 (145), 7.37 (∞)

FP 11.59 (100), 11.61 (144), 11.610(109)

11.61 (196), 11.63 (∞)

diamond V 6.95 (63), 7.32 (215), 7.211(31)

7.39 (511), 7.46 (∞)

I 20.78 (65), 20.86 (217), 23.611(33)

20.86 (513), 20.88 (∞)

FP 17.72 (64), 17.57 (216), 16.5–1912(216)

17.50 (512), 17.48 (∞)

silicon V 3.74 (63), 3.96 (215), 4.113(63), 3.5614(216),

4.04 (511), 4.07 (∞) 3.315(216), 4.016(e)

I 3.42 (65), 3.20 (217), 3.3117(128), 3.313(65),

3.38 (513), 3.27 (∞) 3.5618(e)

FP 4.60 (64), 4.56 (216), 4.2614(216)

4.55 (512), 4.54 (∞)

tungsten V 3.11 (53), 3.18 (127), 3.5619(127), 3.1120(128),

2.918 (249), 2.98 (∞) 4.021(e)

I 10.55 (55), 9.94 (129), 9.5519(129), 9.985(251),

9.58 (251), 9.35 (∞) 9.8220(250), 9.06±0.6322(e)

Note: SW: Stone-Wales defect; V: vacancy; I: interstitial; FP: Frenkel pair. (e): experimental data.
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Table S3. Vacancy and interstitial formation energies in materials for which

first-principles calculations were not carried out in this Work. The data are taken from

DFT calculations found in the literature, and are employed in Fig. 3 of the main text for

the materials shown with blue squares and labeled as “available calculations”. The isolated

Frenkel pair formation energy is obtained here as the sum of the vacancy and interstitial

formation energies. Units of eV are used throughout the table.

Material Vacancy Interstitial Isolated Frenkel pair

Be 1.094 4.014 5.10

Al 0.5823 1.5824 2.16

Ti 1.9725 2.1325 4.10

V 2.5126 3.1427 5.65

Cr 2.6426 5.6626 8.30

Fe 2.0228 3.7529 5.77

Mo 2.9630 7.3427 10.3
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