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1. Supplementary Calculation Methods

1.1. Binding energy calculation of Ca atom anchored on X-G supports

During the formation of X-G-Ca single-atom H> storage materials, Ca atoms will be chemisorbed
on surfaces of the graphene doped with heteroatoms X (X-G). Thus, the binding energy E between
the Ca atom and X-G support is given by
Ey=E(X—-—G—-Ca)—EX—-G)—E(Ca) (1)
where E(X — G — Ca) and E(X — G) are the total energy of substrates with/without Ca
chemisorption at ground state, respectively and can be obtained via DFT calculation, and E (Ca)

is the energy of single Ca atom with the value of -1.9863 eV calculated from DFT in VASP.

1.2. Adsorption energy and Gibbs free energy change for H> molecule on
surface of X-G-Ca H: storage materials

In the process of H» storage, H> molecules are adsorbed on H> storage sites of X-G-Ca surface,
while upon releasing, H> molecules adsorbed on sites of X-G-Ca surface will desorb reversibly.

Therefore, the process can be written as

Adsorbing
H, + = = H," 2)

Desorbing

where * refers to H» adsorption site on X-G-Ca surface, and H, and H," represent the free
H> molecules in gas and H» adsorbed to sites, respectively. The energy change of H»
molecule adsorption AEy - is expressed as
AEy,=EX—-G—Ca—Hy;)—EX—G—Ca)—E(Hy) 3)
where E(X — G — Ca — H,) is the total energy of X-G-Ca substrate adsorbing H> molecule,
E(X — G — Ca) is the total energy of X-G-Ca substrate without any H> molecules
adsorption, and E'(H,) is the energy of a H> molecule with the value of -6.764eV. Also,
based on the above expression, the averaged adsorption energy change AEy, - upon n H»
molecules adsorbed on X-G-Ca surface, is expressed as
AEy,=[E(X —G—Ca—H,)—E(X —G—Ca)—nE(H,)]/n (4)

In addition, at 7=298K and P=1bar, the Gibbs free energy change of H» adsorption in Equation
(S2) can be expressed by
AGy; = AEy; + AEzpp — TASy; (5)



where AEy; is adsorption energy change as mentioned in Equation (3), AEpg; is zero-point energy
change of H> molecule at adsorbed/dissociative states, and is calculated to be -0.07eV by DFT
methods, —TASy; = 0.404 eV is the correction coming from external condition, and 7"and P refer
to temperature in unit of K and pressure in unit of bar, respectively.
Here, for the simplicity, at 7=298K and P=1bar
AGy; = AEy; + 0.334 (6a)
At T=100K and P=1bar,
AGy; = AEy; + 0.035 (6b)
At T=0K, namely ground state,
AGy; = AEy; — 0.07 (6¢)
where AE,pp = —0.07eV.
If AGp; is greater than or equal to zero, Hz cannot be adsorbed spontaneously under the standard
condition. To enhance the Hz adsorption ability, it needs to change the external driving conditions
and/or modify the material structures, which leads to additional free energy change, AG(T, P, E, B).
Thus, the total energy change under the conditions can be written as
AG = AGyz + AG(T,P,E, B) (7)
Here, temperature 7, pressure P, electric field £ and magnetic field B represent external factors
that drive AG to be less than zero for spontaneous hydrogen adsorption.

Under any temperature 7' and pressure P, Equation (5) can be rewritten as AGy:(T,P) =
AEy; + AEzpp + AG(T, P). Here, AG(T, P) is the correction coming from external condition, and

T and P refer to temperature in unit of K and pressure in unit of bar, respectively. AG(T,P) =

AG(T,Py) + kgTIn . Here, AG(T, P,) is the Gibbs free energy change for any temperature 7 at
o g y temp

standard pressure of 1bar, and represents the energy change due to varying temperature 7, and kp
is Boltzmann constant. P; and P; refer to the initial hydrogen partial pressure and final hydrogen

partial pressure.

1.3. H: storage capacity, rate and their volcanic trend

According to the above H storage mechanism, we put forward a H» storage theory that correlate

the H> storage capacity and rate with the structures of X-G-Ca materials based on the previous



proposed theoretical model of energy level filling for cations storage'. Under certain
thermodynamic conditions for adsorbing reaction in Equation (S2) (H, +*— H,"), we assume that
H> molecules will adsorb on Ca ion and its surrounding regions with different H adsorption energy

AGy,~, and these regions with the lower H» adsorption energy AGy,- are easier to adsorb H>

molecules under the external driving conditions AG (T, P) (negative AG ) according to Equation (S7).

Supplementary Fig.0 The theoretical model of generalized Sabatier principle for hydrogen
molecules storage proposed by us.

Thus, as shown in Fig. SO, we divided regions with various AG};,Z* into different energy level i in
the order of AG ;'Iz*from low to high, on which the number of total H» molecules storage sites, a;,
the number of H> molecules really adsorbed on sites, n;, and the corresponding coverage, 8;, were
set to build H» storage capacity, rate and their respective trend.

Therefore, for the whole X-G-Ca H> storage system with M regions corresponding to M energy
levels, the total number of H> molecules stored, NV, and the total number of sites used to adsorb H»
molecules, 4, Hz storage capacity, Cy, /site, and the coverage, 6;, of H> molecules on each energy

level, i, can be expressed easily as

N:n1+n2+n3+”'+nM (8)

A:a1+a2+a3+”'+aM (9)
N

CHz/site =2 (10)

6; = (11)

ai
In addition, in the consideration of H> molecules adsorption rules in accordance with Boltzmann

distribution characteristics, the amount of H> molecules on each energy level was expressed as



Acilz*
n; = Ae kBT (12)
where A is pre-factor of Boltzmann distribution rule, and kg and 7 are Boltzmann constant and
temperature, respectively.

Additionally, in the light of the small increment of H> adsorption energy per adsorbing a H»
molecule from DFT theoretical calculation, the adsorption energy change at each energy level can
be expressed approximately as
AG, . = AGI™ + —AGHmZa*xI;AGg;fi (13)

Therefore, according to Equations (8), (12) and (13), the total number of H> molecules adsorbed
on X-G-Ca H; storage system can be given by
N=n+n,+ns+--+ny
AG}_IZ* Acilz* AGZZ* AGZZ*

=le kT +)e kBT +}e kBT + .-+ e kBT

AGE
HZ*

— \\M T knT
= Ji=1de *B

max min H
AM AGH * —AGH * 12
2 2 ?i1 e kpT

max_ p~min
AGHZ p AGHZ* M
AGTEF  _ x

= /"'—M Hz e_kBde
max_ 5 ~min min
AGHZ* AGHZ* AGHZ*

Namely,
max
M AG x

N = e | H2" o "kpT (14)

- ma i i
AGHZ*"—AGZZ‘Q G;"ZL?
On the other hand, the H, molecules coverage 6; on each energy level i can be related to

equilibrium constant K; by

K

6; = (15)

U714k

Also, equilibrium constant K; is able to be related to the change of Gibbs free energy AG;;Z*

before and after H» adsorption reaction (S2) by

AGE
__Hp'

K= e at (16)

Thus, combining (15) and (16), the H> molecules coverage 8; on each energy level i was finally

given by



1

=l {1
Hp
1+e kBT

Hence, combining Equations (11), (12) and (17), the number of H> storage sites a; on each
energy level i was given by
AG;IZ*

a;=A|1+e kBT (18)

Consequently, the total number of H» adsorption sites on practical X-G-Ca H» storage system
surface is able to be given by
A=a;+a,+az++ay
A61112* Aazz* AG%Z*

=A1+e %" |+A[1+e %7 |+-+A[1+e FT

max min AGL *

AM GH * —AGH * _ 2

= max min X 2 . ?il 1+e H7
AGHZ* _AGHZ* M

v aGT

P
-~ “kgT
AGmax_AGmin AGmin (1 +e BT) dx (19)
Hp" Hy" “VHy'

Namely, positive A can be expressed as

max

A —A—MfAGHZ* 1+ ¢ faT) dx (20)
- AGmax_AGmin AGmin e
Hp" Hp" Hp"
or
AGE;*x AT
_ AM max min kT kT
A= m (AGHZ* — AGHZ* ) — kBT e B —e B (21)
Hj Hp

Therefore, combining Equations (10), (14) and (20), hydrogen storage capacity, namely the

mean number of Hz molecules per unit site, can finally be derived as

M [ Hy* “kpTq
N AGTMAX _pAGTHT Tpgmin *
N _ Hp Hp H
Chy/site =, = o = (22)
AM Hyp “kaT
—— | "2 [14e¢ kBT |dx
MG A -G AGTHY
2 2 2

1) For the case of AG* <0,

N
Citysite =~ = 0 (23)



Its physical meaning is that Hy cannot desorb reversibly under ambient temperature and
pressure (7 =298K and P=lbar) from the perspective of thermodynamic. Only when additional
external conditions such as higher temperature or lower pressure are provided, can hydrogen gas

desorb.

2) For the case ofAGg;i*n >0,

max min
A(;maff B _AGHZ* _AGHZ*
[ M2 TRpT gy —kpT| e ¥BT —e kBT

min
c N _ AGHZ*
H,/site — Z = Tagmax

= (24)

AGZ;}‘ (AG?"—AGI'EI‘)—kBT e kBT —¢ kBT

Its physical meaning is that Ha storage is a reversible process in which Hy is stored upon application
of external driving condition AG(T, P, E,B), whereas H» is desorbed when external driving
condition AG(T, P, E, B) is removed.

3) For the case ofAGg;i*n < 0 and AG;’;‘P‘ > 0,

AGmu_x X

AM Hy —7—=
- kgT
N = AGmax_AGmin fAGmin e "B dx
Hy* Hy* Hy*
x max x
AM 0 e AM Hy* —7=
- - . kgT - 2 kgT
- max_ p-~min min € "B dx + max_ minf e kBTdx
AG AG AG "« AG AG 0
Hz* HZ* Hj HZ* Hz*
max x
AM AGH * _
= O + max minf 2 e kBde
AGTMX—AGT Y0
Hp Hp
max
_AGHZ*
AMkgT| 1—e *BT
= max_ p-~min
AGHZ* AGHZ*
Thus,
max
_AGHZ*
kgT| 1-e kBT
N
CHz/site = Z = AGgmax Agmin (25)
Hp Hp

max_ A ~min)_ “"kgT _, kgl
(AGHZ* AGHZ*) kgT| e ¥BT —e kB

Conclusively, for the case of AGZ?X > 0, the reversible H, storage capacity Cy, /site can be expressed as



max min
_AGHZ* _AGHZ*
—kBT e kBT —e kBT
min
AGTax  pgminy ’ AGHZ* >0
__ 12 _ 2
(sGmax—agmin)-kpr| e KBT —¢  KBT
2 2
CHz/site = < AGma,*x (26)
__Hp
kBT<1—e "BT>
min
AGTAX  pgmTy Y AGHZ* <0
) __Hy _ Hp
(a6 -G )~kpT| e BT - FBT
\

Next, we focus on the express for H» storage rate. According to Equation (2), it is obvious that
adsorption rate (or reaction rate), namely forward rate  in Equation (2) is equal to one H> molecule
storage rate on any unit site that can be explained as the one H> molecule adsorption speed. Thus,
on the basis of Langmuir adsorption isothermal assumption that adsorption rate of adsorbate is
proportional to the fraction of uncovered region of substrate surface (1- #), where 8 is coverage of
adsorbate, any one H> molecule adsorption rate, r;, can be given as
1 =ki(1—-6,)Cy, (27)
where k; and Cy, are rate constant and molar concentration of H> molecules, respectively.

Additionally, based on microkinetic model in which Arrhenius equation describing reaction rate
was modified approximately, the rate constant k; in Equations (27) for particular H> molecule
adsorption process in X-G-Ca system can be rewritten as

i
AGHZ*

k; = koe *57 (28)
Thus, any one H> molecule adsorption rate r; can be rewritten as
koCH
r =t (29)
HZ*
1+e kBT

Consequently, according to ti=%, the time ¢t; spent for adsorbing any one H> molecules can be
L

given by
AG‘HZ*
t; = 1te & (30)
koCH,

Moreover, assuming that hydrogen molecules with the same Gibbs free energy change AG Iiiz* (or

on the same energy level i) are simultaneously adsorbed on suface of X-G-Ca in the same time ¢;,



thus, based on t = t; + t, + t3 + --- + t); and Equation (30), the total time t spent for storing N

hydrogen molecules can be expressed as

M Gmax 1
t= Wf Gmm kocH, <1 + ekBT) dx 31
1) For the case of AG;** <0,
t=0

Its physical meaning is that this is a spontaneous H> storage process that does not involve time.

2) For the case of AGy. ™ > 0,
AGTAX  pgmn
max_ ~min “kgT _, kgT
M (AGHZ* AGHZ*)H(BT e kBT —¢ kg

max
M AGy 1

AGmax AGanmeLn koC

t = (1 + ekBT) dx = (32)
Hj

max min
koCH, (AGHZ* A6 )

3) For the case of AGZ?*" < 0and AG** > 0,

AGmax
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Namely,

AGmax

M AG"““‘+1<BT e "BT -1

t = (33)

max min
koCH, (AGHZ* ~AGp )

Conclusively, for AG;'** > 0, the total time t can be given by



( agmax AGZ“'Z}
) _Hp _ Hp
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Here,

For AGZ?JI > 0, the total sites 4 can be expressed as

[ max min
AGHZ % AGHZ *

(AGR¥ — AGH™) —kpT| e kT —e ka7

_ AM
- max_ p~min
AGHZ* AGHZ*

A

For AGg;i*" < 0, the total possible sites 4 can be given by

[ max
AGHZ*

AGRY —kgT| e *T —1

AM

= max_ p-~min
AGHZ* AGHZ*

A

(34)

(35)

(36)

Thus, combining (34), (35) and (36), according to t = i, the average time t spent for storing

H> molecules on per a site can be derived as

( AGL"Z“K AGZ"Z"Z}
(AGL"Z%"—AGZZ?)+RBT e kBT —¢ kBT
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2 2

Akoch, (Aaggi‘—AG’g;”i)—kBT ¢ kBT _¢ kgl

H
Il
A

AGmax
HZ*

G +kpT| e KBT -1

min
AGTaX ) AGHZ* < 0
_Hy
Akocy, AGZ;f—kBT e kBT —1

Finally, combining (26) and (37), hydrogen storage rate, Vy, /site/s =

expressed as

CHz/site

(37)

can further be



agmax Aagilf

2 __"2
—Akocu,kBT| e kpT _e kBT
i
—, AGy + >0
AGma*x AGan 2
) _Hp _Hp
(Achz‘ix—AGI’leﬂ)+kBT e kBT —¢ kBT
Vhy/site/s = (38)
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AGHE AR
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It deserves to note that the rate constant ko, Boltzmann factor 4, and H> concentration cy, in

Equations are constants for a particular system.



2. Supplementary Figures

Supplementary Fig. 1 Summary of graphene models: (a) Graphene sheet model, (b) zigzag
graphene nanoribbon and (c¢) armchair graphene nanoribbons.
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Supplementary Fig. 2 Investigated possible metal calcium atom (Ca) chemisorption sites and
corresponding the binding energy upon adsorbing a calcium atom on hollow sites of (a) z-C,
(b) a-C and (c) g-C graphene models. And the most stable graphene supported Ca single
atom structure (z-C-Ca) (d) selected from all graphene supported Ca single models was used
to check the optimal H> molecule adsorption sites from all possible H: adsorption sites and
the adsorption energy change before and after H, molecule adsorption was calculated. We
denoted possible active sites as the Arabic numbers, in which the red numbers represented the best
ones with more negative binding energy (£») or adsorption energy(AE). (This marking and naming
methods is the same in the following Supplementary Figs.)
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Supplementary Fig. 3 Investigated possible metal calcium atom (Ca) chemisorption sites and
corresponding the binding energy upon adsorbing a calcium atom on hollow sites of (a) py-
N, (b) pr-N and (c¢) g-N graphene models. And the most stable N-doped graphene supported
Ca single-atom structure (py-N-G-Ca) (d) selected from all N-doped graphene supported Ca
single models was used to check the optimal H, molecule adsorption sites from all possible
H: adsorption sites and the adsorption energy change before and after H> molecule

adsorption was calculated.
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Supplementary Fig. 4 Investigated possible metal calcium atom (Ca) chemisorption sites and
corresponding the binding energy upon adsorbing a calcium atom on hollow sites of (a) 2C-
B, (b) B=C and (c) B-3C graphene models. And the most stable B-doped graphene supported
Ca single-atom structure (B=C-G-Ca) (d) selected from all B-doped graphene supported Ca
single-atom models was used to check the optimal H, molecule adsorption sites from all
possible H: adsorption sites and the adsorption energy change before and after H, molecule

adsorption was calculated.
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Supplementary Fig. 5 Investigated possible metal calcium atom (Ca) chemisorption sites and
corresponding the binding energy upon adsorbing a calcium atom on hollow sites of (a) a-Si,
(b) z-Si and (c¢) g-Si graphene models. And the most stable Si-doped graphene supported Ca
single atom structure (a-Si-G-Ca) (d) selected from all Si-doped graphene supported Ca
single-atom models was used to check the optimal H, molecule adsorption sites from all
possible H: adsorption sites and the adsorption energy change before and after H, molecule

adsorption was calculated.
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Supplementary Fig. 6 The volcano relationship between logarithm of parameter related to H
storage rate ( vy, site/s/AKoCy, )and descriptor proposed @.

Supplementary Fig 7 Scanning electron microscopy images of different doped-graphene-supported
Ca single atoms samples. O-, P-, and N-doped graphene with Ca single atoms samples corresponding to
a, b, and c. (scale bar, 2 pm) These SEM images indicated that these carbon-based all-solid-state Ca single
atom H, storage materials have similar morphology.
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Supplementary Fig 8 Transmission electron microscopy (TEM) images, HR-TEM images and
corresponding EDS elemental mapping of different doped-graphene-supported Ca single atoms
samples. O-, P-, and N-doped graphene with Ca single atoms samples curresponding to a, b, and c. These
TEM images indicated that these carbon-based all-solid-state Ca single atom H, storage materials have
similar morphology once again.
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Supplementary Fig 9 Energy dispersive spectroscopy (EDS) measurements of different doped-
graphene with Ca single atoms samples including O-, P-, and N-doped graphene with Ca single atoms
samples corresponding to a, b and c. Inset are EDS elemental mappings of carbon, dopants and metal
atoms including C, P, N, and Ca.



Supplementary Fig 10 Typical aberratlon corrected HAADF-STEM images of doped graphene-
supported Ca single atoms in different scale bars. a. and b. refer to N-G-Ca and P-G-Ca carbon-based
Ca single-atom solid-state H, storage materials. Clearly, Ca can be dispersed atomically on doped-
graphene-support.
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Supplementary Fig 11 Survey spectrum and high-resolution XPS spectra of heteroatoms in doped
graphene samples. a, ¢ and e correspond to survey spectrum of O-, P- and N-doped-graphene-supported

Ca single atom samples, respectively. b, d and f correspond to high-resolution XPS spectra of O-, N- and
P-doped graphene substrates.



a 1500 b '®
0-G-Ca . P-G-Ca y
BET surface area =395 m’/g 150 BET surface area = 58 mzlg
1200
'E P_- 1204
“ 9004 2
9 2
nE ”E 90
) )
o 600 o
5 3
0 &)
> >
300 30
0+ i T T T T T T T T 0+ T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Relative pressure (PIPO) Relative pressure (P/Po)
¢ 800
N-G-Ca

BET surface area = 325 m’/g

Volume (cm®/g STP)

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/Po)

Supplementary Fig. 12 Nitrogen adsorption isotherms and BET surface areas for synthesized
doped-graphene supported Ca single atoms. a. O-G-Ca, b. P-G-C and ¢. N-G-Ca sole-doped graphene
with Ca single atoms used as carbon-based all-solid-state H, storage materials.
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Supplementary Fig. 13 H, adsorption/desorption curve as function of pressure for sample a. O-G-Ca
and b. P-G-Ca samples. c. hydrogen concentration (wt%) and d. hydrogen adsorption capacity
change ratio (1) as a function of cycle number () for representative sample N-G-Ca.
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Supplementary Fig. 14 Selection process of optimal X, S-codoped graphene with Ca single atoms
models and corresponding optimal H; adsorption sites. Here, all possible 154 models were constructed
to cover each dual-doped configuration, and all possible 790 single atom Ca adsorption sites were tested
via DFT calculation to screen out optimal X-Y-G-Ca models, which were used to search for optimal H»
molecule adsorption sites from all possible 47 H, adsorption sites on selected optimal X-Y-G-Ca models.
It deserves to note that all possible S-I-dual-doped models were tested to be unstable though DFT

calculation, which cannot be employed to chemisorb single atom Ca.



Supplementary Fig 15 Each optimal sole-doped graphene supported Ca single atom model where
Ca was located on optimal active site and the corresponding optimal H, molecule adsorption site for
(a) B=C-G-Ca, (b) a-Br-G -Ca, (c¢) a-CI-G-Ca, (d) z-F-G-Ca, (e) a-I-G-Ca, (f) py-N-G-Ca, (g) py-O-G
-Ca, (h) P-3C-G-Ca, (i) py-Sb-G-Ca, (j) th-S-G-Ca, (k) a-Si-G-Ca and (1) z-C-G-Ca models.
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Supplementary Fig. 16 Each optimal dual-doped graphene supported Ca single atom model where
Ca was located on optimal active site and the corresponding optimal H, molecule adsorption site for
(a) S-B-G-Ca, (b) S-Br-G-Ca, (c) S-CI-G-Ca, (d) S-F-G-Ca, (e) S-N-G-Ca, (f) S-O-G-Ca, (g) S-P-G-
Ca, (h) S-Sb-G-Ca and (i) S-Si-G-Ca dual-doped supported Ca single atom models.



Supplementary Fig. 17 The charge transfer distribution and Bader charge on single atom Ca
chemisorbed on optimal active site of each optimal sole-doped graphene model. The top view and
side view of the electron charge distribution (a) B=C-G-Ca, (b) a-Br-G-Ca, (c¢) a-CIl-G-Ca, (d) z-F-G-
Ca, (e) a-I-G-Ca, () py-N-G-Ca, (g) py-O-G-Ca, (h) P-3C-G-Ca, (i) py-Sb-G-Ca, (j) th-S-G-Ca, (k) a-
Si-G-Ca and (1) z-C-G-Ca models. The blue and yellow colors indicate the positive and negative value
of electron quantities, respectively, and red arrows imply the value of Bader charge transferred to substrate
from Ca atom. The isosurface value is set to 0.003 e/Bohr.
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Supplementary Fig. 18 The charge transfer distribution and Bader charge on H; molecule adsorbed
on optimal active site of each optimal sole-doped graphene model with single atom Ca. The top view
and side view of the electron charge distribution (a) B=C-G-Ca(-H>), (b) a-Br-G-Ca(-H>), (¢) a-Cl-G-
Ca(-H>), (d) z-F-G-Ca(-H), (e) a-I-G-Ca(-H>), (f) py-N-G-Ca(-H>), (g) py-O-G-Ca(-H), (h) P-3C-G-
Ca(-H>), (i) py-Sb-G-Ca(-H>), (j) th-S-G-Ca(-H>), (k) a-Si-G-Ca(-Hz) and (1) z-C-G-Ca(-Hz) models.
The blue and yellow colors indicate the positive and negative value of electron quantities, respectively, and
red arrows imply the value of Bader charge transferred to H, molecule from Ca atom. The isosurface value
is set to 0.0002 e/Bohr”.
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Supplementary Fig. 19 The charge transfer distribution and Bader charge on single atom Ca
chemisorbed on optimal active site of each optimal dual-doped graphene model. The top view and
side view of the electron charge distribution (a) S-B-G-Ca, (b) S-Br-G-Ca, (c¢) S-CI-G-Ca, (d) S-F-G-
Ca, (e) S-N-G-Ca, () S-O-G-Ca, (g) S-P-G-Ca, (h) S-Sb-G-Ca and (i) S-Si-G-Ca models. The blue and
yellow colors indicate the positive and negative value of electron quantities, respectively, and red arrows
imply the value of Bader charge transferred to substrate from Ca atom. The isosurface value is set to 0.003
e/Bohr’.
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Supplementary Fig. 20 The charge transfer distribution and Bader charge on H; molecule adsorbed
on optimal active site of each optimal dual-doped graphene model with single atom Ca. The top view
and side view of the electron charge distribution (a) S-B-G-Ca(-H»), (b) S-Br-G-Ca(-H»), (¢) S-CI-G-
Ca(-Hy), (d) S-F-G-Ca(-H>), (¢) S-N-G-Ca(-H>), (f) S-O-G-Ca(-H>), (g) S-P-G-Ca(-H>), (h) S-Sb-G-
Ca(-H») and (i) S-Si-G-Ca(-H;) models. The blue and yellow colors indicate the positive and negative
value of electron quantities, respectively, and red arrows imply the value of Bader charge transferred to Ha
molecule from Ca atom. The isosurface value is set to 0.0002 e/Bohr’.
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Supplementary Fig. 21 The relationships between descriptor @ and related parameters extracted
from each single-doped-graphene-supported Ca single-atom non-dissociative chemisorption solid-
state H, storage materials structural model. a. relationship between the minimum H; adsorption energy
change (AE,’};@?) and descriptor @ for each doped-graphene with Ca single atoms. b. relationship between
the charge transferred to doped-graphene substrate from Ca single atom and descriptor @ for each doped-
graphene with Ca single atoms. c. relationship between the charge transferred to H, adsorbed on optimal
site from Ca single atom anchored doped-graphene substrate from and descriptor @ for each doped-
graphene with Ca single atoms. d. relationship between bond length (di.x) of Hz molecule adsorbed on
optimal site and descriptor @ for each doped-graphene with Ca single atoms. e. relationship between bond
length change (Adu.z) of Ha molecule adsorbed on optimal site and descriptor @ for each doped-graphene
with Ca single atoms.
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Supplementary Fig. 22 The relationships among related parameters extracted from each single-
doped-graphene-supported Ca single-atom non-dissociative chemisorption solid-state H, storage
materials structural model. a. relationship between dy.rand charge transferred to H, from Ca single atom
for each doped-graphene with Ca single atoms. b. relationship between dp.irand charge transferred to H»
from Ca single atom for each doped-graphene with Ca single atoms. c. relationship between the charge
transferred to doped-graphene substrate from Ca single atom and AE}}?ZI for each doped-graphene with Ca
single atoms. d. relationship between the charge transferred to H, molecule from Ca single atom and AE},’;H"
for each doped-graphene with Ca single atoms. e. relationship between dp.; and AE};’;"I‘ for each doped-
graphene with Ca single atoms. f. relationship between Ady.r and AE,’,’;‘;" for each doped-graphene with Ca
single atoms.
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Supplementary Fig. 23 The relationships between charge transferred to doped-graphene substrate
from Ca single atom and charge transferred to H, from Ca single atom for each single-doped-
graphene-supported Ca single-atom non-dissociative chemisorption solid-state H, storage materials
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Supplementary Fig. 24 The relationships between descriptor @ and related parameters extracted
from each dual-doped-graphene-supported Ca single-atom non-dissociative chemisorption solid-
state H, storage materials structural model. a. relationship between the minimum H; adsorption energy
change (AEITF ) and descriptor @ for each dual-doped-graphene with Ca single atoms. b. relationship

between bond length change (Adw.n) of H> molecule adsorbed on optimal site and descriptor @ for each
dual-doped-graphene with Ca single atoms. ¢. relationship between bond length (dp.nr) of H, molecule
adsorbed on optimal site and descriptor @ for each dual-doped-graphene with Ca single atoms. d.
relationship between the charge transferred to H» adsorbed on optimal site from Ca single atom anchored
dual-doped-graphene substrate from and descriptor @ for each dual-doped-graphene with Ca single atoms.
e. relationship between the charge transferred to dual-doped-graphene substrate from Ca single atom and
descriptor @ for each dual-doped-graphene with Ca single atoms.
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Supplementary Fig. 25 The relationships among related parameters extracted from each dual-
doped-graphene-supported Ca single-atom non-dissociative chemisorption solid-state H, storage
materials structural model. a. relationship between the charge transferred to dual-doped-graphene
substrate from Ca single atom and AE,’}}” for each dual-doped-graphene supported Ca single-atom model.

b. relationship between the charge transferred to H» molecule from Ca single atom and AE,’,’;‘;" for each dual-
doped-graphene with Ca single atoms. c. relationship between du.n and AES™ for each dual-doped-
graphene with Ca single atoms. d. relationship between Ady.n and AE™ for each dual-doped-graphene
supported Ca single-atom model.
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Supplementary Fig. 26 The DOSs of each optimal single-doped-graphene substrate (X-G), single-
doped-graphene supported Ca single-atom mode (X-G-Ca) and single-doped-graphene supported Ca
single-atom mode (X-G-Ca) with H; molecule adsorbed on optimal site (X-G-Ca-H>). a. DOSs of B=C,
B=C-Ca and B=C-Ca-H,. b. DOSs of a-Br, a-Br-Ca and a-Br-Ca-H.. ¢. DOSs of z-C, z-C-Ca and z-C-Ca-
H,. d. DOSs of a-Cl, a-Cl-Ca and a-Cl-Ca-H,. e. DOSs of z-F, z-F-Ca and z-F-Ca-H,. f. DOSs of a-1, a-I-
Ca and a-1-Ca-H». g. DOSs of py-N, py-N-Ca and py-N-Ca-H». h. DOSs of py-O, py-O-Ca and py-O-Ca-
H,. i. DOSs of P-3C, P-3C and P-3C-Ca-Ha,. j. DOSs of py-Sb, py-O-Sb and py-O-Ca-Sb. k. DOSs of th-
S, th-S-Ca and th-S-Ca-H,. I. DOSs of a-Si, a-Si-Ca and a-Si-Ca-Ha,.
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Supplementary Fig. 27 The DOSs of each optimal dual-doped-graphene substrate (X-Y-G), single-
doped-graphene supported Ca single-atom mode (X-Y-G-Ca) and single-doped-graphene supported
Ca single-atom mode (X-Y-G-Ca) with H, molecule adsorbed on optimal site (X-Y-G-Ca-H>). a. DOSs
of S-B-G, S-B-G-Ca and S-B-G-Ca-H,. b. DOSs of S-Br-G, S-Br-G-Ca and S-Br-G-Ca-H.. ¢. DOSs of S-
Cl-G, S-Cl-G-Ca and S-CI-G-Ca-H,. d. DOSs of S-F-G, S-F-G-Ca and S-F-G-Ca-H,. e. DOSs of S-N-G,
S-N-G-Ca and S-N-G-Ca-H». f. DOSs of S-O-G, S-O-G-Ca and S-O-G-Ca-H,. g. DOSs of S-P-G, S-P-G-
Ca and S-P-G-Ca-Ha. h. DOSs of S-Sb-G, S-Sb-G-Ca and S-Sb-G-Ca-H,. i. DOSs of S-Si-G, S-Si-G-Ca
and S-Si-G-Ca-H,.
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Supplementary Fig. 28 The definitions of three densities of electronic states (DOSs) evaluating the
relationship between electronic structure and intrinsic descriptor @. As mentioned in previous work”
3 the three DOSs are expressed as DOS1(the weighted DOS center below Fermi level), DOS2 (the weighted
DOS center in overall range of energy) and DOS3 (the position of the highest peak of DOS below Fermi
level). a. Three DOSs including DOS1, DOS2 and DOS3 of Ca single atom on single-/dual-doped-graphene
substrate. b. Three DOSs including DOS1, DOS2 and DOS3 of single-/dual-doped-graphene substrate. c.
Three DOSs including DOS1, DOS2 and DOS3 of single-/dual-doped-graphene-supported Ca single-atom
model. d. Three DOSs including DOS1, DOS2 and DOS3 of single-/dual-doped-graphene-supported Ca
single-atom model with H, molecule adsorbed on optimal site. Here, the calculation equation of weighted
DOS was given as DOS=( X2 ;&:d;)/( X i &;), where d; is the DOS of each model at energy &..
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Supplementary Fig. 29 The relationships between DOS descriptors and intrinsic descriptor @ for
single-doped-graphene-supported Ca single-atom solid-state H, storage materials. a. b. and c. the
relationships between DOS descriptors and intrinsic descriptor @ for each optimal single-doped-graphene
substrate (X-G). d. e. and f. the relationships between DOS descriptors and intrinsic descriptor @ for the
corresponding optimal single-doped- graphene with Ca atom chemisorption on optimal active site (X-G-
Ca). g. h. and i. the relationships between DOS descriptors and intrinsic descriptor @ for the corresponding
Ca single atom anchored optimal single-doped-graphene substrate (Ca). j. k. and 1. the relationships
between DOS descriptors and intrinsic descriptor @ for the corresponding optimal single-doped-graphene-
supported Ca single-atom substrate with H, molecule adsorbed on optimal H2 storage site. Here, DOS
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Supplementary Fig. 30 The relationships between DOS descriptors and intrinsic descriptor @ for
dual-doped-graphene-supported Ca single-atom solid-state H, storage materials. a. b. and c. the
relationships between DOS descriptors and intrinsic descriptor @ for each optimal dual-doped-graphene
substrate (X-Y-G). d. e. and f. the relationships between DOS descriptors and intrinsic descriptor @ for the
corresponding optimal dual-doped-graphene with Ca atom chemisorption on optimal active site (X-Y-G-
Ca). g. h. and i. the relationships between DOS descriptors and intrinsic descriptor @ for the corresponding
Ca single atom anchored optimal dual-doped-graphene substrate (Ca). j. k. and L. the relationships between
DOS descriptors and intrinsic descriptor @ for the corresponding optimal dual-doped-graphene-supported
Ca single-atom substrate with H, molecule adsorbed on optimal H, storage site. Here, DOS descriptors
consisted of DOS1, DOS2 and DOS3.



3. Supplementary Tables

Supplementary Table 1 Comparison of H> storage properties of various carbon-based

materials
Carbon-based H: sto'r'age Hz-upt:‘lke
materials condition capacity Notes Refs.
(T.P) (om &)
Zeolite-like The zeolite-like carbons are prepared via chemical vapor deposition (CVD).
77K, 2MPa Twt.% & - The carbons possess surface area of up to 3200 m?/g and pore volume of up
carbon 3 4
to 2.41 cm’/g.
CAs 53 wt.% & - The Carbon aerogels (CAs) materials were prepared through the sol-gel
Co-CA 77K. 3MPa 2.1 wt% & - polymerizatiog of resorcinol With formaldehyde in aqueous splutiop to
? produce organic gels that are dried and subsequently pyrolyzed in an inert 5
Ni-CA 23wt% &-  atmosphere.
Nitrogen-doped, microporous carbon materials have been prepared using
N-doped zeolite EMC-2 as a hard template and acetonitrile(C2Nz) as the carbon
. source via chemical vapor deposition (CVD). The carbon products exhibited
microporous 77K, 2MPa 6 wt.% & - . 2 . 3
carbon high s:urface areas (up to 3369 m~/g), high pore volumes (up to 1.71 cm’/g) 6
and high proportion of porosity (up to 85% of surface area and 73% of pore
volume).
This kind of activated carbon with further CO2 and KOH activations for
. hydrogen storage was prepared, the excellent hydrogen storage properties of
Activated 77K, 2MPa 7.08 Wt'%z) &_]- which were attributed to high surface area of up to 3190 m? g, more 7
carbon (AC) 432gHL available adsorption sites, higher edge orientation, and these pores with
diameter between 1 and 2 nm.
Ultrahigh surface area carbons (3000-3500 m? g™') have been obtained via
Ultrahigh o chemical activation of polypyrrole with KOH. The carbon materials exhibit
surface area 77K, 2MPa 7.03 Wt'/] ‘1& large pore volumes (up to 2.6 cm® g') and possess two pore systems: one of
37gH’L . . . 8
carbons pores in the micropore range (1.2 nm) and the other in the small mesopore
range (2.2-3.4 nm).
The doping of dispersed lithium (Li) onto multi-wall carbon nanotubes
Li-doped CNTs 77K, 0.1 MPa  3.9wt.% & - (CNTs) was performed by a solution method for hydrogen storage. This is 9
an atomically dispersed Li, not Li nanoparticles.
CNT 0.3wt.% & -
Ca-CNTs 1.05 wt.% & - These multiwalled carbon nanotubes (MWCNTs) were decorated by Ca, Co,
Co-CNTs 298K 0.1MPa 1.5wt.% & - Fe, Ni, and Pd particles, of which hydrogen storage capacity can be
Fe-CNTs o 0.75 wt.% & - improved in two approaches: (i) H2 adsorption via Kubas interaction and (ii) 10
Ni-CNTs 0.4 wt.% & - dissociation of H> molecules on the metal particles.
Pd-CNTs Twt.% & -
Graphene-like nanosheets have been synthesized by the reduction of a
Graphene-like o colloidal suspension of exfoliated graphite oxide. The graphene sheets with
nanosheets 77K, IMPa 12 wt% & - a BET surface area of 640 m%/g are found to be in a highly agglomerated 11
state, with many wrinkles.
. . The hierarchical graphene material composed of micropore (~0.8 nm),
Hierarchical 77K, 0.1MPa 4wt % & - mesopore (~4 nm), and macropore (>50 nm) and with a specific surface area
graphene ? 2 12
up to 1305 m*g ',
GO 1.4 wt.% & - Self-aligned GO-Multiwalled carbon nanotube (MWCNT) hybrid
GO-MWCNT 2.6 wt.% & - frameworks with a high degree of orientation. The remarkable synergistic 13
298K, 5 MPa properties from combining GO and MWCNTs in a hybrid structure offer a
RGO-MWCNT 2.1 wt% & - novel yet simple way of designing GO based hybrid frameworks with
extraordinary hydrogen storage capacities.
Gr 0.07 wt.% &- Graphene samples prepared by the exfoliation of graphitic oxide were
303K, 5.7 . - . .
Pt-Gr MPa 0.15 wt.% & - decorated with pl.aFlnum (Pt) and palladium (Pd) nano-particles by an 14
Pd-Gr 0.16 wt.% &- electroless deposition technique.
HEG 0.53wt.% & - Nitrogen doping is more effective in increasing the adsorption of hydrogen
Pd-HEG mixture 0.63 Wt.% & - than the mechanically mixed Pd-HEG nanocomposite. It should be,
298K, 2MPa however, borne that the Pd-HEG composite comprises of large sized Pd 15
N-HEG 088 wt.% & - particle agglomerates. In case of the Pd-N-HEG specimen, where a more
Pd-N-HEG 1.97 wt.% & -  uniform dispersion has been achieved.
A three-dimensional graphene material was doped with Ni-B nanoalloys via
. a chemical reduction process. The graphene doped with Ni (0.83 wt%) and
GP-NiB 77K, 0.1MPa 44w & - B (1.09 wt%) shows the best hydrogen storage capacity, which is better than 16
that of pristine graphene by three times.
6.5 wt.% & This is a new hydrogen storage material constructed of Mg nanocrystals
rGO-Mg 473K.1.5MPa 0.105Kg H, L encapsulated by atomically thin and gas-selective reduced graphene oxide 17




CMP

Li-CMP

MXene

Oxygen-rich
microporous
carbons

1 % Pd/Gr

5 % Pd/Gr

Ni/Gr

Pt@GO/MOF
hybrid
composites

LBMH@G

Graphene

P-Doped
Graphene
RGO
GO
Graphite
N-Doped
graphene

GO
Graphite
Powder

Mg-Ni/GLM

LIHAG

LiBH:@G

CNTs

Pd-CNTs

V-CNTs

MWCNTs

77K, 0.1MPa

298K, 6MPa
(Hz)

298K, 0.1MPa
(air)

77K, 2MPa
77K, 3MPa

298K, 3MPa

298K,
5~6MPa

298K, 6MPa

298K,
0.1MPa(H)
298K,
6MPa(H>)

298K, 8MPa

623K, 0.3MPa

303K, 0.1MPa

298K, 10MPa

298K, 9MPa

623K,0.1MPa

773K, 0.001
MPa

613K, 0.001
MPa

77K(298K),
6.5 MPa

373K, - MPa

1.6 wt.% & -

6.1 wt.% & -

8.8 wt.% & -

4 wt.% & -

81wt% &44g
H, L'

89wWt% & 48 g
H, L'

1.2 wt% & 6.5
gHy L
6.7~8.67 wt.%

& -

7.16 wt.% & -
0.14 wt.% & -

1.18 wt.% & -

0.77 wt.% & -

8.9 wt% & -

14.67 wt.% & -

22 wt% & -

0.28 wt.% & -
0.20 wt.% & -
0.14 wt.% & -

1.5wt.% & -
0.21 wt.% & -
0.14 wt.% & -

6.5 wt.% & -

6.8 wt.% & -

9.7 wt.% & -

1.21 wt.%
(<0.01Wt.%) &

0.37 wt.%
(0.125 wt.%)&

0.4 wt.% (0.1
wt.%) & -

0.15 wt.% & -

(rGO)sheets. As rGO is atomically thin, this approach minimizes inactive
mass in the composite.

Conjugated microporous polymers (CMPs) exhibits a relative small
hydrogen uptake value of 1.6 wt% at 1 bar. Lithium-doped conjugated
microporous polymers (Li-CMP) with ionic state Li content of 0.5wt.%
(optimal content) exhibits a significant maximum volume of 6.1 wt%.
Hydrofluoric acid incompletely etched MXene, namely, a multilayered
Ti2CTx stack that shows an unprecedented hydrogen uptake. The hydrogen
release is controllable by pressure and temperature below 95°C. The storage
mechanism is deduced to be a nanopump-effect-assisted weak
chemisorption in the sub-nanoscale interlayer space of the material.

This study described cellulose acetate-derived carbons that combine high
surface area (3800m?g") and pore volume (1.8 cm’g™) that arise almost
entirely (>90%) from micropores, with an oxygen-rich nature, which
exhibited excellent hydrogen storage properties.

This study developed a Pd-graphene nanocomposite with Pd loading
amounts of 1 at.% (1% Pd/graphene) and 5 at. % (5% Pd/graphene) for
hydrogen storage. The spherically shaped Pd nanoparticles of 5-45 nm in
size are homogeneously distributed over the graphene matrix.

This study has designed a Ni-graphene composite for hydrogen storage with
Ni nanoparticles of 10 nm in size, uniformly dispersed over a graphene
substrate. The hydrogen release could occur at an operating temperature
below 150 °C and completes at 250 °C.

In this work, series of Pt-loaded GO/MOF hybrid composites were prepared
via in-situ synthesis method, in which Pt nanoparticles were well-dispersive
and anchored tightly into GO/MOF units.

Flexible and 3D-structured graphene serves as the flexible structure support
and MgH> nanoparticles homogeneously distributed on graphene serve as
favorable heterogeneous nucleation sites to uniformly adsorb the solution
containing LiBH4 and hence, construct LiBH4 around MgH> nanoparticles,
monodisperse 2LiBHs-MgH> nano-composite (LBMH@G) with a particle
size of 10.5nm was controllably fabricated on graphene.

A moderate, possibly scalable way involving Benkeser reaction was
employed to obtain chemically hydrogenated Graphene nanosheets. Almost
15% (by weight) hydrogen was stored during hydrogenation of

graphene under Benkeser reaction.

P-substituted graphene material with multi-layers of graphene was prepared
through a simple and effective hydrothermal reaction under the assistance
of H3PO4 as the phosphorous source, and showed a nearly ~2.2 wt%
hydrogen sorption capacity at 298 K and 100 bar. This value is higher than
that for reduced graphene oxide.

The nitrogen doped graphene was synthesized by hydrothermal route
utilizing 2-Chloroethylamine hydrochloride as nitrogen precursor in the
presence of graphene oxide (GO). Nitrogen-doped graphene material is
developed for its application in hydrogen storage at room temperature.

A novel method allowing to produce nickel-graphene composites containing
nanosized Ni particles uniformly distributed over the graphene-like
materials (GLM) surface has been developed, which are the effective
catalysts of the hydrogenation of magnesium.

This study reported a facile and scalable wet-chemical synthesis of LiH
nanosheets with a thickness of only 2 nm, uniformly distributed on
graphene. Chemical reaction of LIH@G with BoHe and BH3NHj; synthesized
LiBHs and LiNH:BH; by adopting LiH@G as the nanoreactor.
Consequently, the as-formed LiBHs/graphene hybrids (LiBHs@G) and
LiNH,BHs/graphene hybrids (LiINH2BH3;@G) exhibit a curved thin, flaky
morphology, in which LiBH4 with nanolayer thickness of 4nm and
LiNH,BHj3 nanosheets are uniformly anchored on the graphene.

The CNTs were grown by the CVD method using LPG and LaNis as the
carbon source and catalyst, respectively. Pd was impregnated on the CNTs
by the reflux method with hydrogen gas as a reducing agent, while V was
embedded on the CNTs by the vapor deposition method. The average metal
particle size deposited on the CNTs was around 5.8 nm for Pd and 3.6 nm
for V.
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MWCNT/h-BN

NaAlH@GNS

Clay-graphene
nanocomposites

P-doped porous
carbon

Mg-(Ni-
TiO2)@rGO

Porous graphene
scaffold

rGO

GO

GO

Mg
Ni@rGO
Mg-Ni
Mg-Ni@rGO
Gr

Ca/Gr reduced
with ammonia

Ca/Gr reduced
with L-Ascorbic
acid

Ni/Al/graphene

Li-doped CNT

K-doped CNT

GR-supported
MgH> NPs
Li-doped
fulleranes
Na-doped
fulleranes

Ti-covered
graphene

Nanoporous
materials

504K, - MPa

298K, 20MPa

298K, 10MPa

523K,
0.01MPa

193K, 1.2MPa

298K, 8MPa

77K(298K),
9MPa

373K, 7TMPa

473K,

653K,0.1MPa

298K,0.1MPa

473K, 3MPa

823K, -

823K, -

400K-800K, -

77K, -

23 wt% & -

0.1 wt.% & -

1.2 wt% & -

43 wt.% & -

4 wt.% & -

1.34 wt.% & -

1.90 wt.% & -

4.8(0.5) wt.%
& -

0.0 wt.% & -

0.0 wt.% & -

4.7 wt.% & -
5.48wt.% & -
2wt.% & -

498 wt.% & -

3.99wt.% & -

5.7wt% & -

20wt.% & 160
kg/m?

14wt.% & -112
kg/m?

5.7wt.% & -

Swt.% & -

4wt.% & -

-&-

10wt.% & 40g
H, L'

The work reported the hydrogen storage performance of multi-walled
carbon nanotubes (MWCNT)/hexagonal boron nitride (h-BN)
nanocomposites (MWCNT/h-BN), where ultrasonication method is adopted
for the synthesis of the MWCNT/h-BN nanocomposites.

A bottom-up strategy was employed to confine NaAlH4 between graphene
nanosheets with a millefeuille-liked multi-layer morphology, to further
prepare the NaAlH4@GNS composite. The NaAlHs particles were
uniformly arranged between graphene layers, with a high loading up to 90%.
This work proposed clay-graphene nanomaterials prepared by a green way
using sucrose (caramel) and two types of natural clays (montmorillonite and
sepiolite) as precursors to evaluate their potential use in hydrogen storage.
The synthesis of heteroatom (P)-doped porous carbon with specific surface
area of 1406 m?/g derived from the paste of newly growing Indian banyan
tree (Ficus benghalensis) is described.

Ni and TiO: co-doped reduced graphene oxide [(Ni-TiO2)@rGO]
nanocomposite was synthesized and introduced into Mg via ball milling.
The results demonstrated that the dispersive distribution of Ni and TiO» with
a particle size of 20-200 nm in the reduced graphene oxide matrix led to
superior catalytic effects on the hydrogen storage properties.

This study used optimized KOH activation procedure to prepare highly
porous graphene scaffold materials with SSA values up to 3400 m?%/g and
pore volume up to 2.2 cm®/g, which are among the highest for carbon
materials.

In this paper, GO was found to exhibit better H> uptake capacity (1.90wt.%)
as compared to rGO (1.34 wt.%) at room temperature. It can be said that the
oxygen functional groups work as spacers in between the graphene layers
and increase the inter-layer space which in turn accumulate more number of
hydrogen molecules on surface of carbon nano-sheets.

The maximum storage capacity is 4.8 (0.5) wt% at 77 K (298 K) and at 9.0
MPa pressure, and the optimum GO interlayer distance for maximum Ha
uptake is 6.5A, similar to the predicted distances from first-principles
calculations for graphite materials.

Reduced graphene-oxide-supported nickel (Ni@rGO) nanocomposite
catalysts were synthesized, and incorporated into magnesium (Mg)
hydrogen storage materials with the aim of improving the hydrogen storage
properties of these materials. The experimental results revealed that the
catalytic effect of the Ni@rGO nanocomposite on Mg was more effective
than that of single nickel (Ni) nanoparticles or graphene.

In this work, a Ca/graphene nanocomposite was successfully synthesized.
The XRF characterization results proved that the Ca was successfully loaded
on the graphene matrix with the Ca percentage moving from 0.516% in
graphite flakes to 8.227% in Ca/graphene composite reduced by ammonia.

Dual active metals Ni and Al doped graphene composites are prepared
through in-suit reaction and self-assembly with high-temperature reduction
process. The maximum hydrogen storage uptake of such composites is up to
5.7 wt% at 473 K, and the dehydriding efficiency is high as 96%~97% at the
dehydriding temperature of 380 K.

Lithium- or potassium-doped carbon nanotubes can absorb 20 or 14 weight
percent of hydrogen at moderate (200°C to 400°C) or room temperatures,
respectively, under ambient pressure. The hydrogen stored in the lithium or
potassium-doped carbon nanotubes can be released at higher temperatures,
and the sorption-desorption cycle can be repeated with little decrease in the
sorption capacity.

GR-supported MgH> NPs were first fabricated by the hydrogenation

of dibutyl magnesium ((CsHo)2 Mg) in cyclohexane (Ce¢Hiz) under the
structure-directing role of GR.

This work synthesized polymeric lithium and sodium doped fulleranes

(6:1 mol ratio, A¢Ceo) which can reversibly store hydrogen via a
chemisorption mechanism through the formation of C-H bonds on the
fullerene owing to the presence of the alkali metal.

This study reports on hydrogen adsorption and desorption on titanium-
covered graphene in order to test theoretical proposals to use of graphene
functionalized with metal atoms for hydrogen storage. At room temperature,
titanium islands grow on graphene with an average diameter of about 10 nm.
In materials with particularly high BET areas, such as some MOFs,
gravimetric storage capacities exceeding 10 wt% can be achieved, although
only at cryogenic temperatures (77 K). The volumetric capacity achieved
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Bulk graphene 298K, 12MPa

GNR-Mg

. 498K, 1.5MPa
nanocomposite

Mg-GNP

. 573K, 2MPa
composites

Multivalent VO
epitaxial thin -
films

Iwt.% & -

7 1wt.% & -

-&-

using either powder compaction, monolith formation or framework
interpenetration can exceed 40 g H> L, but again only at 77 K.

It can be concluded that bulk graphene-related materials do not exhibit
superior hydrogen storage parameters compared to other nanostructured
carbon materials like activated carbons, carbon nanotubes or nanofibers.
This paper reports Mg nanocrystals encapsulated by narrow, bottom-up
synthesized graphene nanoribbons (GNRs) as environmentally stable and
high-capacity hydrogen storage materials. As an encapsulation medium,
GNRs offer similar functionalities as reduced graphene oxide to protect the
encapsulated Mg nanocrystals from extensive oxidation, while allowing
penetrations of hydrogen.

This work shows that loading magnesium by graphene nanoplatelets (GNP)
enhances the kinetics by more than an order of magnitude. The GNP
presence reduces the Mg agglomeration, induced by de/hydriding, and
accelerates the kinetics by connecting between Mg particles.

This study demonstrates that as many as two hydrogen atoms can be
incorporated into each VO unit cell, and that hydrogen is reversibly
absorbed into, and released from VO: without destroying its lattice
framework.
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Supplementary Table 2 The definition of adsorption energy, maximum adsorption energy
per Hz (E7/* in unit of eV/H;), theoretical maximum reversible hydrogen storage capacity

(0), descriptor (@) corelating microstructure to hydrogen storage performance for current

various carbon-based materials based on theoretical calculation investigation.

. . Simulation L .
Materials Simulation software Hydrogen §t0rage Definition of adsorption max c P Refs.
methods package mechanisms energy a
Ni-Pd-Co Hydrogen (Hz)
metals adsorption and Eqa = Erotal — Esurface — NEn,
decorated PAW-GGA-  prr@vasp P (39  -2.410 - . 51
PW91 hydrogen atom (H)
B-doped .
spillover
graphene
DET @DMol Hydrogen (Hz)
@DMo : :

_ phy81s0rpt10n Eqq = Egruphene - Esurface - nEHZ 0 _
Al-doped PAW-LDA & . enhanced by (40)  -0.260 331wt.% 2
graphene ab initio . .

MD@CASTEP doping Al into
graphene
Ep_
Hydrogen (Hz) b Fb{
Al-adsorbed PAW-LDA DFT @ DMol physisorption by ~ [ZiHp+Al-graphene ) o 53
& . . — (Egp- + iEy)]/i -0.193 13.8wt.%
graphene ab initio MD adsorbing Al into Al-graphene Hy
graphene D
Hydrogen (Hz)
Ca-adsorbed =~ PAW-GGA- adsorption by Kubas o -
araphene PBE DFT@VASP offect and - -0.200 5 wt.% 54
polarization
PAW-GGA- Hydrogen (Hz)
Ca-éatll\?%rsbed PBE DFT@VASP  adsorption by Kubas - -0.200 5 wt.% ) 55
effect
Light- DFT@VASP i
clement- USPP-LDA & I:é);)r?tslif?ftg Ea=Erar =Bpona 4D G450 17w 56
doped QMC@ ' S
fullerenes CASINO molecules
. E, = E(graphene + Li + H,) —
Li-adsorbed DFT@VASP Polarization E(graphene + Li) — E(H,) 0.265 12 wit.% - 57
porous PAW-LDA mechanism [CX) N wL7
graphene
Stronger adsorption
N-doped DFT@ DMOL induced by Eqas = Etotar — (En-pc + Egas) _
penta- P AV;};GEGA' in MS negatively charged (44)  -0.032 2.7 wt.% 58
graphene N-doped penta-
Graphene 3
Each Li atom b;l [E(Li/graphene + iH,)
. : ) . = A )
L:g ;is;;ﬁeed PAV;B(]}EGA DFT@VASP fr]:(fl(:ctzﬁ EI; — E(Li/graphene) — E(Hp)]/i  -0.170 16 wt.% 59
45
polarizing them @9
Al-adsorbed Each Al atom B -
orous LDA with absorbing H: ad-Hz = ZiliztAl-graphene " -
gfaphene e DFT@ DMOL el by (Bt at—grapnene + Ery)  -1.110 10.5wt.% 60
polarizing them “6)
. Adsorbing Hz by
Pillared PAW-GGA- DFT&GCMC charge induced - -0.014  40g Hy/L - 61
graphene PBE .
dipole
Ca-adsorbed
porous GGA DFT@VASP Adsorption - -0.23 9 wt.% - 62
graphene
CNTs - MD & VASP Chemisorption - - 7.7 wt.% - 63
. PAW-GGA- Ep 49 Wi%
Ti-anchored PBE DFT@VASP Kubas effect = E[Ti/HGO(Hy)na] + EC(H2) - 410 & - 64
GO & — E[Ti/HGO(H),
PAW-LDA @7 64g Ho/L
Ionic bonding and
C(a}-;ds}i);ll):d - DFT@VASP weak van der Waals - -0.400 8.4 wt.% - 65
P interaction
Transition USPP-GGA
L(TM & DFT@VASP Kubas effect - -0.300 9.0 wt.% -
metal (TM)  pAw.Gga- 66




atoms bound
to fullerenes

Pd-adsorbed
graphene

Pts cluster
supported on
pristine, B-,
and N-doped

graphene

sheets

Ni-adsorbed
graphene

Cu and Pd-
decorated
graphene

Sc-decorated
graphene
with
pyridinic-N
defects
Ti-decorated
cis-
polyacetyl-
ene

Pd-decorated
B-doped
defective
graphene

Mg-
decorated
graphene

N- and B-
doped penta-
graphene

Li-decorated
graphene

Li-decorated
graphene
with defects

V-decorated
porous
graphene

Defective
graphene

Ca-decorated
graphene

Sc and Ti
Containing
Single-
Walled

PBE

PAW-LDA

PAW-GGA-
PBE

PAW-GGA-
PBE

PAW-GGA-
PBE

PAW-GGA-
PBE

PAW-GGA-
PBE

PAW-GGA-
PBE

PAW-GGA-
PBE

PAW-GGA-
PBE

GGA-
PBE+G+S+D

GGA-
PBE +D

GGA-
PBE +D

GGA-PBE
&
vdW-DF2
GGA-PBE
&
GGA-LDA
&
vdW-DF

GGA-
PBE+D

Polarization
mechanism and
orbital hybridization

DFT@ DMOL

Co-existed
dissociative and
molecular
adsorption of
multiple Ha

DFT@VASP

molecules
DFT@ SIESTA Adsorption
DFT@QE Adsorption
DFT@VASP Adsorption
- Adsorption
Co-existed van der
Waals adsorption,
DFT@VASP hybridization, and
electrostatic
interaction
Weak van der Waals
DFT@ adsorption and
ESPRESSO electrostatic
interaction
Co-existed
dissociative and
DFT@VASP molecular
adsorption of Hz
molecules
DFT@
CASTEP code Stroger.
in MS chemisorption
DFT @DMol Polarization
code in MS interaction
DFT@ .
CASTEP sode Attra_ctlve Cgulomb
in MS interaction
DFT@QE Adsorption
DFT@VASP Adsorption
DFT @DMol Kubas effect

Eav
= —[Epagiy, — Epa — nEp,)]1/n
(48) -1.315
Eqas = E[Tle -
substrate] — E[(n —
1)H, — substrate] — E[H,]  -1.540
(49)
AEqq-y,
= [ENi,G(nHz' 1) -
Eni(0,1) — nEHz(oo)]/nHz -1.210
(50)
AEy, (Hy)
= [EGraphene+Metal atom+Hydrogen
- EGraphene+Meml atom
+ EHydrogen mulecule] -0960
(51
Ep
= —(Ey—¢ + nky,
= Ey_ganm,) /1 -0.400
(52)
Eads
= E[Pd + G + nH,]
—E[H,]
(53)
Enet—ads(Hz)
= Etoml—ads(Hz) - Eint(Hz) .0.134
(54)
E = Etot — (Esup + Ep,) for Ha
E = Etor — (Esup + 1/2Ey,) for
H
(55) -0.016
E. = Enny+Licr — ELicr — NEn,
. n -0.263
(56)
E. = Enny+Licr — ELicr — NEn,
ad = n -0.460
(57)
= [Ensy+v+pre — Evipc
2 -0.791
—nE(Hy)]/n 7
(58)
E, = Esystemﬂ'H2 - Esystem - iEHz
b= i -0.073
(59)
- -0.062
Eads
= ESC/4ND—CNXNT+nHZ -0.608

= Escjanp-cnxnt — Enn,
(60)

3.6 wt.%

2.8 wt.%

2.8 wt.%

7.6 wt.%

63 kg/m*

4.6 wt.%

7.0 wt.%

2.6 wt.%

5.9 wt.%
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Carbon
Nanotubes

Ca-decorated
boron-doped
graphene
Graphene
with
Boron
Substitution

Defective
graphene

Pt-adsorbed
graphene

Li-adsorbed
graphene

Li, Na and
Mg-
decorated
BGCs
graphene
TM-doped
defected
graphene

Si-doped
SWCNTs
and graphene

Ti-embedded
graphene

Bare Cu atom
and Cu-
functionalized
boron-doped
graphene

Si-decorated
graphene

Ca atom- and
Ca dimers-
decorated
graphene

B-doped
Graphene

Li-adsorbed
graphene

Li-adsorbed
B-doped
Graphene

Graphene

Li-doped
fluorinated
graphene

Li-doped
Graphene
and
nanotubes

GGA-LDA
&
GGA-PBE

GGA-PBE

USPP-LDA

GGA-PBE

USPP-LDA

GGA-LDA

PAW-GGA-
PBE

GGA-LDA

GGA-PBE

PAW-GGA-
LDA

LDA-CA

PAW-GGA-
LDA

GGA-
PBE+D

GGA-PBE

GGA-PBE

GGA-PBE

USPP-LDA

DFT@ SIESTA

DFT @DMol

DFT@QE
&

MD
DFT@
CASTEP code
in MS

DFT@VASP

DFT @DMol

DFT@VASP

DFT @DMol
&

GCMC@DREI
DING

DFT@
ESPRESSO

DFT @DMol
in MS

DFT @SIESTA
DFT@VASP

DFT @DMol

DFT@ CAM-
B3LYP/6-
311G (d, p)

DFT @DMol

DFT@
Gaussian

DFT @DMol

DFT@
DACAPO

Polarization and
hybridization

Chemisorption via H
spillover

Adsorption

Adsorption

Weak ionic bond,
attractive Coulomb
interaction and weak
van der Waals
interaction

Hybridizations

Adsorption of
molecular hydrogen

Physisorption

Molecular
chemisorption
between
physisorption and
chemisorption

Adsorption in
molecular form

Adsorption in
molecular form

Hydrogen spillover
storage

Adsorption in
molecular form

Adsorption in
molecular form

Polarization

Spillover
mechanism
Adsorption from
hybridization
between Li and
graphene

Physisorption

Eads
= ETi/4ND—CNxNT+nHZ
= Erijanp-cnxnt — Enn,

(61)
- -0.400
AEy = Esypyt — Esup — E|
H Sub—H b ?62) -1.933
Eaa = E(g+ny) — Eg — En,
©3) -0.083
- -0.410
Ead
_ Enn,ym/pes — Emypes — By, -0.310
(64)
- -0.870
E(adsorption)
= E(hostmaterial — H;)
—E (hostmaterial) -0.190
—E(Hz)
(65)
- -0.310
o= Egim+in, = Ecem — IEy,
ad — i —1 352
(66)
Ey(Hy)
_ Embysi-graph — Esi—grapn — MEp, -0.190
(67)
E, = ET-ED_;"EHz 68)  -1.020
Eags
__ Eqasorbent = Eadasorvent-n, + NEn, -0.060
(69)
i (1) — EGR = L) +
=- o = .0.170
(70)
-0.130
ep(n) = (Enp@g—Eg — ney)/n
an -2.350
AE,
= E[F + Li + graphene + (H,),]
— E[F + Li + graphene -0.266
+ (Hpn-1] — E[H]
(72)
Ey
= E(Li + graphene + H,) -0.180

— E(graphene + H,) — E(H,)
(73)

8.4 wt.%

8.4 wt.%

12.8
wt.%

5.1 wt.%

2.5wt.%

6.3 wt.%

4.2 wt.%

15 wt.%

7.7 wt.%

5.3wt.%

16.2
wt.%

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99




Li-doped
carbon
nanotube

Cs-doped Ceo

Ca-decorated
graphdiyne

K-decorated
graphdiyne
Corrugated

graphene
multilayer
system

2-C4N; and
g-C3Na

PAW-GGA-
LDA

®B97X-D

GGA-
PBE+D2

B3LYP/6-
311G*

GGA-PBE

GGA-PBE

DFT@ Real-
space code

DFT@
Gaussian

DFT@
ESPRESSO

DFT@
Gaussian&
MD@QNIOM

DFT&MD@CP
MD

DFT @DMol

Adsorption in
molecular form

Physisorption

Adsorption in
molecular form

Physisorption in
molecular form

Physisorption in
molecular form

Physisorption in
molecular form

u

= E(System + H,) — E(System)

—E(Hy)

D (m)
= E((Hp)mCooCs™)

(74)

— E((Hy);m-1Ce0Cs™) — E(H)

Eads
= (Enty-ca-epy—Eca-cpy
- nEnHz)/n

Eqas(n)

(75)

(76)

= Ladsorbent—-nH, /n—Eqasorbent

—nH,

an

-1.090

-0.051

-0.266

-0.148

-2.000

-0.250

3.5 wt.%

8.4 wt.%

18 wt.%

8.0 wt.%

7.1 wt.%

100

101

102

103

104

105




Supplementary Table 3 The comparison between current established H: storage
theories and generalized Sabatier principle proposed in this work for adsorption-type
hydrogen storage materials.

Basic thermodynamic theory Refs.
Physical
picture of -
H: storage
Au = Ah —TAS (78)

Universal  where Ay, Ah , AS and T are chemical potential change, enthalpy change

theoretical and entropy change of hydrogen in free and adsorbed states and

equations temperature, respectively. 106
This is a simple analysis based on the fact that the difference in chemical
potential of hydrogen in free and adsorbed states Ay = Ah — T As controls
the direction of adsorption/desorption. However, it cannot express

Comments hydrogen storage capacity and rate directly. More significantly, this
theory is not able to establish the relationship between hydrogen storage
performance and hydrogen storage materials, which leads to inferior
guidance for design of hydrogen storage materials.

Statistical physics theory in equilibrium state
Physical
picture of -
H: storage
f=kTolnZ/on  (79)
Uni polmtoe PO )
niversal Yoo giel £1)/KT

theoretical

equations  where 7 is the grand partition function, 4 is the chemical potential of H»
in the gas phase at given pressure p and temperature 7, & is the Boltzmann
constant, and f'is the occupation (adsorption) number of H> molecules 7
per site.
This theory is built in equilibrium state of H» adsorption/desorption
without external driving condition. In reality, both hydrogen storage and
release are driven by external condition such as temperature 7 and
pressure P. In addition, it cannot express hydrogen storage rate directly.
More significantly, this theory is not able to establish the relationship

Comments

between hydrogen storage performance and microstructure of hydrogen
storage materials, which leads to inferior guidance for design of hydrogen
storage materials as mentioned above.

Generalized design principle




Physical .
picture Of , |iaent om0 tr storage structure
H; storage ] ‘
S L, | S
g i
_AG,TZ%" _Agglzizl
_kBT e ksT —pg kpT
—,  AG" >0
, G agpn 2
(aGpe™ — aGE) — kT [ & Rl —e Rl
CHz/Site = o (81)
_AGHZ*
kgT|1—e ksT
—, AGPT <0
AGZ'Z“»X AG;;‘Z‘?} 2
. AG™ — AGMM) — e, T | e *eT —e Ko Thi
Universal ( H, H, ) Sk
theoretical P wor
equations —Akoey,kpT | e ol —¢ Tl
AGLZ‘ >0

Acper acpir !
(8G9 — AGR) + kT [ e TsT — ¢ T
_AGZ‘}" _Ac,’_}'z‘ﬁ”
MeoCuykpT (1 — e FoT | [AGHS* — kyT (e RsT —1

AGTMAx AGTHR AGTE*
. __Hy " Hy __Hp
[(A(;};;@X - AG™) = kyT (e k5T —¢  KsT )} AGES™ + kyT <e Tl — 1)]
_ ExAxRx/Nx
EcAcRc/Nc

(82)

Vn, /site/s =

G- <0

This theory is built based on actual situation of H, adsorption/desorption
under external conditions such as temperature 7 and pressure P. In
addition, it can give the accurate equations of hydrogen storage capacity
and rate directly. More significantly, this theory is able to establish the
relationship between hydrogen storage performance and microstructure of

Comments hydrogen storage materials, which results into the superior guidance for
design of hydrogen storage materials. It is the most complete theory for
the design of hydrogen storage materials at present, and can realize the
bottom-up design from electronic structure of hydrogen storage materials
to hydrogen storage performance.




Supplementary Table 4 Electron affinity (Ex, unit eV), electronegativity (4x), atomic radius
(Rx, unit A) and number of outermost electrons (Nx) of dopants, descriptor (®), the most
negative adsorption energy change (AE, unit eV) at ground state and corresponding Gibbs
free energy change (AG, unit eV) at ambient condition (298K, 0.1MPa) upon adsorbing a H»
molecule on optimal active site of selected optimal doped-graphene-supported Ca single
atom structure.

Optimal doped-graphene-

Dopants Ex(eV) Ax Rx(Ad) Nx 0= 7?:’;2’:;11:: AE (V)  AG(eV) supg&ﬁs:iurCez; iililtghleHatom
2
C 1.2621 2.55 0.863 4 1 -0.1127 0.2213 z-C-Ca (-H»)
B 0.2797 2.04 0.905 3 0.2479 -0.1416 0.1924 B=C-Ca (-H>)
P 0.7466 2.19 1.233 5 0.5807 -0.1436 0.1904 P-3C-Ca (-H»)
N 1.4000 3.04 0.741 5 0.9084 -0.1324 0.2016 py-N-Ca (-H»)
Sb 10474 205 1577 5 0.9753 01271 02069 py-Sb-Ca (-Hy)
(6] 1.4610 3.44 0.82 6 0.9892 -0.2160 0.118 py-O-Ca-H,)
Si 1.3895 1.90 1.312 4 1.2471 -0.1512 0.1828 a-Si-Ca (-H»)
S 2.0771 2.58 1.164 6 1.4972 -0.0959 0.2381 th-S-Ca (-H»)
F 3.4011 3.98 0.794 7 22113 -0.1146 0.2194 z-F-Ca (-H»)
Br 3.3636 2.96 1.164 7 2.3843 -0.1511 0.1829 a-Br-Ca (-H»)
I 3.0590 2.66 1.487 7 2.4894 -0.1501 0.1839 a-1-Ca (-Hy)
Cl 3.6127 3.16 1.111 7 2.6095 -0.1797 0.1543 a-Cl-Ca (-H»)
S-B 0.2797 2.04 0.905 3 0.2479 -0.1943 0.1397 S-B-Ca (-H»)
S-P 0.7466 2.19 1.233 5 0.5807 -0.1877 0.1463 S-P-Ca (-H»)
S-N 1.4000 3.04 0.741 5 0.9084 -0.16923 0.16477 S-N-Ca (-Hy)
S-Sb 1.0474 2.05 1.577 5 0.9753 -0.1983 0.1357 S-Sb-Ca (-H»)
S-O 1.4610 3.44 0.82 6 0.9892 -0.16783 0.16617 S-O-Ca (-Hy)
S-Si 1.3895 1.90 1.312 4 1.2471 -0.2500 0.084 S-Si-Ca (-H»)
S-F 3.4011 3.98 0.794 7 22113 -0.1937 0.1403 S-F-Ca (-H»)
S-Br 3.3636 2.96 1.164 7 2.3843 -0.1416 0.1924 S-Br-Ca (-Hy)
S-1 3.0590 2.66 1.487 7 2.4894 - - -

S-Cl 3.6127 3.16 1.111 7 2.6095 -0.1471 0.1869 S-Cl-Ca (-Hz)




Supplementary Table 5 Summary of physicochemical characterization, hydrogen storage
capacity measured experimentally at 77K and SMPa, and calculation results on various
doped-graphene-supported Ca single atoms non-dissociative chemisorption hydrogen
storage materials (NCHSMs).

Dopant Ca loading
Sample Surface . content o Cosine” )
area (m” g"') coni;?ga)non from XPS Cm (Wt%) (H: site™) AGuin (eV)
’ (at%)
0-G-Ca 395 13.11 0.43 1.51 0.002594754 0.118
N-G-Ca 325 7.61 0.33 1.33 0.002142234 0.202
P-G-Ca 58 241 0.40 0.21 0.002163223 0.190

Notes: C,, represents the specific capacity for H> storage measured in automatic high pressure gas
sorption instrument. Cosire” refers to specific capacity per unit H> molecule storage site after
normalization (See normalization process in Note 1).



Supplementary Table 6 Summary of calculated Bader charge transfer, bond length (du.n)
and bond length change (4du.n) of hydrogen molecule (H2) upon H; molecule adsorbed on
optimal active sites of various doped-graphene-supported single atom Ca models.

Charge Charge n n Op;irl:;lll;izs_ed-
Dopants 0= nstrate rom, amsered o @ ABE T supporica ca
Ca (¢) H: from Ca (e) single atom
structures with H,
C 1 1.1931 0.0358 0.76682 0.02582 2-C-Ca-H,
B 0.2479 1.3859 0.0253 0.76832 0.02732 B=C-Ca-H,
P 0.5807 1.3163 0.0022 0.76052 0.01952 P-3C-Ca-H,
N 0.9084 0.9924 0.0220 0.75806 0.01706 py-N-Ca-H,
Sb 0.9753 1.3417 -0.0072 0.75780 0.0168 py-Sb-Ca-H,
0 0.9892 1.3680 0.0410 0.77091 0.02991 py-O-Ca-H,
Si 1.2471 1.3379 0.0490 0.77134 0.03034 a-Si-Ca-H,
1.4972 1.2220 0.0035 0.75737 0.01637 th-S-Ca-H,
F 22113 1.1973 0.0295 0.76493 0.02393 z-F-Ca-H,
Br 2.3843 1.3672 0.0134 0.76425 0.02325 a-Br-Ca-H,
[ 2.4894 1.3616 0.0161 0.76438 0.02338 a-I-Ca-H,
Cl 2.6095 1.3646 0.0447 0.7683 0.0273 a-Cl-Ca-H,
S-B 0.2479 1.2721 0.0451 0.76982 0.02882 S-B-Ca-H,
S-P 0.5807 1.3889 0.0501 0.77447 0.03347 S-P-Ca-H,
S-N 0.9084 1.3492 0.0399 0.76661 0.02561 S-N-Ca-H,
S-8b 0.9753 1.3488 0.0725 0.79305 0.05205 S-Sb-Ca-H,
S-0 0.9892 1.4398 -0.0019 0.76119 0.02019 S-0-Ca-H,
S-Si 1.2471 1.4164 0.0008 0.75185 0.01085 S-Si-Ca-H,
S-F 22113 1.3224 0.0522 0.77466 0.03366 S-F-Ca-H,
S-Br 2.3843 1.1696 0.0003 0.75887 0.01787 S-Br-Ca-H,
S-1 2.4894 - - - - -

S-Cl 2.6095 1.3327 0.0238 0.76602 0.02502 S-Cl-Ca-H,




Supplementary Table 7 Summary of calculated density of states (DOSs) including DOSI,
DOS2 and DOS3 as defined above of single atom Ca chemisorbed on optimal doped-
graphene substrates.

ExAxRy/Ny Ca chemisorbed on
Dopants =—"——"7—"7"—"— DOS1 DOS2 DOS3 optimal doped-
EcAcRc/Nc graphene substrates

C 1 0.0144 -0.0233 0.6499 z-C(-Ca)
B 0.2479 0.0193 -0.0311 0.9400 B=C(-Ca)

P 0.5807 0.0195 -0.0433 0.6430 P-3C(-Ca)

N 0.9084 0.0120 -0.0389 1.2824 py-N(-Ca)

Sb 0.9753 0.0202 -0.0175 1.4421 py-Sb(-Ca)

0 0.9892 0.0166 -0.0500 1.8044 py-O(-Ca)
Si 1.2471 0.0178 -0.0324 1.2547 a-Si(-Ca)
1.4972 0.0165 -0.0547 0.9325 th-S(-Ca)
22113 0.0112 -0.0291 6.1190 z-F(-Ca)

Br 2.3843 0.0237 -0.0174 0.7450 a-Br(-Ca)
[ 2.4894 0.0212 -0.0162 1.4559 a-I(-Ca)
Cl 2.6095 0.0234 -0.0052 0.7031 a-Cl(-Ca)
S-B 0.2479 0.0149 -0.0369 0.4124 S-B(-Ca)
S-P 0.5807 0.0221 -0.0240 1.2408 S-P(-Ca)
S-N 0.9084 0.0138 -0.0404 1.7081 S-N(-Ca)
8-8b 0.9753 0.0177 -0.0376 0.9288 S-Sb(-Ca)
$-0 0.9892 0.0260 -0.0214 4.0061 S-O(-Ca)
S-8i 1.2471 0.0204 -0.0579 0.4276 S-Si(-Ca)
S-F 22113 0.0182 -0.0305 2.5793 S-F(-Ca)
8-Br 2.3843 0.0198 -0.0580 0.7245 S-Br(-Ca)

S 2.4894 - - - -

S-Cl 2.6095 0.0194 -0.0238 0.4381 S-Cl(-Ca)




Supplementary Table 8 Summary of calculated density of states (DOSs) including DOSI,
DOS2 and DOS3 as defined above of optimal doped-graphene substrates.

Dopants @ = i’::"c—m pOS1 DOS2 DOS3 grglﬂfie';‘:'s:;ft‘;‘;es
C 1 8.6167 7.6763 63.1807 z-C
B 0.2479 8.1234 7.2536 66.0034 B=C
P 0.5807 8.0670 6.9374 28.0203 P-3C
N 0.9084 8.2645 7.4694 59.8546 py-N
Sb 0.9753 7.4815 6.5879 47.2730 py-Sb
0 0.9892 8.0967 73582 148.6560 py-O
Si 1.2471 6.1995 4.8070 70.0511 a-Si

1.4972 6.2615 5.1310 68.9286 th-S
22113 4.5627 3.8610 50.6584 zF
Br 23843 6.8916 5.8625 84.2785 a-Br
[ 2.4894 8.2029 7.6777 191.5190 al
Cl 2.6095 7.0157 6.0658 108.4480 a-Cl
S-B 0.2479 6.1938 5.1622 74.4984 S-B
S-P 0.5807 6.0762 53171 41.9430 S-P
S-N 0.9084 5.4990 4.5129 85.5226 SN
8-8b 0.9753 6.7059 5.5692 58.4166 S-Sb
$-0 0.9892 5.6394 4.3366 97.2307 S-0
8-Si 1.2471 7.5487 6.4523 75.6393 S-Si
S-F 22113 3.1751 2.6292 50.1810 S-F
S-Br 23843 8.5912 7.8241 130.6730 S-Br
S 2.4894 - - - -

S-Cl 2.6095 9.6724 9.3778 328.9450 S-Cl




Supplementary Table 9 Summary of calculated density of states (DOSs) including DOSI,
DOS2 and DOS3 as defined above of optimal doped-graphene-supported Ca single atoms
models.

Optimal doped-
Dopants 0= % posI DOS?2 DOs3  #mPhencsupportcd
structures
C 1 5.6698 5.2744 88.1415 z-C-Ca
B 0.2479 6.0114 5.5691 75.8996 B=C-Ca
P 0.5807 5.5392 4.9436 32.4135 P-3C-Ca
N 0.9084 52976 47920 162.0420 py-N-Ca
Sb 0.9753 6.0837 5.6604 79.8720 py-Sb-Ca
0 0.9892 5.5540 49721 91.8413 py-O-Ca
Si 1.2471 42544 3.7817 96.2426 a-Si-Ca
1.4972 4.6233 3.9177 722745 th-S-Ca
22113 4.0618 3.4906 80.0595 z-F-Ca
Br 23843 5.0244 4.6906 58.5805 a-Br-Ca
[ 2.4894 43074 3.9701 72.9811 a-I-Ca
Cl 2.6095 5.0459 4.7899 56.7659 a-Cl-Ca
S-B 0.2479 4.1954 3.8263 37.9123 S-B-Ca
S-P 0.5807 4.1883 3.8459 89.8705 S-P-Ca
S-N 0.9084 3.6005 32008 30.0677 S-N-Ca
S-Sb 0.9753 4.6005 4.0481 83.8409 S-Sb-Ca
$-0 0.9892 4.7736 4.5261 149.3290 S-0-Ca
S-8i 1.2471 5.8536 5.4089 56.5592 S-Si-Ca
S-F 22113 3.4477 2.9755 105.4540 S-F-Ca
8-Br 23843 6.4568 5.9491 113.9600 S-Br-Ca
S 2.4894 - - - -

S-Cl 2.6095 47411 4.4453 79.6752 S-Cl-Ca




Supplementary Table 10 Summary of calculated density of states (DOSs) including DOSI,
DOS2 and DOS3 as defined above of optimal doped-graphene-supported Ca single atoms
with H> molecules adsorbed on their optimal active sites.

Optimal doped-
Dopants 0= % posI DOS?2 DOs3  #mPhencsupportcd
structures with H,

C 1 5.1807 4.6770 51.1567 7-C-Ca-H,
B 0.2479 5.7347 5.4044 71.8251 B=C-Ca-H,
P 0.5807 5.6977 5.1001 28.2980 P-3C-Ca-H,
N 0.9084 5.8917 47511 108.7990 py-N-Ca-H,

Sb 0.9753 57639 4.8021 50.5066 py-Sb-Ca-H,
0 0.9892 6.1136 5.4886 93.4630 py-O-Ca-H,
Si 1.2471 4.4999 4.0013 102.2200 a-Si-Ca-H,
1.4972 5.1612 4.8884 51.8576 th-S-Ca-H,
22113 5.1177 4.5584 102.4620 z-F-Ca-H,

Br 23843 4.4520 4.0942 53.8409 a-Br-Ca-H,
[ 2.4894 4.9701 43851 133.6880 a-1-Ca-H,
Cl 2.6095 4.4468 4.1668 74.6184 a-Cl-Ca-H,
S-B 0.2479 4.1796 3.5808 49.2472 S-B-Ca-H,
S-P 0.5807 47861 4.0307 43.8572 S-P-Ca-H,
S-N 0.9084 47952 4.1247 117.7220 S-N-Ca-H,
S-Sb 0.9753 4.1277 3.5123 55.1704 S-Sb-Ca-H,
$-0 0.9892 3.7217 3.3677 41.1686 S-0-Ca-H,
S-8i 1.2471 6.2488 4.5389 91.7678 S-Si-Ca-H,
S-F 22113 3.4967 33166 79.4677 S-F-Ca-H,
8-Br 23843 5.6319 5.2488 77.2373 S-Br-Ca-H,
S-1 2.4894 - - - -

S-Cl 2.6095 43792 3.8848 132.8440 S-Cl-Ca-H,




4. Supplementary Notes

Note 1

Normalization process from experimental H; storage specific capacity C, (Wt%) to specific
capacity per unit H; storage site Cosir. (H: site™!)

First, H> molecule storage site can be simply regarded as hollow site of doped-graphene-supported
Ca single-atom surface, implying that a H> molecule occupies averagely two net carbon atoms on
doped-graphene-supported Ca single-atom surface. Based on geometric surface area of a carbon
atom on graphene (~2.6 x 102° m?), geometric surface area per H> molecule storage site should be
5.2 x 102* m? due to a hollow site comprising two net carbon atoms. Assuming the host material
mass for H» storage is 1g, the H> mass stored on host material, namely the mass of H» stored per
unit mass host material (g/g), can be calculated according to

C,,(Wt%) = ﬁ x 100% (83)

Here, C,,(wt%), my, and my,,; are hydrogen storage specific capacity, the hydrogen molecules
mass and host material mass, respectively. Taking nitrogen-doped-graphene-supported Ca single-
atom host material (N-G-Ca) as an example, C,, =1.33 wt% (experimental results at 77K and 5SMPa)

will lead to

= GmMHost — 9,0135g. (84)

My, 1-Cpy

Thus, the amount of H, molecules stored was calculated to be 4.06x10%! according to
N=(m/M)N4 (85)
Here, N, m, M and N, are the amount, mass, molar mass, and Avogadro constant (~6.02x10%?),
respectively. In addition, combining the surface area of N-G-Ca sample (~325 m? g'!), the total
amount of H> molecules storage sites can roughly be estimated to be 325/(5.2 x 102°)=6.25x102! .
Consequently, specific capacity per unit Hy storage site Cysiem (Hz site™!) of doped-graphene-
supported Ca single-atom surface mainly originating from heteroatom doping and Ca single atom
loading can be estimated to be 0.33%x (4.06x10%1)/(6.25x10%1)=2.14x10. Here, it deserves to
note that although doping concentration has an impact on specific capacity of H» storage, its role
is realized mainly via tuning metal Ca single atoms. Therefore, compared with Ca single atom
loading, contribution of heteroatom doping concentration to specific capacity can be roughly

ignored.



Conclusively, specific capacity per unit H, storage site Cpsiee. (Hz site!) of doped-graphene-

supported Ca single-atom surface can be given by

N
5.2x10720xat%(Ca)x—12x A

X
1-Cm M (86)

CHZ/site = Sa

where at%(Ca), Cn, N4, M, and S, are Ca loading content, hydrogen capacity (wt%), Avogadro

constant, molar mass and surface area, respectively.

Note 2

Normalization process from gravimetric capacity C, (wt%) to area specific capacity C, (g m
2) for carbon-based adsorption-type H> storage host materials

According to the calculation method of gravimetric capacity C. (wt%) for H> storage, namely

Con(WE%) = # X 100% (87)

2
where C,(wt%) , my, and my,s are hydrogen storage gravimetric capacity, the hydrogen
molecules mass and host material mass, respectively, the area specific capacity C, (g m2) can be
expressed as

Calgm™) = —= (88)

T (1-Cm)Sa

where S, is BET surface area of H, host materials.

Note 3

Predicted H: storage capacity for dual-doped-graphene-supported single-atom Ca NC-
SHSMs (S-Si-G-Ca).

In experiment, the hydrogen storage capacity C, (wt%) of as-prepared N-G-Ca at 77K and 2MPa
was tested to be 0.8 wt%, the area specific capacity C, (g m™2) can be calculated to 2.48 x 107 g

m2 according to the above Equation (88) C,(g m™2) = (1—?:1)5.1 (Sa (~325 m? g!) is BET surface
area of N-G-Ca).

In theory, based on the calculated Gibbs free energy change AG]:¥ (~0.21 eV) before and after
H> molecule adsorbed on the optimal site of N-G-Ca, for given AG¥ (~0.5 €V), the specific
capacity Cy, site, Namely the averaged amount of H, molecules adsorbed one site can be calculated

to be to 2.64 x 10 Hy/site according to the above Equation (26). Thus, based on the geometric
area of one H, molecule storage site (25.=5.2x10"2° m?) and Equation (85) N=(m/M)N4 (N, m, M



and Ny (~6.02x10?%) are the amount, mass, molar mass, and Avogadro constant, respectively), the
theoretical area specific capacity C,*(g m) was calculated to be 1.69 x 10 g m™.

Thus, the correction factor u was calculated to 1.47x10* according to Equation (89).

1 =Ca Co* (89)
Here, C, and C.* are the experimental area specific capacity (g m?) and the theoretical area
specific capacity (g m2), respectively.

Under the same physical properties including BET surface area (325m? g!), Ca loading mass
(0.33 at%), doping concentration (7.61 at%), and external conditions (77K and 2MPa) as that of
as-prepared N-G-Ca NC-SHSMs in our experiment, the correction factor x4 should be the same.
Therefore, for dual-doped-graphene-supported single-atom Ca (S-Si-G-Ca), the calculated AG]:™
(~0.008 eV) can lead to the theoretical specific capacity C,*=1.776 x10”7 g m™2. Thus, the predicted
practical area specific capacity C, (g m?) of S-Si-G-Ca under the same conditions and physical
properties as that of N-G-Ca was calculated to 2.61 x 10 g m™. Finally, the logarithm of area
specific capacity
In (C,) was obtained to compare with the H» storage properties of other host materials including
zeolite-like carbon®*, N-doped microporous carbon®, activated carbon (AC)’, ultrahigh surface area
carbon®, graphene-like nanosheet!! and oxygen-rich microporous carbon?® under the same external

conditions (Supplementary Table S1).
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