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ABSTRACT: Rubidium-ion batteries (RIBs) have received a lot of
attention in the quantum field because of their fast release and
reversible advantages as alkali sources. However, the anode material
of RIBs still follows graphite, whose layer spacing can greatly
restrict the diffusion and storage capability of Rb-ions, posing a
significant barrier to RIB development. Herein, using first-
principles calculations, the potential performance of three kinds
of in-plane porous graphene with pore sizes of 5.88 A (HGS88),
10.39 A (HG1039), and 14.20 A (HG1420) as anode materials for
RIBs was explored. The results indicate that HG1039 appears to be
an appropriate anode material for RIBs. HG1039 has excellent
thermodynamic stability and a volume expansion of <25% during charge and discharge. The theoretical capacity of HG1039 is up to
1810 mA h g~!, which is ~5 times higher than that of the existing graphite-based lithium-ion batteries. Importantly, not only
HG1039 enables the diffusion of Rb-ions at the three-dimensional level but also the electrode—electrolyte interface formed by
HG1039 and Rb-$-Al,O; facilitates the arrangement and transfer of Rb-ions. In addition, HG1039 is metallic, and its outstanding
ionic conductivity (diffusion energy barrier of only 0.04 €V) and electronic conductivity indicates superior rate capability. These
characteristics make HG1039 an appealing anode material for RIBs.
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1. INTRODUCTION

After decades of continuous development, the technology of
electrochemical storage alkali metals represented by lithium-
ion batteries (LIBs) is being widely used in modern society
with its high charge—discharge efficiency and long-term cycle
stability.' However, due to the scarcity and uneven
distribution of lithium resources, researchers have shifted
their attention to other alkali-based electrochemical energy-
storage devices, such as sodium-ion batteries (SIBs) and
potassium-ion batteries, which share the ion rocking-chair
operating mechanism with LIBs.*™¢ Also, being an alkali metal,
rubidium-ion (Rb-ion) batteries (RIBs) appear to be very
promising and worth investigating; their potential advantages
include (1) the diffusion coefficient and mobility of alkali
cations usually increase with increasing atomic number,” and
the weaker Lewis acidity of the Rb-ion (smaller solvated ions)
gives rise to higher ionic conductivity than the Li-ion, Na-ion,
and K-ion.® (2) The standard redox potential of Rb*/Rb
(—2.98 V vs SHE) in the electrolyte is very similar to that of
Li*/Li (—3.04 V vs SHE), allowing higher cell voltages to be
maintained.” (3) Rb’s crustal reserves are richer than Li. All
aforementioned characteristics bode well for the development
of RIBs as promising battery systems. Biby et al. reported that
the theoretical quantum capacity of the Rb-ion supercapacitor
using MoS, as the electrode material can reach 3300 F/g.'’
Our previous work has revealed that RIBs using monolayer
MoS, anode materials not only have comparable theoretical
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capacities but also have approximately one order of magnitude
lower diffusion energy barriers compared to commercial LIBs
(graphite anodes)."" Recently, McGilligan and Kang disclosed
RIBs that can be utilized as a Rb-atom source.'”~"> Their
advantages of being fast and having a low power, high purity,
small size, and reversibility make them one of the key
technologies for the development of quantum fields, such as
miniaturized cold/ultra-cold atom physics systems, efficient
photon—photon logic gates, and efficient quantum memo-
ries.' "¢

Despite their enormous promise, RIBs are in their infancy,
with high-performance electrode materials and scientific
challenges yet to be discovered and overcome. A major
obstacle limiting the performance of RIBs is the anode material
because the existing one still follows the commercial LIBs (i.e.,
graphite anode). Although graphite has excellent specific
capacity for storing Li, the results of both Na and K storage,
when it is utilized as the active material for the anode, are not
satisfactory. This is primarily caused by the large ionic radii of
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Figure 1. (a) Schematic diagram of an equilateral hexagonal defect based on graphene with an orthogonal lattice. The pink, yellow, and green
defect structures indicate the HGS88, HG1039, and HG1420 systems, respectively. The evolution of total energy per atom of (b) HGS88, (e)
HG1039, and (h) HG1420 is obtained from 20 ps AIMD simulations at 400 K. The geometrically optimized (c) HGS88, (f) HG1039, and (i)
HG1420 structures are the starting configurations (i.e., str@0 ps). The final configurations of (d) HGS88, (g) HG1039, and (j) HG1420 at t = 20

ps (ie. str@20 ps).

Na and K, which hinder the ion intercalation/deintercalation
during the charging/discharging process and also leads to a
disorder in the long-term cycle of the graphite structure.'” The
radius of Rb is larger than those of Na and K and severely
mismatches the graphite layer spacing of 3.35 A. When a
significant quantity of Rb-ion is intercalated/deintercalated to
graphite, this can worsen the material’s instability and quickly
cause a number of issues, including low capacity, poor
cyclability, and low initial Coulombic efficiency. Therefore, it
is of great interest, yet challenging, to explore suitable anode
materials for RIBs with desirable properties.

Opening the layer spacing of graphite and introducing pore
defects may be an effective strategy to improve the electro-
chemical performance of RIB anode material. Porous graphene

material with in-plane pores (iPPGs) is a carbon material with
nanoscale pores on a two-dimensional surface. Similar to
“punching” holes in graphene, which is a functionalized defect
of graphene, its pores are empty spaces left by the removal of
carbon atoms from the lattice.””*" The advantages of iPPGs as
an anode material are as follows: (1) weakens the 7—n
interactions between graphene sheets and alleviates the
stacking problem; (2) provides a larger ion storage space
(specific surface area) and enhances the storage of Rb-ions; (3)
opens new Rb-ion diffusion channels, which help to accelerate
the charging/discharging process and reduce structural
deformation, thus enhancing the rate capability and cycling
stability;”> and (4) the new active site formed at the defect can
promote the interaction between the anode materials and alkali
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metal, which is conducive to high-temperature energy storage.
These advantages of iPPGs are often used in alkali-ion
electrochemical devices. For example, iPPGs exhibits a high
efficiency of Li-ion diffusion and migration when used as an
anode material for LIBs, improving the rate capability and
cycling stability.”»** For SIBs, iPPGs can improve electrolyte
accessibility and shorten the diffusion path of Na-ions, thus
showing a good reversible capacity.”” Due to the similarity of
energy-storage mechanisms among different monovalent alkali-
ion batteries, the strategy of using iPPGs as anode materials in
LIBs and SIBs can also be translated to RIBs. Therefore, the
iPPGs anode material has good feasibility for improving the
electrochemical performance of RIBs.

In this work, based on the properties of the pore structure of
iPPGs, we investigated the potential performance of holey
graphene (HG) as an anode material for RIBs using first-
principles calculations. We built and analyzed three HG
systems (HGS88, HG1039, and HG1420) with varied pore
diameters based on the feasible structures of experimentally
synthesized iPPGs. The computational results show that
HG1039 not only shows excellent structural stability but also
the metallic character of the band structures. When HG1039 is
used as the anode in RIBs, very low-ion diffusion energy
barriers and high specific capacity may be produced, as well as
a low volume change rate during charge/discharge (good
cycling stability). In addition, HG1039 and Rb-$-Al,0; (Rb-
ion solid electrolyte) can form a stable interface, which
facilitates Rb-ion diffusion. These findings will provide
fundamental insights into HG1039 as an ideal anode candidate
for RIBs for energy conversion and storage applications.

2. COMPUTATIONAL DETAILS

2.1. Geometric and Electronic Structures. All geometric
and electronic structures were studied using DFT calculations
by the Vienna ab initio simulation package (VASP).”**” We
chose the generalized gradient approximation of Perdew,
Burke, and Ernzerhof (GGA—PBE)*® as the exchange—
correlation functional with the plane wave basis set to calculate
the geometric structures of the HG and HGH systems. Van der
Waals interactions were corrected by using the DFT-D3
(Grimme) approach in all systems.””*" The cut-off energy was
set to 450 eV. The Brillouin zone was regulated with a grid
spacing of about 27 X 0.03 A™" of k-point meshes for all HG
and HGH systems. It is worth noting that the electronic
properties of all systems containing heavy metal elements (Rb)
are considered to include the spin—orbital-coupling calcu-
lation. All geometry structures were fully relaxed until the
convergence criteria of energy (107 eV) and force (0.02 eV/
A) were satisfied. The climbing image-nudged elastic band
method was also implemented in the VASP transition state
tools to calculate the diffusion barriers of Rb-ions.”’ The
periodic boundary condition was applied to minimize the edge
effect in a finite system. Vacuum space with at least 20 A was
constructed perpendicular to the layer plane of each HG and
HGH system. Please refer to the calculation method of Rb-f-
Al,O; and HG1039@Rb-f-Al,0; in the Supporting Informa-
tion.

2.2. AIMD Simulations. All ab initio molecular dynamics
(AIMD) simulations were carried out under the NVT
ensemble. The temperature was controlled by the weak
coupling of a Nosé—Hoover thermostat.”> The snapshots
were saved in time intervals of 2 fs (timestep was set to 2 fs) to
collect data for analysis at 400 K. It is important to note that

the duration of AIMD is set according to the atomic number of
the system to improve the cost effectiveness of the calculation,
that is, the simulation duration of HG, HGH, and HG1039@
Rb-3-Al,0; systems was 20 ps and that for Rb,@HGS588,
Rb,@HG1039, and Rb,@HG1420 was 10 ps. The probability
density of ion migration was obtained by the Pymatgen code.™

From the obtained trajectory of the AIMD simulation, the
mean square displacement (MSD) was calculated by eq 1 for
Rb-ions

N to— At
MSD(AL) = 3 —— 37 It + Af) — ()P
i=1 TAt =0 (1)

where r; is the trajectory of the Rb-ion; N, is the total number
of time intervals At during the duration t,, of AIMD. The
diffusion coefficient (D) of Rb-ion in the structure can be
obtained from the Einstein relation

_ 1 MSD(At)
N 2dAt (2)

where d is the dimension (here, d is 3); N is the number of Rb-
ions.

3. RESULTS AND DISCUSSION

3.1. Geometry Structure and Stability. Pore engineering
in the graphene structure yields the structure of iPPGs, which
possesses both graphene and porous material features. Here,
we make an iPPGs model based on the physical characteristics
of previous experiment studies, paying special attention to the
following: (1) the introduced hole originates from an
equilateral hexagonal defect in the C atom (Figure la).
Previous research has demonstrated that introducing a
sequence of pores with equilateral hexagonal defects on the
graphene surface is not only simple to do experimentally but
also has higher thermodynamic stability than other shaped
holes. (2) The pore size ranges from S to 15 A and the pore
spacing is greater than S A. The pore size should not only allow
at least one Rb atom (~5 A diameter) to pass smoothly, but
also the pore size control within 15 A is beneficial to reduce
the model size and improve the cost efficiency of the
calculation process. The correct pore spacing is important
for ensuring structural stability and flatness of iPPGs,
increasing tap density, and improving volumetric power and
energy density,”’ and thus it needs to be greater than 5 A.
Importantly, the existing techniques are fully capable of
ensuring the experimental realization of the above pore size
and pore spacing; for example, organic synthesis and chemical
etching methods have been used to synthesize iPPGs that
satisfy the above mentioned conditions of pore size (single
atom width to ~1 nm) and pore spacing (>7 A) conditions for
iPPGs.>*™*° Based on the aforementioned characteristics, we
created three distinct pore size defects to simulate iPPGs, 5.88,
10.39, and 14.20 A, starting with a perfect graphene structure
in an orthorhombic lattice, and their pore spacings are all >7 A
(as shown in Figure 1). Among them, the iPPGs with pink
defect (Figure 1a) is named HGS88, “HG” stands for HG, and
“588” means its pore size is 5.88 A (Figure 1c). Similarly, the
yellow defect and green defect systems are designated as
HG1039 (Figure 1f) and HG1420 (Figure 1i), respectively. In
addition, we also considered the case of passivation of
hydrogen atoms of all dangling bonds at the hole edge
positions (i.e, HGH systems). Please refer to the Supporting
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Figure 2. Adsorption sites of Rb atom in (a) HGS88, (b) HG1039, and (c) HG1420. The gray, grass-green, yellow, red, and blue areas indicate
site-center, site-edge, site-1, site-2, and site-3 adsorption sites, respectively. The top (x—y plane) and front (x—z plane) views of the structure of
each system with Rb atoms adsorbed at different adsorption sites are listed below. The brown and pink balls represent C and Rb atoms,

respectively.

Information for the structural parameters of HG and HGH and
the adsorption properties of HGH.

The HG systems retain their original structure and have high
static stability after sufficient structural optimization. Here, we
used AIMD simulations with a total simulation time of 20 ps to
calculate the stability of HG at 400 K. During the AIMD
simulations of the HG systems, the energies of the HG588,
HG1039, and HG1420 systems all oscillate only slightly at the
equilibrium position with energy fluctuations in the range of
0.04—0.05 eV per atom (Figure 1b,e,h). Especially, at 20 ps,
their structural integrity is well maintained, with negligible
distortion in the x—y plane and just little displacement in the z
direction (Figure 1d,gj). Therefore, HGS88, HG1039, and
HG1420 show high thermodynamic stability.

3.2. Adsorption of Rb Atoms. 3.2.1. Stability of a Single
Rb Atom Adsorbed on HG Systems. The identification of Rb
atom adsorption sites on HG systems is significant for
assessing the possible electrochemical characteristics of HG
systems. Rb, @HG is the structure formed by Rb atoms being
adsorbed on HG (n denotes the number of Rb). We
discovered five probable adsorption sites based on the
symmetry of the HG structure (Figure 2): the site-edge
adsorption site (green area) is located at the pore edge; the
site-center adsorption site (gray area) is located in the pore
center, the honeycomb structure adjacent to the pore is the
site-1 adsorption site (yellow area), followed by the site-2
adsorption site (red area), and the other areas are the site-3
adsorption site (blue area). The site’s adsorption activity was
calculated using the adsorption energy (E,q)

ERb@HG — Eyg — nEgy

E = n (3)

where Epyanc Eng and Egy, are the total energy of the HG
systems with Rb-adsorbed, the energy of HG systems, and the
energy of Rb metal, respectively. And n represents the number
of Rb atoms adsorbed in the HG systems. E,4 values in the
negative range indicate more stable adsorption, faster atom
loading procedures, and a high potential for alkali metal
storage applications. Figure 2 and Table S1 show the
adsorption structure and E,4 of Rb atoms. Site-edge is the
best adsorption site for HG588, HG1039, and HG1420, with
E,q values as high as —2.51, —2.17, and —2.25 eV, respectively
(site-center and site-edge for HGS88 are equivalent). We
discovered two intriguing phenomena: the first observation is
that as the pore size of the HG systems increases (i.e., 5.88,
10.39, and 14.20 A), the adsorption energy of Rb at the site-
center significantly decreases (with values of —2.51, —1.23, and
—0.30 eV, respectively); the second is that the Rb atoms
adsorbed on site-1 and site-2 will move toward the pore
direction during geometry optimization and eventually stabilize
on site-edge (for the surface adsorption sites, we only consider
the hollow site of the honeycomb structure, which is due to the
positive E 4 values of the C-top and C-bridge site; the findings
are shown in Table S2).

To explore the charge-transfer phenomenon, we calculated
the difference in charge density (Ap) and the Bader charge to
better understand the interaction between Rb atoms and the
HG systems. Ap is defined as follows

Ap = Pryonc ~ Pro ~ Prc (4)

where prienc Pue and prp, are the charge density values of
the HG systems with Rb-adsorbed, HG systems, and Rb atom,
respectively. When Rb atom is adsorbed at the site-edge
position of the HG system, there is electron depletion from Rb
atom, whereas electron accumulation between Rb atom and C
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Figure 4. Band structures and PDOS of (a) HGS88, (b) Rb@HG588, (c) HG1039, (d) Rb@HG1039, (e) HG1420, and (f) Rb@HG1420. The

blue dashed line is the Fermi level, which is set to zero.

atom with a dangling bond (see Figure S3). Also, the
computed Bader charges (Table S3) reveal that electrons are
transported from Rb atom to HG at all adsorption sites. The
results of Ap and Bader charges coincide, so in the system of
Rb@HG, Rb is the electron donor and resides in the Rb ionic
state.

The electron localization function (ELF, depicted in Figure
S4) displays the electron distribution of HG systems. While the
electrons of C atoms on the surface are primarily in the
electron gas distribution (ELF value is 0.5), it appears that the
electrons are distributed locally at the C dangling bond (ELF
value is 0.86). As a result, the positively charged Rb-ion can

21846 https://doi.org/10.1021/acsomega.3c01548
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interact more strongly with the electronically more localized C
dangling bond. This can well explain the two aforementioned
phenomena: first, the large pore size lengthens the distance
between the C atom with dangling bond and site-center,
weakening the Coulomb interaction and causing the
adsorption energy to decrease. Second, because site-1 and
site-2 are too close to the pore, the strong Coulomb interaction
between Rb-ion and the C atom with the dangling bond
prevents Rb-ion from adsorbing stably to site-1 and site-2, so
that the final adsorption of Rb-ion occurs at site-edge where
the electrons are more localized. It can be speculated that the
site-center will not be able to adsorb Rb-ion stably as the pore
size increases. Therefore, a pore size that is too large will waste
useful adsorption area and make it difficult for the anode
material to store Rb-ion. However, Rb-ion transport will be
hampered by too tiny pores. On balance, HG1039 with
suitable site-center adsorption energy and pore size may be a
good choice for adsorption of low concentrations of Rb-ion.

3.2.2. Maximum Rb-lon Storage. The HG system has
outstanding adsorption performance for a single Rb-ion, and in
this section, we will investigate the maximum storage quantity
of Rb-ions for HG systems. Because Rb-atom sources are the
primary application of RIBs, the operating temperature of 400
K remains one of the elements to consider in order to expedite
Rb release.'” Here, we utilized AIMD simulations to calculate
the maximum Rb-ion adsorption for the HG systems as
follows: (1) An adsorption model for the Rb,@HG system was
constructed. Four layers of Rb-ion were adsorbed in the HG
material’s z-axis direction at the top and bottom, respectively
(refer to Figure 3a, each layer is called U-Ln and D-Ln, and n is
the layer number), and these Rb-ions were arranged in
hexagonal closest packed arrangement. (2) AIMD simulations
(400 K, 10 ps) were performed for Rb,@HG systems with
varying Rb-ion adsorption amounts. When the HG systems
adsorbed a total of eight layers of Rb-ions, it was discovered
that the outermost Rb-ions (i.e., U-L4 and D-L4) would
desorb and diffuse rapidly to vacuum within 100 fs, suggesting
an excess of adsorbed Rb-ion. The quantity of adsorbed Rb-ion
was then gradually lowered until the AIMD simulation results
were steady. (3) The maximum adsorption structures of HG
systems were Rbg@HGS588, Rby,@HG1039, and Rb,,@
HG1420. For example, when the adsorbed amount of HG is
Rb,,@HG588, Rb,,,@HG1039, and Rb,,,@HG1420, there
are still a few Rb-ions desorbed in the outermost layer (Figure
S5). Until the concentrations of Rb-ions adsorbed by HG
systems are Rbg@HGS88, Rby,@HG1039, and Rb @
HG1420, it can be stable throughout the AIMD simulation.
Figure S6a—c shows the structures of Rbs@HGS88, Rby,@
HG1039, and Rb,,;@HG1420 at 10 ps, respectively, and it is
clear that all Rb-ions are stably adsorbed on HG. They have
energy variations of just 0.02 eV/atom (Figure S6d), which is
even lower than for the pure HG systems (0.04—0.05 eV/
atom). Therefore, Rbs @HGS88, Rby,@HG1039, and Rb,,,@
HG1420 have the highest Rb-ion adsorption capacity in the
HG system.

Here, we optimize the structures of Rbss@HGS88, Rby,@
HG1039, and Rb,,,@HG1420 at 10 ps to determine the
average E (by eq 1), and the optimized structures are
displayed in Figure 4a—c, respectively. Interestingly, the
average E.; and adsorption densities of Rbs@HGS8S,
Rby,@HG1039, and Rb,,,@HG1420 are almost identical,
with values of —0.35 eV and 0.25—0.27 atom/A?* (Table S4),
respectively, showing that the maximal Rb-ion adsorption

capacities of the three HG systems are the same. One probable
explanation is because they have similar electron distributions,
that is, their ELF is almost equal (Figure S4). Importantly, the
adsorption densities of Rbsg@HGS88, Rby,@HG1039, and
Rb,,@HG1420 are 25—27 times greater than the graphene
storage Rb density'' (i.e., Rb@graphene, 0.01 atom/A?). The
excellent adsorption density and average E 4 indicate that the
in-plane pore strategy can effectively enhance the Rb-ion
storage.

Theoretical capacity is a critical performance characteristic
of anode materials that primarily influences battery features
such as energy-storage capacity, open-circuit voltage (OCV),
and adsorption density. The theoretical maximum Rb-ion
storage (C,...)° " for the anode is defined by the maximum
Rb adsorption capacity by the following equation

max

1

C M XzX Nma.x X F s)
where N, represents the maximum adsorption capacity of
Rb-ions; z is the valence number of the metal atoms (z = 1 for
Rb-ion); M is the atomic molar weight of HG systems; and F is
the Faraday constant (26,801 mA h/mol). A Li to C atom ratio
of 1:6 (ie, Liy@Cq) is a generally recognized notion for
graphite anodes of commercial LIBs,””~*" and the maximum
theoretical capacity of Li;@Cq calculated by eq S is 372 mA h/
g, which is in perfect accord with the experimental measure-
ment.*! With the same method, the calculated theoretical
maximum Rb-ion storages are 1687, 1810, and 1985 mA h/g
for HGS88, HG1039, and HG1420, respectively, as shown in
Table S3. Since the Rb adsorption densities of HGS88,
HG1039, and HG1420 are relatively similar, the variation in
theoretical capacity is due to the differing Rb/C atomic ratios
(0.76, 0.81, and 0.88, respectively). Remarkably, Rbs@
HGS88, Rby,@HG1039, and Rb,,,@HG1420 have theoretical
capacities (in Table S4) 4—S times more than Li;@Cg, and
even 24—28 times greater than Rb@graphene (Rb;@Cs,).
Therefore, the in-plane hole strategy is a promising approach
to achieve higher Rb-ion storage capacity.

3.3. Electron Conductivity of HG Systems. Excellent
electronic conductivity is a significant indicator of the rate
capability of anode materials.*> Commonly, the introduction of
in-plane holes breaks the 7—7 conjugation of %raphene, leading
to a reduction in electronic conductivity.”” To study the
conductivity of HG systems, we calculated band structures and
density of states (DOS). As shown in Figure 4, both the
HGS88 and HG1420 systems have band gaps (near the Fermi
energy level), and their band gaps do not seem to decrease
even after the Rb-ions adsorption, indicating poor electrical
conductivity. The DOS results show that the C 2p orbital plays
a decisive role in the distribution of energy levels, and the Rb
energy level has almost no contribution near the Fermi energy
level, hence HGS88 and HG1420 cannot improve the electrical
conductivity even after the adsorption of Rb. Obviously,
because of the continuous distribution of energy levels in the
energy interval near the Fermi energy level, HG1039 displays
obvious conductivity (i.e., no band gap). Notice that Rb
adsorption had no effect on the electronic properties of HG
systems, implying an ionic rather than a covalent interaction
between Rb and HG materials, which is consistent with the
findings of Ap and Bader charges. Due to the possible good
electrical conductivity of HG1039 and properties of the
subsequent anode materials, we only take HG1039 as the
object of study.

https://doi.org/10.1021/acsomega.3c01548
ACS Omega 2023, 8, 21842—-21852


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01548/suppl_file/ao3c01548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01548/suppl_file/ao3c01548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01548/suppl_file/ao3c01548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01548/suppl_file/ao3c01548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01548/suppl_file/ao3c01548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01548/suppl_file/ao3c01548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01548/suppl_file/ao3c01548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01548/suppl_file/ao3c01548_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

a N
Hole-In
B 0.04e
/ \I’:ilh\\‘l\f”/ \
2 0.03 , < 0.03 [ \ / \ [~
z 0.04 eV 3 [\ / \ Z 0
& 0.02 Pathway-I 8 0.2 / & ol \ % 0.45 eV
= . bl = 0.2
s 5 ‘ \ 7 \ 5 Pathway-1II
= 001 =001 / \ / \ 01
o 3
1 2 3 4 5 6 1 1 2 3 4 5 6 1 12345678910111213
Reaction coordinate Reaction coordinate Reaction coordinate
\ y
o ) N
Surface
[~ S 006
@ y - @
E 0.8 1.47 eV 0.8 1.47 eV e ood .
5 Pathway-IV /  Pathway-) \ %" - 0.08 eV
S 04 04 F i S 00 Pathway-VI
, ol e :
12345678910111213 12345678910111213 1 2 3 4 5 6 1
Reaction coordinate Reaction coordinate Reaction coordinate
A\ 4 e 4

Figure S. Rb-ion diffusion pathway of (a) pathway-I (ortho-position of hole-in type), (c) pathway-II (meta-position of hole-in type), (e) pathway-
III (para-position of hole-in type), (g) pathway-IV and pathway-V of hole—hole type, and (j) pathway-VI of surface type on HG1039. The diffusion
energy curves of (b) pathway-I, (d) pathway-II, (f) pathway-11I, (h) pathway-IV, (i) pathway-V, and (k) pathway-VI.

3.4. OCV of Rb-lon on HG1039. An appropriate OCV for

N ERbnl@HG1039 - ERb,,,_@HG1039 + (ny — m)Ey,
the anode material not only facilitates the avoidance of ~

(ny —me (6)

dendrites and metal plating but also aids in increasing energy

density.*> The OCV values for all theoretical capacity intervals where E and E are the total energy of
p Rb,, @HG1039 Rb,, @HG1039 gy

were obtained by calculating from the differential adsorption Rb,;@HG1039 and Rb,,@HG1039, respectively, Eg, is the
energy. When we ignore the pressure, volume, and entropy average energy per Rb atom in the metal, and n, and n, are the

effects, the average voltage in the concentration range of n, < n numbers of Rb-ions adsorbed in HG1039. The relationship
< 1, can be calculated as between OCV and theoretical capacity is shown in Figure 3d
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Figure 6. Evolution of total energy per atom of (a) HG1039@Rb-f-AL,0;, the insets in yellow and green borders are snapshots of the structure at
5.8 and 20 ps, respectively. The optimized structure of HG1039@ Rb-f-Al,O; with Rb-ion probability densities in the (b) x—z plane, (c) y—z
plane, and (d) x—y plane. The yellow area indicates the Rb-ion migration probability density with 0.001 e/A? isosurface. (e) MSD-fitted line of
Rb,-ion and Rb,.-ion. The pink, brown, cyan, and red balls represent Rb, C, Al, and O atoms, respectively.

and Table SS. As theoretical capacity increased, the OCV of
HG1039 showed a decreasing trend. This is strongly
connected to the average E, 4, which decreases with increasing
theoretical capacity, as illustrated in Figure 3e. This is because
as the number of metal cations increases, so does the repulsive
force between them, making Rb-ion at high capacity more
readily lower voltage-driven. Furthermore, since no OCV for
RIBs has been reported, here we refer to the recommended
OCV range for LIBs anode materials, which is <1.0 V.
Despite the fact that the OCV range of HG1039 ranges from
0.06 to 2.17 V across the capacity interval, the theoretical
capacity interval compatible with an OCV of <1.0 V is 385—
1810 mA h/g, approaching 80% of the overall capacity.
Therefore, the OCV of HG1039 is appropriate for usage as
anode materials in RIBs.

3.5. Cycling Stability of HG1039. Cycling stability is
affected by structural deformation of the electrode material
during charging/discharging. We extracted the volume change
rate of Rby,@HG1039 in the AIMD simulation (ie. the
volume of AIMD vs the volume of geometry optimization) to
verify the cycling stability of HG1039. The volume change rate
versus time is shown in Figure 3f. The overall Rby,@HG1039
volume is expanding, with a change rate ranging from 10 to
25%. Since HG1039 varies more in the z-axis direction in

Rby,@HG1039, the volume of HG1039 alternates between
shrinkage (negative value) and expansion with a variation
interval of —25 to 25%. According to the above results, the
volume of HG1039 changes <25% during the dynamical
evolution. The volume expansibility using HG1039 is much
smaller compared to the anode materials for LIBs and SIBs, for
example, a 400% expansion rate for silicon-based anodes for
LIBs,** and 259 and 423% expansion rates for tin-based anodes
for LIBs and SIBs," respectively. Therefore, the Rb@HG1039
system has reliable stability during the charging/discharging
process.

3.6. Properties of Diffusion. 3.6.1. Diffusion of Rb-lons
on HG1039. The diffusion and migration ability of metal
cations on the anode material is closely related to the rate
capability of batteries.*”*” The lower the diffusion barrier, the
faster the metal cations migrate and the better the rate
capability of the battery. There are four types of Rb-ion
diffusion in the HG1039 system. Diffusion within a pore (hole-
in type), diffusion between adjacent pores (hole—hole type),
and diffusion on the surface (surface type) are the three cases
of monolayer HG1039. In addition, considering that graphene
is usually not completely exfoliated in experiments (the case of
few-layer), we also considered the fourth case, that is, the
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diffusion of Rb-ion within the pores of few-layer HG1039
(layer type). The four cases are as follows:

(i) For hole-in type diffusion (Figure Sa—f), there are three
diffusion paths between two site-edge (the most stable)
adsorption sites, namely ortho-position (pathway-I), meta-
position (pathway-1I), and para-position (pathway-III), with
corresponding diffusion energy barriers of 0.04, 0.04, and 0.45
eV, respectively. Pathway-I and -II are arc-shaped routes
formed around the pore’s border, rather than linear diffusion
paths. Pathway-II can be thought of as a mixture of two
pathway-I. Pathway-III is diffusion along a linear path, and the
transition state is site-center. With an energy barrier of only
0.04 eV, ortho-position (pathway-1I) is clearly the best diffusion
for hole-in type, with an order of magnitude smaller than that
of para-position (pathway-III). (ii) For hole—hole type (Figure
Sg—i), pathway-1IV is relatively shorter than pathway-V (16.58
vs 18.44 A). Despite the different paths, the diffusion energy
barrier of both pathway-IV and -V is 1.47 eV, which is owing to
the fact that their transition states are both site-3. (iii) For the
surface of HG1039 (surface type), as shown in Figure Sjk, we
calculated the diffusion of two adjacent site-3 (the most stable
adsorption site on the surface) adsorption sites. The diffusion
path is pathway-VI with a 0.08 eV diffusion energy barrier. (iv)
In the case of layer type (Figure S7), the diffusion energy
barriers required for Rb-ion in the z-axis direction through site-
center and site-edge are 0.12 eV (pathway-VII) and 0.03 eV
(pathway-VIII), respectively. Although the diffusion energy
barrier of pathway-VIII is only 0.03 eV, the premise of
pathway-VIII requires Rb-ion to diffuse from site-edge to site-
center (i.e., halfway pathway-1II, 0.4S eV energy barrier needs),
and the actual total energy barrier of pathway-VIII is 0.48 eV,
so pathway-VII is the best choice for Rb-ion interlayer
diffusion. Importantly, the diffusion energy barriers of
pathway-I, -II, -VI, and -VII are only 0.04, 0.04, 0.08, and
0.12 eV, respectively (data in Table S6), which are
substantially lower than those of common energy-storage
anode materials, such as Li@(graphite (0.45-1.20 eV),*®*
Li@graphene (0.31-0.48 ¢V),” Li@MoS$, (0.21 eV),”' Na@
MoS, (0.28 eV),”> Na@TiC; (0.18 eV),”” K@graphite (0.18—
0.22 eV),"” Li/Na/K@C,B (0.75, 0.5, 0.25 eV, respectively),*’
and so forth. These results indicate that HG1039 has excellent
Rb-ion transport capacity.

3.6.2. Diffusion of Rb-lons at the HG1039@Rb-p-Al,0;
Interface. Focusing on electrodes alone is insufficient for
developing high-performance RIBs in a variety of operating
environments because key reactions and interactions at the
electrode—electrolyte interface affect ion alignment and
transfer.' Here, we built a model of the HG1039@ Rb-S-
AlO; interface utilizing the electrolyte Rb-$-Al,O; of RIBs
with HG1039 (please refer to the Supporting Information for
Rb-f-Al,0; structure information), and the optimized
structure is shown in Figure 6b—d. We named the Rb-ion in
B-ALO; on the pore side as Rb,,.-ion, and the Rb-ion in the
other side channel corresponding to the perfect structure of
graphene as Rb,,.-ion. The optimization results demonstrate
that the Rb-ion which is not inhibited by HG1039 (i.e., Rb,-
ion) prefers to occupy the interface position between HG1039
and Rb-#-Al,0; (benefiting from the stronger Coulomb
interaction between C atoms with a dangling bond and Rb-
ion), where the system energy is lowest.

In order to further understand the diffusion behavior of Rb-
ions at the interface, AIMD simulations (400 K, 20 ps) were
performed for the HG1039@Rb-$-Al,O; system, and the

probability density of ion migration (by Pymatgen code®”) and
diffusion coefficient (by eq 2) were calculated. The energy
evolution of the HG1039@Rb-f-AL,0; system with time is
depicted in Figure 6a. The energy of HG1039@Rb-f-Al,0;
begins to fluctuate steadily at 5.8 ps with an oscillation range of
only 0.01 eV, which is less than that of both HG1039 and
Rby,@HG1039. And the structure of HG1039@Rb-$-Al,04
remains intact at 20 ps, especially the structure of HG1039’s
pore and f-AL,O; ion channels are well maintained. This
indicates that the HG1039@Rb-f-Al,O; interface has good
stability, which is helpful to the battery’s cyclic operation. The
probability density of Rb-ion is shown in Figure 6b—d. All of
the Rb-ions in the solid electrolyte migrate primarily along the
channels in the z-axis direction, whereas the Rb,.-ion
migrates strongly in the y-axis direction. The y- and z-axes
are the major diffusion routes of Rb-ions because the layer-like
structure of $-AL,O; is stacked along the x-axis, resulting in no
migration pathways for Rb-ions in the x-axis direction. In
addition, the diffusion of Rbj.-ion and Rb,-ion can be
utilized to compare the diffusion properties of in-plane pore
and perfect graphene structures at the interface. The results of
diffusion coefficient (Table S7) and MSD fitting (Figure 6e)
show that Rb,.-ion has a significant diffusion advantage
compared to Rbqq-ion (1.02 X 107* vs 2.75 X 107° cm?/s),
which is mainly reflected in the migration in the y-axis
direction. Therefore, a stable electrode—electrolyte interface
can be formed between HG1039 and f-ALO;, and the
interface’s improved Rb-ion arrangement and transfer benefits
the ion’s transport capabilities, making HG1039 a superior
RIBs anode material.

4. CONCLUSIONS

In summary, the performance of three in-plane porous
graphene systems HGS588, HG1039, and HG1420 as anode
materials for RIBs was calculated by first-principles calcu-
lations. It was demonstrated that HG1039 appears to be the
ideal anode material for RIBs with the following outstanding
properties: (1) the HG1039 structure is not only thermody-
namically stable, but it also has a volume expansion of less than
25% when charging and discharging, which is beneficial to the
cycling performance of HG1039-based RIBs. (2) HG1039
accomplishes three-dimensional Rb-ion diffusion with a
diffusion energy barrier of just 0.04 eV, which is one order
of magnitude lower than that of commercial graphite-based
LIBs. And HGI1039 and Rb-$-Al,O; can form a stable
electrode—electrolyte interface, which is favorable for the
arrangement and transfer of Rb-ions. Furthermore, HG1039
also has good electrical conductivity. As a result, HG1039-
based RIBs have exceptional rate capability potential benefits.
(3) Because HG1039 has a 26-fold greater Rb-ion adsorption
density than graphene, it is more suited for electrochemical Rb
atomic sources. (4) The theoretical capacity of HG1039 is up
to 1810 mA h/g, which is ~5 times more than that of
commercial graphite-based LIBs (372 mA h/g). (5) The
physical characteristics of HG1039, such as pore size and pore
spacing, are experimentally based and easy for rapid
experimental implementation. Therefore, HG1039 with in-
plane porous graphene structure is a promising and viable
anode material for RIBs.
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