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Metallic anodes (lithium, sodium, and zinc) are attractive for recharge-
able battery technologies but are plagued by an unfavorable metal-
electrolyte interface that leads to nonuniform metal deposition and
an unstable solid-electrolyte interphase (SEI). Here we report the use
of electrochemically labile molecules to regulate the electrochemical
interface and guide even lithium deposition and a stable SEI. The
molecule, benzenesulfonyl fluoride, was bonded to the surface of a
reduced graphene oxide aerogel. During metal deposition, this labile
molecule not only generates a metal-coordinating benzenesulfonate
anion that guides homogeneous metal deposition but also contrib-
utes lithium fluoride to the SEI to improve Li surface passivation.
Consequently, high-efficiency lithium deposition with a low nucle-
ation overpotential was achieved at a high current density of 6.0
mA cm~2 A Li|LiCoO, cell had a capacity retention of 85.3% after
400 cycles, and the cell also tolerated low-temperature (—10 °C) op-
eration without additional capacity fading. This strategy was applied
to sodium and zinc anodes as well.
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Rechargeable batteries based on metal anodes including lith-
ium (Li), sodium (Na), and zinc (Zn) show great promise in
achieving high energy density (1-3). Unfortunately, the electro-
chemical interface of the metal anodes is not favorable for metal
deposition. Metal nucleation is inhomogeneous at the surface,
leading to the growth of metal dendrites (4-7) and the formation
of an unstable solid-electrolyte interphase (SEI) that is incapable
of protecting metals from the side reactions with the electrolyte
(8-12).

Substantial efforts have been devoted to stabilizing the inter-
face of metal anodes, especially for Li metal. These include the
design of artificial protective layers (13-17), alternative electrolytes
(18-24), and sacrificial additives (25-30) to stabilize the metal—
electrolyte interface, the development of mechanically robust
coatings (31-34) to block Li dendrite growth, and the use of
structured scaffolds to host dendrite-free Li deposition by reducing
local current densities (35-43). However, the performance of metal
anodes remains poor under high-current or low-temperature con-
ditions. This is because the inhomogeneous Li nucleation and un-
stable SEI problems have not been well addressed, and these
problems at the interface are even exacerbated under critical op-
erating conditions, especially high-current densities and low tem-
peratures (5, 6, 44).

Toward this end, we report a simple molecular approach for
regulating the electrochemical interface of metal anodes, which
enables even Li deposition and stable SEI formation in a con-
ventional electrolyte. This was realized by bonding a labile or-
ganic molecule, benzenesulfonyl fluoride (BSF), to a reduced
graphene oxide (rGO) aerogel surface as the Li anode host
(Fig. 14). During Li deposition, BSF molecules electrochemi-
cally decompose at the interface and generate benzenesulfonate
anions bonded to the rGO aerogel (Fig. 1B). The conjugated
anions have a strong binding affinity for Li, serving as lithiophilic
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sites on the rGO surface to synergistically induce homogeneous Li
nucleation of Li on the rGO surface. At the same time, BSF mol-
ecules contribute LiF to the SEI layer, which facilitates Li surface
passivation (Fig. 1C). As a result, high-efficiency (99.2%) Li de-
position was achieved at a Li deposition amount of 6.0 mAh cm™
and a current density of 6.0 mA cm™2; the barrier to Li nucleation
was markedly reduced, as evidenced by the low nucleation over-
potentials at high-current density (6.0 mA cm™) or at a low tem-
perature (—10 °C). A 400-cycle life with a capacity retention of
83.6% was achieved for a Li|LiCoO, (LCO) cell in a conventional
carbonate electrolyte. Moreover, with the organic molecule-tuned
interface, the Li|LCO cell can be stably cycled at a low operating
temperature (—10 °C). This approach was applied to Na and Zn
metal anodes as well.

Results and Discussion

Li Nucleation Regulated by BSF-rGO Aerogel. The key to achieving
stable Li deposition is to have a Li-binding surface for homoge-
neous Li nucleation. We thus screened a variety of conjugated or-
ganic molecules as preferred Li nucleation sites, including
benzenesulfonate, phenolate, nitrobenzene, pyridine, and benzene
(Fig. 24). These molecules were bonded to the surface, defects, and
edge sites of an rGO aerogel (45) via an electron-transfer reaction
with diazonium salts (SI Appendix, Figs. S1-S6) (46, 47). We com-
pared the Li binding energy and Li nucleation overpotential of the
organic molecule-functionalized rGO aerogel hosts. By using a
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Fig. 1. lllustration of a stable interface for Li deposition using a labile organic molecule, benzenesulfonyl fluoride (BSF). (A) Covalently bonded BSF on the
rGO aerogel surface. (B) In situ generation of a lithiophilic conjugated anion (benzenesulfonate) and LiF on the surface during Li deposition. (C) Li nucleation
preferentially occurs at the conjugated anion sites owing to the strong Li binding affinity, which leads to uniform Li deposition. In addition, the LiF that is

formed is in the SEI layer and passivates the Li surface.

density-functional theory (DFT) simulation, the BSF-derived
anion, benzenesulfonate, was calculated to have a high Li
binding energy of —3.79 eV, superior to that of the bare gra-
phene layer (—1.84 eV) and other candidate molecules (Fig. 2B
and SI Appendix, Figs. S7-S11). Consistently, a low Li nucle-
ation overpotential of ~20 mV on the BSF-rGO aerogel was
recorded, which is much lower than the ~72 mV found with the
bare rGO aerogel and other molecules (Fig. 2C and SI Ap-
pendix, Fig. S12). Fig. 2D shows the voltage profiles of Li de-
position on the BSF-rGO aerogel and on the bare rGO aerogel.
An electrolyte consisting of 1 M lithium hexafluorophosphate
(LiPFy) in ethylene carbonate (EC)/ethyl methyl carbonate (EMC)
was used. At a high-current density (6.0 mA cm~2), the barrier to Li
deposition in the control cell increased progressively, as evidenced
by the higher Li nucleation overpotential of ~101 mV. When the
temperature falls to —10 °C, the overpotential grew to ~193 mV
due to slower kinetics (48, 49). In stark contrast, BSF-regulated Li
nucleation had much lower overpotentials of ~33 mV at 25 °C and
~121 mV at —10 °C, which suggests the effective regulation of Li
deposition.

Stable SEI Enabled by the BSF-rGO Aerogel. In addition to regulating
Li nucleation, BSF molecules also contribute LiF to the SEI layer.
We first investigated the electrochemical activity of BSF-rGO
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aerogel by cyclic voltammetry. The SEI formation peak of
the bare rGO aerogel was observed from 0.25 to —0.1 V vs.
Li/Li* (Fig. 34). For the BSF-rGO aerogel, the peak shifted
positively by ~0.17 V, indicating that BSF is involved in SEI
formation and BSF decomposition occurs before that of the
electrolyte. We analyzed the decomposition products by
NMR and X-ray photoelectron spectroscopy (XPS). The
BSF-rGO aerogel electrode was scanned from 1.5 to 0.05 V
over two cycles at 1 mV s~'; 0.5 M lithium bis(oxalate)borate
(LiBOB) in EC/EMC electrolyte was used to exclude the
generation of F-containing species. In the decomposition
products, we found LiF in the '’F NMR spectrum (Fig. 3B)
and observed both LiF and benzenesulfonate (C¢Hs-SO,-) in
the XPS spectra (SI Appendix, Fig. S13). These findings
support the hypothesis that BSF molecules can decompose
and generate LiF and benzenesulfonate during the Li
deposition.

We studied the nanostructure of formed SEI by using cryo-
genic transmission electron spectroscopy (cryo-TEM). Fig. 44
shows a TEM image of the interface of a BSF-rGO aerogel@Li
electrode. The SEI is homogeneous, and consists of an amor-
phous layer containing predominantly LiF nanocrystals and a
small amount of Li,CO;5 and Li,O nanocrystals. We confirmed
the lattice spacings in corresponding fast Fourier transform
images (SI Appendix, Fig. S14). In contrast, the SEI on the bare
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Fig. 2. Functionalization of the rGO aerogel surface by conjugated molecules for stabilizing the Li-electrolyte interface. (A) Idealized structures of the
functionalized rGO aerogels. The labile molecules (R) can be bonded on the surface, defects, and edges of the rGO aerogels. (B) Comparison of the binding
energy for Li atoms on the functionalized graphene layers, calculated by DFT simulation. (C) Comparison of Li nucleation overpotential on the functionalized
rGO aerogels at a high current density of 6 mA cm 2. (D) Voltage profiles of Li nucleation on the BSF-rGO aerogel surface at 25° and -10 °C, respectively. A 1 M

LiPFg in EC/EMC electrolyte was used.

rGO aerogel@Li electrode is highly heterogeneous, in which
we primarily observed Li,COj; and Li,O nanocrystals (Fig. 4B
and SI Appendix, Fig. S15). We performed energy-loss spec-
troscopy (EELS) to further study the composition of the SEI.
The Li K-edge spectrum taken from the TEM image of the SEI
on the BSF-rGO aerogel@Li electrode shows a LiF-dominant
spectral features, as evidenced by a peak at ~62 eV (50)
(Fig. 4C). Contrastingly, the peak shape of the control SEI
mainly corresponds to Li,CO; and Li,O. The regions taken for
EELS measurements are shown in SI Appendix, Figs. S14E
and S15E.

We further elucidated SEI composition by conducting XPS
on the rGO aerogel electrodes after 50 cycles in a 1 M LiPF¢ in
EC/EMC electrolyte. As depicted in Fig. 4D, the SEI of the
bare 1GO aerogel@Li electrode mainly consists of Li-CO,-
salts (peaks at 56.2 eV in the Li 1s spectrum and 289.1 eV in the
C 1s spectrum), Li-O- species (the peak at 54.5 eV in the Li 1s
spectrum), LiF salts (peaks at 684.6 ¢V in the F 1s spectrum
and 57.6 eV in the Li 1s spectrum), P,F,O,” species [the peak
at 686.2 eV in the F 1s spectrum and 136.7 eV in the P 2p
spectrum (SI Appendix, Fig. S164)] (51), and organic species
including C-C (the peak at 284.6 eV in the C 1s spectrum) and
C-O (the peak at 286.2 ¢V in the C 1s spectrum). By calculating
all of the Li salt concentrations in the SEI, we determined that
the dominant salt of the conventional SEI is Li-CO,- (45 at. %),
and the LiF concentration is only 21 at. % (Fig. 4E). The SEI
on the BSF-rGO aerogel contains a higher concentration of LiF
(45 at. %) and a lower concentration of Li-CO,- (36%), veri-
fying that LiF is added by decomposition of BSF (Fig. 4F).
Meanwhile, the Li-CO,- content in all of the C-containing
species is very low, suggesting that formation of Li-CO,- by
the electrolyte is substantially suppressed (Fig. 4G and SI Ap-
pendix, Fig. S16B). Moreover, by using XPS depth profiling, we
found that the SEI on the BSF-rGO aerogel has no discernible
thickness increase with cycling, implying its excellent stability
(SI Appendix, Fig. S17 A and B). This is in sharp contrast to the

Gao et al.

marked thickness increase of the control SEI (SI Appendix, Fig.
S17 C and D).

Uniform Li Deposition on the BSF-rGO Aerogel. We next probed the
morphology of BSF-regulated Li deposition at a current den-
sity of 6.0 mA cm ™2 by scanning electron microscopy (SEM).
The pristine BSF-rGO aerogel has interconnected macropore
channels (Fig. 5 4 and B), a specific surface area of ~300 m?
g%, and void space of ~96.6 vol. %. Fig. 5 C and D show the
top-view images of the BSF-rGO aerogel that accommodates 6.0
mAh cm ™2 Li and after 50 cycles at 25 °C. Li grew uniformly on the
BSF-rGO aerogel in a dendrite-free way. The electrode thicknesses
before and after the Li deposition were ~100 and 106 pm, re-
spectively, showing no discernible increase (SI Appendix, Fig. S18).
In contrast, the Li deposition on the bare rGO aerogel is not as
uniform as the BSF-rGO aerogel, as evidenced by the growth of Li
metal with a particle-shaped morphology (Fig. SE and SI Appendix,
Fig. S19 4 and B). Dendrite-free Li deposition was also realized

A 12 — BSF-rGO aerogel B — BSF-rGO aerogel
~ 0.8 — Bare rGO aerogel — Bare rGO aerogel
E 0.4 LiF
g 0.0
3 -04] BSF & electrolyte
A+ decomposition
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00 04 08 12 80 -100 -120 -140
Potential (V) vs. Li/Li* Chemical shift (ppm)

Fig. 3. Electrochemical activity of the BSF on the rGO aerogel. (A) Cyclic
voltammogram of the BSF-rGO aerogel and bare rGO aerogel electrodes.
The scan rate is 10 mV s~". (B) "°F NMR spectra of SEl formed on the BSF-rGO
aerogel and rGO aerogel in a 0.5 M LiBOB in EC/EMC electrolyte. LiF was
exclusively found in the BSF-rGO aerogel sample.
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Fig.4. Structure and composition of the SEl on the BSF-rGO aerogel@Li electrode. (A-C) TEM images of the SEl layers that formed on the BSF-rGO aerogel@Li
(A) and bare rGO aerogel@Li (B) after 10 cycles and the Li K-edge spectra corresponding to the SEI layers (C). (D) XPS spectra of the SEI of a BSF-rGO aer-
ogel@Li electrode. (E) Concentrations of Li salts in the BSF-rGO aerogel@Li SEI. (F) XPS spectra of the SEI of a bare rGO aerogel@Li electrode. (G) Concen-
trations of Li salts in the bare rGO aerogel@Li SEI. The use of BSF-rGO aerogel substantially increases the concentration of LiF in the SEI layer. The electrodes

were cycled in a 1 M LiPFg in EC/EMC electrolyte for 50 cycles.

when Li deposition amounts were 12 and 16 mAh cm™ (SI Ap-
pendix, Fig. S20). In addition, we performed Li deposition at —10
°C, at which Li dendrite growth is typically intensified (52). En-
couragingly, we observed uniform Li deposition on the BSF-rGO
aerogel (Fig. 5 F and G). Contrastingly, we found Li metal with
a particle-shaped morphology on the bare rGO aerogel
(Fig. 5SH and SI Appendix, Fig. S19 C and D). Based on these
findings, we concluded that the use of the BSF molecule and
rGO aerogel synergistically induces highly uniform and dendrite-
free Li deposition.

Stable Cycling of BSF-rGO Aerogel@Li Anodes. We studied the electro-
chemical performance of BSF-rGO aerogel@Li anodes. The Li
deposition stability was monitored by the evolution of imped-
ance in a symmetric Li|Li cell, which was cycled at —10 °C using
a 1 M LiPFs in EC/EMC with lithium nitrate (LiNO3) (0.4%)
and LiBOB (2%) electrolyte. The overall interfacial impedance
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of the cell incorporating BSF-rGO aerogel increased from 102
to 225 Q from the 50th to the 200th cycle, while that of the bare
rGO aerogel increased from 216 to 422 Q (Fig. 64 and SI
Appendix, Fig. S21). The limited impedance increase is attrib-
uted to suppressed SEI reformation. The Coulombic efficiency
of Li deposition was measured in a Li|BSF- rGO aerogel cell at
a deposition amount of 6.0 mAh cm™ and a current density of
6.0 mA cm~2. An average Coulombic efficiency of 99.2% was
measured in 400 cycles (Fig. 6B), in contrast to fluctuating ef-
ficiencies with the bare rGO aerogel. When higher Li deposi-
tion amounts of 8.0 and 12.0 mAh cm™ were applied, the
average efficiencies reached 99.1% and 89.8%, respectively (SI
Appendix, Fig. S22).

We next studied the cycling stability of Li metal batteries.
LCO cathodes with a capacity of 2.3 mAh cm™2 were pre-
delithiated and paired with BSF-rGO aerogel@Li anodes with
12.0 mAh cm™ of Li. 1 M LiPF, in EC/EMC with LiNO3 and

Gao et al.
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Fig. 5. Morphology of Li deposition on the BSF-rGO aerogel at 25 and -10 °C, respectively. (A and B) SEM images of a pristine BSF-rGO aerogel
before cycling. (C and D) SEM images of a cycled BSF-rGO aerogel@Li electrode at 25 °C. (E) An SEM image of a cycled bare rGO aerogel@Li
electrode at 25 °C. (F and G) SEM images of a cycled BSF-rGO aerogel@Li electrode at —10 °C. (H) An SEM image of a cycled bare rGO aerogel@Li
electrode at —10 °C. The electrodes were collected after 50 cycles with a Li deposition amount of 6.0 mAh cm~2 at a current density of 6.0

mA cm~2.

LiBOB electrolyte was used. The cell incorporating a BSF-
rGO aerogel@Li anode had a capacity retention of 83.6%
over 400 cycles (Fig. 6C) and presented stable voltage profiles
upon cycling (SI Appendix, Fig. S234). In contrast, a control
cell incorporating a bare rGO aerogel@Li anode showed a
capacity retention of only 50% after 240 cycles with severe cell
polarization (SI Appendix, Fig. S23B). Following these exper-
iments, we also intentionally aged the Li|LCO cells at low
temperatures, in order to further examine the stability of the
Li anode under harsh conditions. The cells were first cycled
at —10 and 0 °C for 25 cycles, respectively, and then constantly
cycled at 25 °C. As expected, with the low-temperature aging
process, the cycle life of the LilLCO cell was markedly
shortened. The control cell showed progressive capacity fading
(Fig. 6D and SI Appendix, Fig. S24A4), with a 50% capacity
retention after 173 cycles. In contrast, with the BSF-rGO
aerogel@Li anode, the cell had a capacity retention of
85.3% after 400 cycles (Fig. 6D) and showed stable voltage
profiles (SI Appendix, Fig. S24B). We further cycled the cell
alternately at 25 and 0 °C (Fig. 6F); the cell performance was
also comparable to that cycled at 25 °C (Fig. 6C). Besides,
Li|LCO cells with areal capacities of 3.1 and 1.0 mAh cm™
delivered 200-cycle and 700-cycle lives, respectively (SI Ap-
pendix, Figs. S25 and S26). These experiments clearly show
that the use of the BSF-rGO aerogel provides stable electro-
deposition and a stabilized SEI for Li metal anodes.

In addition, we applied this approach for Na and Zn metal
anodes. By analogy to its reactions at the Li surface, BSF gener-
ates benzenesulfonate and NaF (SI Appendix, Fig. S27)/ZnF, (SI
Appendix, Fig. S28) on the Na and Zn metal surfaces, respectively.
Na and Zn deposition also showed high efficiencies (SI Appendix,
Figs. S29 and S30) and low nucleation overpotentials (SI Appen-
dix, Figs. S31 and S32).

Conclusions

We have demonstrated a chemical approach to stabilizing the
interface of Li metal anodes under high-current-density con-
ditions. This was realized by bonding a labile organic molecule
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to an rGO aerogel surface. The resulting surface not only
guides uniform Li deposition via Li-binding surface sites but
also passivates the Li surface by producing additional LiF in
the SEI. The use of BSF markedly reduced Li nucleation
overpotentials at high-current density (6 mA cm~2) and under
low-temperature (—10 °C) conditions. The Li|LiCoO; cells
had long cycle lives in the conventional carbonate electrolyte
and were able to tolerate low-temperature operations. This
approach was also applied to Na and Zn metal anodes.

Materials and Methods

Synthesis of the BSF-rGO Aerogels. The rGO aerogels were prepared by a hy-
drothermal synthesis approach. In general, we sealed an aqueous solution of
graphene oxide (2 mg ml™") in a Teflon-lined autoclave reactor and then hy-
drothermally heated it at 180 °C for 20 h. After cooling to room temperature,
the rGO hydrogel was obtained and was immediately hydrothermally treated
with an aqueous solution of ammonia (14 vol/vol %) at 90 °C for 1 h. The
resulting rGO aerogel was then dried by using a free dryer at —45 °C and in
a vacuum oven at 100 °C. To perform the modification reaction of rGO
aerogels, the dried rGO aerogels were immersed in a solution of 50 mmol
(4-fluorosulfonyl)benezenediazonium tetrafluoroborate and 0.1 mol tet-
rabutylammonium hexafluorophosphate in degassed acetonitrile under
an argon atmosphere. The reaction was carried out at room temperature
in the absence of light for 36 h. The product was rinsed with acetonitrile
six times, immersed in acetonitrile overnight, and dried in a vacuum
chamber at 100 °C before use.

Sample Preparations for NMR and XPS Measurements. Samples for '°F NMR
tests were prepared by immersing the cycled BSF-rGO and rGO electrodes
in 1.5 mL D,0O for 1 h. The solution was centrifuged and the supernatant
was used for NMR experiments. To perform XPS measurement, electrode
samples were rinsed with EMC two times, dried in a vacuum chamber, and
immediately transferred to the instrument by using an air-controlled vessel
filled with argon gas.

Electrochemical Testing. Electrochemical tests of battery cells were conducted
on Landt battery testers using CR 2016 coin cells under galvanostatic
charge-discharge conditions at different currents. To measure the Coulombic
efficiency of metal deposition, we predeposited 6.0 mAh cm™2 Li in the BSF-
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Fig. 6. Electrochemical performance of BSF-rGO aerogel@Li anodes. (A) Time-
dependent Nyquist plots showing the evolution of impedance of Li|Li cells
at —10 °C. (B) Coulombic efficiency of Li deposition in the Li|rGO aerogel cells
with a deposition amount of 6.0 mAh cm™2, (C) Cycling stability of Li|LCO cells
constantly cycled at 25 °C. (D) Cycling stability of Li|LCO cells that were firstly
cycled at -10° and 0 °C for 25 cycles, respectively, and then cycled at 25 °C. (E)
Cycling stability of Li|LCO cells that were cycled at 25° and 0 °C alternately.

rGO aerogel electrode and measured the amount of stripped Li to calculate
Coulombic efficiency. The counter Li electrode was replaced with fresh Li after
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every 100 cycles due to Li dendrite growth on its surface. To prepare the Li|LCO
cells, LCO cathodes were fabricated by mixing LCO powders, conductive car-
bon, and polyvinylidene fluoride binder at a mass ratio of 85:5:10 in anhydrous
N-methyl-2-pyrrolidone. The slurry was cast onto Al foil, and the electrode was
dried in a vacuum chamber. LCO cathodes were predelithiated to 4.2 V at a
current density of 0.2 mA cm™ and then paired with the BSF-rGO aerogel@Li
anodes. This treatment helps exclude the gassing issue caused by the SEI for-
mation of 4-V cathode material.

Cryo-TEM Experiments. TEM samples were fabricated by using an “in situ lift-
out” technique with an FEI Helios Nanolab 660 Dual Beam focused ion
beam. The prepared samples were quickly transferred to a cryo-TEM holder
and inserted into the microscope. TEM images were captured on a dual
spherical aberration-corrected FEI Titan2 G2 60-300 STEM at an accelerating
voltage of 300 kV. EELS spectral imaging was performed using a Gatan GIF
Quantum ERS 966 system.

DFT Calculation of Li Binding Energy. For the calculation of the binding energy of
Li metals on graphene and the BSF-graphene layer, spin-polarized first-
principles DFT calculations were performed using the Vienna ab initio
simulation package (53) with the plane-wave basis sets. The DFT calcula-
tions used projector augmented-wave (54) pseudopotentials and
Perdew-Burke-Ernzerhof (55) exchange-correlation functional with an en-
ergy cutoff of 600 eV. For an estimate of the dispersion interactions, the
Grimme's DFT dispersion correction (DFT-D3) was used (56). The model
graphene layer consists of 72 carbon atoms with hydrogen-capped zigzag
edges. The lattice constant of a primitive unit cell of graphene in this cal-
culation is 2.46 A. The adatom graphene was modeled by adding one metal
atom to the hollow, top or edge sites on the graphene surface, which cor-
responds to a coverage of 1 adatom per 72 C atoms. The BSF-graphene was
generated by adding one benzenesulfonyl group to the top site of the
graphene surface. The Brillouin zone was sampled with a 4 x 1 x 4 T-
centered k-point mesh and Gaussian smearing with a width of 6 = 0.2 eV
used for the occupancies of the electronic levels. For each binding site of the
adatom graphene and the BSF-graphene, the ionic coordinates of all atoms
were relaxed in all directions. For the top site, which is set directly above a
carbon atom, the metal atom is relaxed along the z direction while
remaining fixed in the x- and y directions.

Data Availability. All study data are included in the article and S/ Appendix.
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