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ABSTRACT: Chemical functionalization can effectively regulate

the properties of graphene by altering 7 electrons, but the direct 1. Weakened T electrons docouplod -~

2. Expanded interlayer distance couple
control of interlayer interaction in bilayer graphene (BLG) by such CM
a technique remains elusive. Herein, we report an in situ
observation of reversible interlayer coupling/decoupling in BLG,
which is sensitive to electrochemical hydrogenation. It is found that ‘ // _____
electrochemical potential applied via an organic electrolyte &, v <m\n> ——4HBLG
containing protons causes preferential hydrogenation of one b
graphene layer in BLG, accompanied by the presence of new
Raman modes. At the same time, the other graphene layer remains
almost intact under electrochemical gating, resulting in an overall
high electric conductance yet sensitive to the interlayer decoupling
in BLG. With density functional theory simulations, 4H-BLG is
identified as a critical intermediate structure during hydrogenation, and the van der Waals interaction in BLG is effectively modified
by sp® bonding formed on the hydrogenated layer. Our work provides new insights into the regulation of interlayer interaction
through surface functionalization in van der Waals stacking materials.
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H INTRODUCTION alization. For instance, heteroatom doping of graphitic
nitrogen on the surface can create strong polarization and
ferromagnetism in graphene.” The adsorptlon of hydrogen
atoms'’ or extended molecular network'' changes the
hybridization from sp* to sp®, leading to a significant change
of the lattice and electronic structure of graphene.

In addition to the modifications at the surface of graphene,
as listed above, the relatively weak van der Waals (vdW)
interlayer interaction can influence the electronic and optical
properties of graphene stackings as well. A prominent example
is that, for the bilayer graphene (BLG) with a twisting angle 6
~ 1.1°, the band structure near the Fermi level becomes flat,
leading to the appearance of unconventionally strong electron
correlations, such as quantum anomalous Hall effects,'”
topological insulator states,"” and unconventional super-
conductivity.14 By applying high pressures, the vdW interaction
in BLG can be further enhanced, leading to ultrafast energy
relaxation of hot carriers via a new relaxation pathway related

As Herbert Kroemer stated that “the interface is the device”,*
the entanglement between multiple degrees of freedom
including orbitals, charges, spins, and lattice at the interface
strongly modulates the electronic structure and properties,
leading to the appearance of exotic interfacial phenomena that
are not found in their bulk counterparts, e.g., fractional
quantum Hall effect,” interface superconductivity,” and
magnetoelectric coupling.” The interfacial effect in two-
dimensional (2D) materials is more pronounced, as a large
fraction or even all of the atoms are exposed to interfacial
interactions.

As a basic model of 2D materials, graphene provides an open
and atomically precise interface for the subtle modification on
the surface™ to further extend the functions that are not
demonstrated in graphite. By regulation of the interface
between graphene and substrate, a band gap can be generated
and tuned in graphene. For example, the formation of C—O—
Al bonding on the graphene/sapphire interface breaks the
sublattice symmetry of graphene and thus opens up a small
energy gap.” The creation of covalent C—Si bonding between
graphene and silicon carbide has achieved a band gap of 0.6 eV
and a mobility of ~5000 cm® V™' S™! at room temperature in
graphene.® In addition, the surface of graphene can be adjusted
by both in-plane doping and out-of-plane chemical function-
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Figure 1. Device configuration and identification of graphene layers. (a) Schematic illustration of the electrochemical hydrogenation device. (b)
Typical optical microscope images of exfoliated graphene flakes. left: SLG, right: BLG. Scale bars: 50 ym. (c) Raman spectra of SLG and BLG on
SiO,/Si. The inset shows the 2D peak of BLG deconvoluted with Lorentzian peaks.

to the interlayer phonon modes.”> On the contrary, the
intercalation of guest molecules like FeCl; into BLG can
expand the interlayer distance from 3.3S to 9.37 A, resulting in
complete decoupling of graphene layers, evidenced by the
upshift of G peak and a Lorentzian shape of 2D band in Raman
spectroscopy, and the elimination of excitonic transition
between the van Hove singularities.'®"”

Clearly, the regulation of either the surface or interface can
modify the property of graphene. Comparatively, little
attention has been paid to the correlation between the surface
structure and interlayer coupling in graphene stacking.
Recently, Son et al. found that the double-side fluoridated
BLG is insulating, while the single-side fluorinated BLG
remains conductive, indicating an electrical decoupling
between the intact layer and the fluorinated layer."® Another
study shows that the BLG functionalized by a diazonium salt
exhibits a weakened interlayer coupling, while the in-plane
nitrogen doping leads to an enhanced interlayer coupling, as
evidenced by the changes of surface potential measured by
scanning Kelvin probe microscopy.'” On the other hand, it was
reported that the electrochemical hydrogenation can achieve a
reversible adsorption of H atoms on BLG, resulting in a
conductor—insulator transition and a large electronic gap
opening.”’ Such an electrochemical gate-controlled hydro-
genation provides an approach to hydrogen storage with a
capacity of ~6.6 wt % by Pt-catalyzed electroreduction of
protons in an electrolyte.”’ Despite the progresses described
above, the detailed process on how surface hydrogenation
influences the interlayer coupling of BLG remains elusive.

Herein, we demonstrate that electrochemical hydrogenation
can simultaneously modify the surface of BLG and the
interlayer interaction in BLG, which exhibits a hydrogenation-
dependent, reversible coupling, and decoupling of layers. By
employing in situ Raman spectroscopy and density functional
theory (DFT) calculations, we reveal a preferential chem-

isorption of proton (H") on one layer of BLG in an organic H"
electrolyte under bias. Under high potentials, the formation of
localized hydrogenation structures activates new Raman modes
between 1400 and 1530 cm™!, related to the vibration of
distorted carbon rings. The measurement of electrical
conductivity demonstrates that the deteriorated conjugation
of m-electrons in the hydrogenated layer causes a significantly
weakened interlayer coupling, leaving the other layer electri-
cally conductive, like intrinsic single-layer graphene (SLG).

B RESULTS AND DISCUSSION

Electrochemically Gated Field-Effect Transistor of
Graphene

To effectively control the hydrogenation of graphene and
simultaneously monitor the changes of electrical properties, an
electrochemically gated field-effect transistor (FET) device was
fabricated, as shown in Figure la. In our experiment, graphene
flakes were mechanically exfoliated from natural graphite and
then transferred onto SiO,/Si substrates. SLG and BLG flakes
were identified by optical contrast (Figure 1b)** and Raman
spectroscopy (Figure 1c). Previous study shows that the
Raman 2D peak of BLG can be deconvoluted into four
Lorentzian peaks, corresponding to the four symmetry-allowed
double-resonance electron—phonon scattering processes gen-
erated by splitting parabolic bands of the AB stacking order in
BLG.” Upon determination, the selected SLG and BLG flakes
were immersed in an organic H' electrolyte, bis-
(trifluoromethane)sulfonimide (HTFSI) dissolved in poly-
(ethylene glycol)*” with a concentration of 0.2 mol L™, which
provides sufficient dissociative H* ions and a wide electro-
chemical window. Gold (Au) drain and source electrodes were
deposited on SLG and BLG samples to establish the
connection with the external circuit. A platinum (Pt) foil was
used as the gate electrode, controlling the relative potential of
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Figure 2. Conductor—insulator transition of SLG induced by hydrogenation. (a) Ipg dependence on gate voltage Vi (—0.5 to 2.5 V). In situ Raman
spectra of SLG at different V; with a sweeping rate of 5 mV s™" in (b) positive and (c) negative sweeps.

graphene and the electrochemical process. Previous studies
have shown that when a positive gate voltage (V) is applied,
the Fermi level of graphene is uplifted above the Dirac point,
resulting in an increased electron density of states.”””"** At
the same time, H" was adsorbed on graphene, forming an
electric double layer. Based on such a FET device, the possible
hydrogenation and dehydrogenation of graphene could be
monitored by Raman spectroscopy as well as electrical
conductivity testing.

Reversible Hydrogenation of SLG

To evaluate the feasibility of electric-field-controlled surface
modification on graphene, the evolution of structure and
electrical conductivity has been first investigated on SLG in
electrochemical scanning. Figure 2a shows the drain—source
current (Ig) of a SLG FET device as a function of V. As V is
swept positively from —0.5 to 1.7 V, the Ing—V; curve presents
a typical V-shape profile related to the linear dispersion near
the Dirac point in the band structure of SLG.*® The voltage of
charge neutrality point (Vyp) is located at ~0.35 V, which is
attributed to p-type doping caused by charged impurity on the
substrate and adsorbed electrolyte ions on SLG.”” Further
increasing Vg to 1.8 V leads to a plateau value of Ipg at about
12.4 pA, showing a saturated current density under gate
potentials, which may originate from the enhanced scattering
between carriers.”® As Vj; is increased above a critical potential
of ~2.0 V, I rapidly drops to a very low level (nearly zero),
and the resistance of SLG becomes extremely high, indicating a
conductor—insulator transition. The large band gap opening at
such a potential can be explained by the breaking of &
conjugation caused by hydrogenation. When Vj; is increased to
2.5 V and then swept back, Ipg remains at nearly zero value
until 0.25 V. Further decreasing V; from 0.25 to —0.5 V results

in a gradual increase of Ipg, which finally recovers to the initial
value at —0.5 V, indicating the dehydrogenation of SLG. Such
a reversible conductor—insulator transition demonstrates the
feasibility of controlling the hydrogenation of graphene by
electric field.

The structural evolution of SLG caused by hydrogenation
was investigated by in situ Raman spectroscopy. Figure 2b
shows the Raman spectra of SLG at different V; values during
the positive sweep in cyclic voltammetry (CV) testing. Before
applying the bias, only the G peak at ~1577 cm™" and 2D peak
at ~2660 cm™! can be observed, associated with the in-plane
E,, vibrational mode and two-phonon intervalley triple
resonance scattering, respectively.’”> As Vg is gradually
increased to 2.0 V, the G peak blue shifts, and the 2D peak
red shifts and becomes weaker/wider, caused by the heavier
electron doping in graphene.”” Further increasing Vg to 2.1 V
leads to the widening and strengthening of the G peak. At the
same time, the appearance of prominent yet wide D peak at
1330 cm™! and D’ peak at 1600 cm™} resulting from the
defect-activated intervalley and intravalley double-resonance
Raman process, respectively,23 indicates the breaking of in-
plane translational sgmmetry in SLG caused by the formation
of sp> C—H bonds."’ When Vg is increased to values above 2.2
V, D, G, and 2D peaks further widen and I,/I; decreases,
revealing the higher defect density of SLG in further
hydrogenation.”® Meanwhile, the intensity of all peaks is
significantly strengthened with the emergence of strong
fluorescence background, which may be related to the
surface-enhanced Raman scattering (SERS) effect,”*> prob-
ably caused by the formation of a large number of isolated sp’
nanodomains embedded in hydrogenated sp* regions.”” In
addition, a new peak centered at 1460 cm™' appears when Vg
> 2.2V, which has not been clarified before and will be further
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Figure 3. Conductivity and structural evolution of BLG under electrochemical gate. (a) Ipg of BLG FET as a function of gate voltage Vi (—0.5 to
3.0 V). In situ Raman spectra of BLG in (b) positive and (c) negative sweeps with a sweeping rate of S mV s™". The fitted contributions of Gy, Gy,
and D’ for 2.4—2.6 V in panel (b) are denoted as red, blue, and green peaks, respectively. (d) Schematic diagram of the structural evolution of BLG

during hydrogenation.

discussed below. The Raman characteristics remain unchanged
when Vg is further increased to 3.0 V, demonstrating that the
structure of graphene is no longer changed, and the
hydrogenation reaches saturation. As V is swept back from
3.0 V, as shown in Figure 2¢, Raman peaks show no changes
until 2.0 V. Further decreasing V; leads to the gradual
weakening of D, G, and D’ peaks with the strengthening of 2D
peak, indicating the gradual recovery of pristine sp* lattice and
desorption of H atoms. When V{; is decreased to —1.0 V, D
and D’ peaks completely disappear with only G and 2D peaks
left, suggesting the complete dehydrogenation of graphene yet
without damaging the graphene lattice.

The results above clearly show a H* gate-induced reversible
hydrogenation of SLG, which leads to a reversible conductor—
insulator transition. The hysteresis in Ijg curves and Raman
spectra during the positive and negative sweeps suggest
different kinetics on SLG during adsorption/hydrogenation
and desorption/dehydrogenation. The Raman spectra com-
plete the evolution within a narrow range of V; above the

hydrogenation potential and maintain nearly unchanged above
2.2V, indicating that the hydrogenation of SLG reaches
saturation in a narrow range of Vg The appearance of the
SERS effect and fluorescence background suggests that there
are numerous sp” domains embedded in consecutive sp’
regions after saturated hydrogenation. Such a hydrogenation/
dehydrogenation process is different when the interlayer
coupling is considered as for the situation of BLG.

Gate-Dependent Hydrogenation of BLG

Figure 3a shows the Ing—Vg curve of BLG under electro-
chemical gate potentials, which features a V shape at a low |
Vi—Venp! range and exhibits a conductivity saturation at Vg =~
1.5 V, indicating that the sole physical adsorption of H and
charge doping occur on BLG at this voltage. As V is increased
to above ~2.25 V, Ipg starts to decrease, suggesting the
occurrence of hydrogenation. Such a critical hydrogenation
potential of BLG is slightly higher than ~2.0 V of SLG, which
is related to different chemical activities and carrier transport

https://doi.org/10.1021/prechem.5c00315
Precis. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/prechem.5c00315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.5c00315?fig=fig3&ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.5c00315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Precision Chemistry

pubs.acs.org/PrecisionChem

Sevatianad

\ Wi P § L8 o

N s 'S
c—&«;ﬁ_—a’ v
3H-BLG

¢ [ S e e s

a ey ——— P——
\LLXLU; T\\ NN I\\\h & i & ’ H : 1'3 & 1.6 r
‘\ N r‘- ‘rj \ j\ 5/ > > /& \1 > I’k “\ 7 11\ T “*\ A\ o /‘_‘_A
K 1; £ D | Recanat ) ’

S| L

ppry, || WLl | i
5H-BLG 6H-BLG 7H-BLG

i, 5
o

>

:

o

«

A

i

g

=)
T

@

@

b 1.8 20 40
19 (39

a«
s " 18T Las
3 144 \ A AAAT > =
> A Ely, 8
2 124 < , 7 Ster g
N\, -
H N / 2 0
e<h 16 © |36 T
g 1.0 VAl ] p
S - A4 RN c 9
I3 / .. 156 (35 &
0, — -_—
6 0.8 No—®- ® o
7} A L N 5 2
p a-aX 1475 (34 £

0.6 - oo =

w

>

J 10 15 20
) d S ? Number of H atoms

eyt | mepyd | e

12H-BLG 15H-BLG 18H-BLG

G o [N |9

20H-BLG ey 25 0.0 25 50

.T, 0.01

Energy (eV)

Figure 4. DFT calculations of interlayer coupling of BLG upon hydrogenation. (a) Optimized structures of BLG when adsorbing different numbers
of H atoms. The bottom graphene layer in BLG is shown in cyan, the top graphene layer in BLG is shown in yellow, and the adsorbed H atoms are
shown in red. (b) Average adsorption energy of each hydrogen atom adsorbed on the upper surface of BLG, interlayer distance, and interlayer
exfoliation energy for BLG with different numbers of adsorbed H atoms. (c) Calculated crystal orbital Hamilton populations between the top and
bottom graphene layers of OH-BLG, 2H-BLG, 4H-BLG, 6H-BLG, and 8H-BLG.

properties in BLG caused by interlayer interaction.’”** After
hydrogenation, the Ing—Vj; curve of BLG shows a very peculiar
behavior compared to SLG: further increasing V; to above
2.35 V leads to an increase in Ipg, and finally Ipg reaches a
plateau value of ~12.5 pA at Vg = 3.0 V. Our results are in
good agreement with previous works on the single-sided
modification of BLG with fluorine or oxygen.'**° Considering
the different I;,s—V; responses for SLG and BLG, we propose
that the hydrogenation preferentially occurs at one of the two
layers in BLG, where the C—H bonding significantly disrupts
the 7 conjugation and leads to an interlayer decoupling. The
absence of a conductor—insulator transition even for a higher
Vg of 40 V (Figure S1) suggests that the other layer in BLG
remains almost intact, leading to a conductance like electron-
doped SLG in Figure 2a. In addition, Figure 3a shows that
when Vg is swept back from 3.0 V, I gradually decreases until
1.2 V and then increases, which may be related to the
desorption of H and recovery of interlayer coupling. As V; is
decreased to a voltage below 0.6 V, the Ips—Vg curve
eventually coincides with the original V-shaped profile in the
positive sweep, corresponding to the nearly complete
dehydrogenation of BLG.

To verify the preferential hydrogenation in one layer of
BLG, in situ Raman spectra of BLG at 0 V < V5 < 3.0 V were
obtained in a CV cycle with a scanning rate of S mV s/, and
the corresponding CV curve is shown in Figure S2. Figure 3b
shows that when V is lower than 2.2 V in the positive sweep,
only G and 2D peaks can be observed, similar to the situation
of SLG below 2.0 V. As V;; reaches the hydrogenation
potential of ~2.3 V, the appearance of D peak at ~1341 cm™!
and D’ peak at ~1614 cm™' in Raman spectra indicates the
generation of defects caused by chemisorption of HY,
corresponding to the drop of Ipg at V; above 2.25 V. When
Vg increases to 2.4 V, the intensity of D and D’ peaks
significantly increases compared to that of the 2D peak, due to

the large increase in the density of defects during hydro-
genation. At the same time, the overall Raman intensity is
significantly enhanced due to the SERS effect of sp’
domains.”>*® The significant blue shift of D peak may be
attributed to the increased compressive stress caused by
structural distortion during hydrogenation.’® Meanwhile, the G
peak becomes wider/stronger and merges with the D’ peak to
form a wide peak. The abovementioned Raman features
observed at 2.4 V agree well with the decline of I g at 2.25 V <
Vg < 2.35 V, when the 7 conjugation is partially broken.””**
Very interestingly, new peaks at 1400—1430 and 1460—1530
cm ™" have been observed, which shall be related to specific C—
C vibrations in the localized hydrogenation structure and will
be discussed in detail later. As V; is further increased from 2.4
to 2.9 V, the D peak shows a constant blue shift, indicating
increased structural stress. Meanwhile, the Raman signal-to-
noise ratio is significantly reduced, which might be due to the
weakening of the SERS effect as the fraction of isolated sp”
domains is reduced during further hydrogenation. On the
other hand, as V{; increases, the broad band at 1550—1640
cm™! keeps red-shifting with its shape changing. As shown in
Figure 3b (with more details in Figure S3), this broad band can
be deconvoluted into three peaks (Gy, Gy, D’) by Gauss—
Lorentz fitting. Gy mode originates from the vibration of sp*-
hybridized rings adjacent to hydrogenated sp® domains and
exhibits a red shift from 1586 to 1572 cm™, due to the
reduced force constant of carbon bonds by hydrogenation.*
Gy mode centered at 1592 cm™' remains nearly unchanged for
V¢ between 2.4 and 2.9 V, highly coinciding with the G peak of
intrinsic graphene contributed by large sp’ regions. The
retention of such a sharp Gy peak has been reported in the
study of single-sided oxidation or fluorination of BLG.'*** The
intensity of D’ peak centered at ~1605 cm™', contributed from
regions with abundant sp* C—C bonds, gradually decreases as
V increases. At Vi = 3 V, only a Gy peak at 1592 cm™ and a
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weak, red-shifted 2D peak can be observed, like the Raman
spectrum (yellow curve at ~2.0 V in Figure 2b) of electron-
doped SLG yet without hydrogenation. The evolution of
Raman spectra with Vg indicates enhanced hydrogen
adsorption at higher potentials, leading to distinct hydro-
genation structures depending on Vg Constant potential
measurement was further conducted with each spectrum
acquired after V; was maintained at a certain voltage for 5 min,
to eliminate the possible kinetic effects in CV scans. The
Raman spectra (Figure S4) obtained under constant potentials
exhibit features highly consistent with those presented in
Figure 3b, demonstrating that the rapid hydrogenation strongly
depends on the gate voltage. When the external electric field is
removed, however, BLG gradually returns to the planar sp’
structure in minutes, as shown in more Raman spectra in
Figure SS.

When Vy is swept back from 3 V, as shown in Figure 3c, the
D peak shows a red shift, and the intensities of both D and D’
peaks first increase and then decrease, and almost completely
vanish at 0.5 V, indicating the gradual detachment of H from
BLG. During dehydrogenation, Gy remains unchanged, while
Gy blue shifts, weakens, and finally merges with Gy at ~1.4V,
corresponding to the reduction of stress and recovery of
structural deformation. The new peaks at 1400—1430 and
1460—1530 cm™" gradually weaken and eventually disappear at
~1.6 V. When V; is decreased to 0 V, the complete
vanishment of D and D’ peaks and appearance of the 2D
peak indicate that BLG recovers the pristine structure with AB
stacking. Figure 3d schematically shows the proposed
structural evolution of BLG during hydrogenation, where the
preferential adsorption of H" and hydrogenation on the top
layer, structural deformation, and interlayer decoupling
between layers sequentially occur, as motivated by the
electrochemical gate potential applied. For BLG, a previous
study showed that the applied electric field is strongly localized
on the top layer,”” and thus we prefer to consider that
hydrogenation mainly occurs on the top layer, although Raman
spectroscopy cannot be used to distinguish which layer is
hydrogenated in BLG. The energy barrier (~0.2 eV) for the
formation of C—H bonds™® can be significantly reduced by
heavy electron doping and strong electric fields.

Hydrogenation-Regulated Interlayer Coupling by
Simulations

To further reveal the effect of surface functionalization of
graphene on interlayer coupling, ab initio calculations were
performed with DFT. The hydrogenated SLG and BLG
structures were obtained by the greedy algorithm, within a 4 X
4 X 1 supercell, as illustrated in detail in Methods section. H
atoms were adsorbed onto the upper surface of graphene one
by one, and at each step, the most energy-favored structure was
selected and named nH-SLG (Figure S6) or nH-BLG (Figure
4a), where n is the number of attached H atoms.

As shown in Figure 4a, the second H tends to adsorb on the
para-position carbon relative to the first H adsorption. The
third H is attached to the ortho-site of the first H, forming a
straight line with the first two adsorbed H atoms, and the
fourth H is attached to the ortho-site of the third H. To our
surprise, the fifth H atom is attached to the site far from the
existing four H atoms, showing that hydrogenation nucleates
via a specific “C,H,” configuration. With more H adsorption to
the coverage of 25% (8H-BLG), the formation of another
“C,H,” nucleus adjacent to the first one is observed. Higher

coverage of adsorbed H was tested until 20 H atoms, resulting
in significant distortion of the carbon skeleton and interlayer
separation. In addition, the hydrogenation of SLG has also
been tested, showing a similar “C,H,” structure in the
nucleation stage, although the H attachment sequence is
slightly different (Figure S6). The stability of all hydrogenation
structures has been verified by ab initio molecular dynamics
(AIMD) simulations (Figures S7—S9 and Videos S1—S32).
Therefore, we propose that the formation of “C,H,” nuclei
would be a critical step during the hydrogenation of graphene.

In the structures shown in Figure 4a, the top graphene layer
is found to gradually deform and detach from the bottom layer
under hydrogenation. The interlayer distance is increased from
3.40 to 3.83 A with the adsorption of more H atoms, as shown
in Figure 4b, leading to a weakened interlayer interaction. On
the other hand, the adsorption energy (E,4) of H on BLG or
SLG, which is defined by eq 1 in Methods section, is shown in
Figures 4b and S10. E4 values for all steps are positive,
indicating that the hydrogenation of SLG and BLG requires
additional energy and is thermodynamically unfavored. Figure
4b also shows that the energy needed for exfoliation of BLG is
reduced from 18.6 to 13.5 meV A™* as the hydrogenation
increases, indicating that the top layer hydrogenation weakens
the interlayer interaction of BLG. To further elucidate the
electronic origin of the hydrogenation-dependent interlayer
coupling, crystal orbital Hamilton population (COHP)
analyses between the top and bottom graphene layers from
OH-BLG to 8H-BLG were performed. As shown in Figure 4c,
the COHP intensity of hydrogenated BLG is significantly
reduced compared to that of pristine BLG. For example, the
integral of COHP (ICOHP) to the Fermi level decreases from
—0.301 eV for OH-BLG to —0.106 eV for 8H-BLG, when
considering the interaction between all vertically aligned
carbon atoms in the top and bottom layers. The lower
absolute value of ICOHP indicates that the hydrogenation
promotes the interlayer decoupling of BLG.

The band structures have been calculated to explain the
evolution of the electronic properties of SLG and BLG under
hydrogenation. For SLG (Figure S11), the chemisorption of H
leads to a significant band gap opening, and the gap width
increases as the hydrogenation degree increases, as shown in
Figure S12. For BLG (Figures S13 and S14), the double
parabolic energy dispersion near the Fermi level splits into two
groups of bands upon hydrogenation. The first group of bands
has a Dirac cone shape at the Fermi level, which is preserved
throughout the whole hydrogenation process, originating from
the intact bottom layer. The second group of bands exhibits an
energy gap that becomes larger as the hydrogenation degree
increases, originating from the hydrogenated top layer. The
absence of an overall band gap of BLG during hydrogenation is
consistent with the experimental observation that BLG
maintains a high conductivity upon hydrogenation, like intact
SLG.

Simulated Raman Spectra of the Localized “C,H,”
Hydrogenation Structure

The in situ Raman spectroscopy has shown new Raman modes
in the region between D and G peaks for hydrogenated SLG
(1420—1500 cm™) and BLG (1400—1530 cm™'), probably
related to the formation of some widespread localized
hydrogenation structures.**™* To verify this speculation, the
Raman spectra of hydrogenated SLG have been calculated
(Figure S15), showing an extra peak at 1473 cm™" (6H-SLG)
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Figure 5. Characteristic Raman modes from the hydrogenation structure. (a) Simulated Raman spectra of BLG after adsorbing different numbers
of H atoms on the top layer. (b) Representative vibrational modes between 1200 and 1700 cm™ in the 4H-BLG model, corresponding to the peaks
marked by arrows in 4H-BLG in panel (a). The bottom graphene layer in BLG is shown in cyan, the top graphene layer in BLG is shown in yellow,
the adsorbed H atoms are shown in red, and the carbon rings involved in the corresponding vibrational modes are marked by blue.

originating from the C—C vibrations adjacent to the sp* C—H
bonds, in addition to the two strong peaks at ~1341 and 1606
cm™'. For BLG (Figure Sa), upon attaching two H atoms,
three obvious vibration peaks at ~1386, ~1538, and ~1594
cm™" are determined. For 4H-BLG containing “C,H,” nuclei,
four main peaks at ~1390, 1509, 1564, and 1601 cm™! are
obtained with their corresponding vibrations shown in Figure
Sb. These modes mainly originate from the vibrations of
carbon rings with adsorbed H atoms, or the rings adjacent to
them, as shown by a more vivid illustration in Videos S33—
S41. When attaching 6 or more H atoms, the simulated Raman
spectra of BLG become the same as that of the
unfunctionalized SLG. By separately simulating the Raman
spectra of the top and bottom layers in 8H-BLG (Figure S16),
we find that these vibration peaks at 1200—1600 cm™'
exclusively belong to the top hydrogenated layer, while the
bottom intact layer exhibits the same Raman feature as SLG,
which is strong enough to cover the signal from the top layer.
Such simulation results fully support our experimental
observation for BLG at V of 3.0 V. Furthermore, these four
peaks maintain their positions even for the calculations based
on a larger 6 X 6 X 1 supercell (Figure S17) and the different
distribution of H adsorption sites does not disturb the
appearance of Raman modes at 1400—1530 cm™' (Figure
S18), proving the robustness of new Raman modes upon
hydrogenation in our studies.

B CONCLUSIONS

In conclusion, we demonstrate that electrochemical hydro-
genation can achieve reversible chemical functionalization and
interlayer coupling/decoupling of BLG, controlled by the gate
voltage. By combining conductivity measurements, Raman
spectroscopy studies, and DFT simulations, our results show
that the bonding of H atoms on graphene leads to the
formation of an insulative, continuous sp> C—H network with
isolated sp’ nanodomains embedded. An intermediate

nucleation structure of “C,H,” is proposed. The distorted
lattice of the hydrogenated graphene layer leads to a significant
decoupling with the other layer, and the whole structure
exhibits continuous electron conduction with new Raman
peaks appearing at 1400—1530 cm™, related to the vibration of
distorted carbon rings adjacent to sp> C—H bonds. Our work
unveils the correlation between the interlayer interaction and
surface structure, providing deeper understanding for the study
of the surface and interface in 2D graphene stackings.

B METHODS

Fabrication of the Graphene Electrochemical Gating
Device

Graphene flakes were prepared on Si substrates (300 nm SiO,) by
modified mechanical exfoliation of natural graphite (20—25 mm,
Germany NGS). For exfoliation, the Si substrates were cleaned with
oxygen plasma, and adhesive tapes with graphite flakes were sticked
onto these substrates followed by heating on a hot plate at ~100 °C
for 2 min. The layer number and size of the as-obtained graphene
flakes were identified using optical microscopy and Raman spectros-
copy. The graphene FETs were fabricated by electron-beam
lithography and depositing Cr/Au (10/100 nm) as drain and source
electrodes on graphene flakes by using electron-beam evaporation.
Then, 300 nm poly(methyl methacrylate) (PMMA) was spin-coated
onto the entire silicon wafer to avoid contact between metal
electrodes and electrolyte, followed by opening windows above the
FET channel using electron-beam lithography. A Pt wire was rolled
into a thin sheet (20 mm X 1 mm X 30 ym) to serve as a gate
electrode. All electrodes were sealed into an electrolyte cell
constructed between a Si substrate and a thin cover glass using a
hot melt adhesive film (polyurethane, 60 ym). Two little openings
were reserved for filling the electrolyte by capillary effect. The
thickness of the electrolyte was determined by the gap between the
substrate and cover glass. The injection of H" electrolyte was carried
out in an Ar-filled glovebox and the filling openings were fully sealed
with epoxy resin before the cell was taken out of the glovebox for
electrical and spectral tests in air. The H* electrolyte with a
concentration of 0.2 mol L™ was prepared by dissolving bis-
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(trifluoromethane)sulfonamide (HTFSI) in liquid poly(ethylene
glycol) (PEG) with a number-averaged molecular weight (M,) of
600. A PEG solvent was pretreated with a molecular sieve and vacuum
drying to remove water. The preparation and injection of electrolyte
were all carried out in an argon-filled glovebox.

Electrical Measurement

Electrical measurement was carried out using a Keithley 4200 meter.
A sweeping bias Vi was applied between the Pt gate electrode and
graphene electrode, and the voltage Vg between drain and source
electrodes was fixed at S mV to measure Ipg synchronously. All the
electric experiments were repeated several times to ensure the
reliability of data.

Raman Spectroscopy

In situ Raman spectroscopy was conducted in cyclic voltammetry
testing from O to 3.0 V with a sweeping rate of 5 mV s~ using a
PARSTAT MC electrochemical workstation (Princeton Company,
USA). Raman spectra were acquired using a Renishaw instrument
with 532 nm laser, 1800 1/mm grating, XS0 objective lens with ~1-
pum-diameter spot size, and a motorized XYZ stage. To get better
signal of graphene in the electrolyte, a power of 25 mW was used with
an acquisition of 3 s and the background signals from the electrolyte,
cover glass, and silicon substrates were subtracted when analyzing the
data. The raw Raman spectra (without background subtraction) and
the Raman spectrum of pure electrolyte are provided in Figure S19.

Theoretical Calculations

DFT*" calculations were carried out using projector-augmented wave
pseudopotentials*® as adopted in the Vienna ab initio simulation
package (VASP). =8 Exchange correlation interactions were
described by the Perdew—Burke—Ernzerhof (PBE)*’ generalized
gradient approximation (GGA).*® Becke—Jonson damping DFT-D3
correction was used.”’ Raman spectra were calculated by a Raman off-
resonance activity calculator in combination with VASP, which was
developed by Alexandr Fonari (Georgia Tech) and Shannon Stauffer
(UT Austin), available at https://github.com/afonari/raman-sc. The
Crystal Orbital Hamilton Population (COHP) calculations were
performed by LOBSTER software®” based on the electronic structure
calculations by VASP.

We applied a slab approach with vacuum layers of 15 A to decouple
periodic images from each other along the z direction. For hexagonal
(4 X 4) unit cell H-SLG with 32 carbon atoms and H-BLG with 64
carbon atoms, the plane wave kinetic energy cutoff was set to be 500
eV. To ensure stable geometry, the force convergence was set to be
0.01 eV A™" and the structural optimization convergence criterion was
set to be 10™° eV in energy. Brillouin zone was represented by a y-
centered k-point mesh of 4 X 4 X 1 for structure optimization, Raman
spectrum, and COHP calculations. For hexagonal (6 X 6) unit cell H-
SLG with 100 carbon atoms, Brillouin zone was represented by y
special k-point mesh of 1 X 1 X 1. The average adsorption energy of
H atoms onto graphene is calculated by the following formula

EnH+C - Egra —nX EH

n 1)

We employed a greedy algorithm-based sequential structure growth
approach to construct hydrogenated graphene models. Starting from a
graphene structure with a given hydrogen coverage, all possible
hydrogen adsorption sites are enumerated (Figure S20), and one
additional hydrogen atom is introduced at each step. The total
energies of the resulting configurations are evaluated using DFT
optimizations, and the structure with the lowest energy is selected as
the initial configuration for the next step (Tables SI and S2). This
procedure is repeated iteratively until the target hydrogen coverage is
reached.

Ab initio molecular dynamics (AIMD) simulations were carried out
with VASP software, under 300 K temperature and NVT ensemble.
The simulation time step is 1 fs, and the number of simulation steps is
5000. Brillouin zone was sampled by a y-centered k-point mesh of 2 X
2 X1
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