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CHEMISTRY

Real-time imaging of Na* reversible intercalation
in “Janus” graphene stacks for battery applications

Jinhua Sun’, Matthew Sadd?, Philip Edenborg?®, Henrik Gronbeck?, Peter H. Thiesen®,
Zhenyuan Xia', Vanesa Quintano’, Ren Qiu®, Aleksandar Matic?, Vincenzo Palermo

Sodium, in contrast to other metals, cannot intercalate in graphite, hindering the use of this cheap, abundant
element in rechargeable batteries. Here, we report a nanometric graphite-like anode for Na* storage, formed by
stacked graphene sheets functionalized only on one side, termed Janus graphene. The asymmetric functionalization
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allows reversible intercalation of Na*, as monitored by operando Raman spectroelectrochemistry and visualized
by imaging ellipsometry. Our Janus graphene has uniform pore size, controllable functionalization density, and
few edges; it can store Na™ differently from graphite and stacked graphene. Density functional theory calculations
demonstrate that Na* preferably rests close to -NH; group forming synergic ionic bonds to graphene, making the
interaction process energetically favorable. The estimated sodium storage up to Cg gNa is comparable to graphite
for standard lithium ion batteries. Given such encouraging Na* reversible intercalation behavior, our approach pro-
vides a way to design carbon-based materials for sodium ion batteries.

INTRODUCTION

Lithium ions can intercalate reversibly in graphite with high Li*
loadings, up to CeLi, yielding a specific capacity of 372 mA h g™’
with the formation of binary graphite intercalation compounds
(binary GICs). This nanoscale and reversible process is now at the
base of most batteries (I-3). Sodium would be a cheaper, more
abundant alternative charge carrier compared with lithium for bat-
teries, but unfortunately, it can reach only lower loadings in graph-
ite, with a stoichiometry of C¢sNa and a corresponding capacity
of ~35mAh g™ (4-6).

The poor Na' intercalation was initially attributed to the small
interlayer distance of graphite, blocking intercalation of the large
sodium ions (7, 8). However, this cannot be the only reason, as ex-
perimental evidence shows that potassium ions or solvated Na* (e.g.,
diethylene glycol dimethyl ether solvated Na*) that are larger than
Na" can reversibly intercalate in graphite to form binary or ternary
GIC, respectively (9, 10-13). In contrast with intercalation of bare
sodium ions, the co-intercalation of sodium ions with solvent mol-
ecules would result, however, in huge volume changes of graphite
electrodes and lower specific capacity (ca. 100 to 150 mA h g™') be-
cause the intercalated solvent molecules occupy the space between
the graphene layers (9, 13, 14). The development of novel sodium
ion batteries (SIBs) will thus require the intercalation of the bare
Na" into graphite, without any solvent, in analogy with the bare Li"
intercalation occurring in current commercial batteries.

The intercalation behavior of sodium ions into graphite is quite
unique among alkali (15) and alkaline earth metals (16-18) and has
been explained by sodium displaying an unfortunate combination
of a relatively low ionization potential and a relatively large ionic
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radius. The ionization energy of alkali metals decreases moving
down the periodic table of elements. For Li, Na, K, Rb, and Cs, it is
equal to 5.4, 5.1, 4.3, 4.2, and 3.9 eV, respectively, with a sharp de-
crease (0.8 eV) between Na and K. A smaller ionization energy favors
the formation of an electrostatic coupling between the positive ion
and the negatively charged graphene.

Instead, the ionic radius increases moving down the periodic ta-
ble, increasing from 76 pm for Li* to 167 pm for Cs*. The larger
radius means a larger distance between the cation and the graphene,
weakening their electrostatic coupling. The interplay between these
two opposite trends gives, unfortunately, the weakest chemical bind-
ing between Na" and graphene among alkali metals (16). New strategies
fostering (reversible) electrostatic interaction of Na* with graphene
would lead to a new generation of SIBs.

Here, we describe an artificial graphite nanostructure made of
stacked graphene sheets, with the upper face of each sheet being func-
tionalized with a molecule acting both as spacer and as an active site
for Na* (Fig. 1A). Each molecule in between two stacked graphene
sheets is connected by a covalent bond to the lower graphene sheet
and interacts through electrostatic interactions with the upper graphene
sheet, resulting in a unique structure. The use of asymmetric spac-
ers allows control over noncovalent interactions between the head
group of the spacer molecule (in this case, -NH;) and the graphene
surface. Nanosheets having asymmetric chemical functionalization
on opposite faces are commonly referred to as “Janus” graphene,
named after a two-faced ancient Roman god (19).

We were able to confirm the intercalation of Na* in the well-
defined monoatomic Janus graphene stacks with operando charac-
terizations. Raman spectroelectrochemistry measurements provided
real-time observation of the effect of the Na* on the vibrational prop-
erties of graphene, and operando imaging ellipsometry (IES) allowed
tracking of the intercalation process of Na* based on the changes in
the refractive index of the material. In both cases, the effects are a
direct consequence of the intercalation and diffusion of Na* between
the graphene sheets. The observations in the experiments were con-
firmed, at the molecular level, by density functional theory (DFT)
calculation showing the stability of the Na* intercalated in different
conformations in the Janus graphene stacks.
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Fig. 1. Preparation of Janus graphene. (A) Schematic illustration of the preparation of the Janus graphene and the stacked Janus graphene thin film. (B) Cartoon show-
ing Na* ions intercalated in between graphene sheets with aminobenzene (AB) spacers. (C) Raman spectra of AB graphene featuring different functionalization density,
achieved by increasing the reaction time with 4-nitrobenzene diazonium tetrafluoroborate (4-NBD). (D) N 1s XPS spectra of chemical vapor deposition (CVD) graphene,
NB graphene, and AB graphene. The presence of the -NH, peak of NB graphene is due to the conversion of -NO; to -NH, triggered by x-ray irradiation during the mea-
surement (see also XPS section). (E) Simultaneous decrease in C/N ratio (measured by XPS) and increase in Ip/Ig ratio (measured by Raman) with increasing reaction time,

RESULTS

Synthesis of Janus graphene

We used high-quality graphene monolayers grown on copper sub-
strates by chemical vapor deposition (CVD) as a starting material.
The upper face of the sheet was functionalized using 4-nitrobenzene
diazonium tetrafluoroborate (4-NBD) (Fig. 1A) (20). Diazonium
chemistry is a very effective approach to graft molecules to graphene
by formation of highly reactive aryl radicals, yielding nitrogen gas
as the sole by-product (21). The density of grafted molecules could be
tuned by varying reaction time and temperature (see details in
Materials and Methods). After grafting, the nitrobenzene (NB) func-
tional group could be easily converted into an aminobenzene (AB)
functional group by electrochemical reduction, thus obtaining two
different graphene substrates with the same functionalization density
but different surface chemistry: one featuring an electron accep-
tor -NO, group, and the other one an electron donor -NH, group,
which could be positively charged in acidic solutions.

The chemical grafting of graphene and the following conversion
from NB to AB could be monitored using Raman spectroscopy, cyclic
voltammetry (CV), Fourier transform infrared spectroscopy, and
x-ray photoelectron spectroscopy (XPS) (Fig. 1, C to E, and figs. S1
and $4D). The change in chemical functionalization was evident also
from water contact angle measurements (22); the AB and NB func-
tional groups are more hydrophilic than pristine CVD graphene;
thus, water contact angle decreased from ca. 83° to ca. 55° for NB
graphene and ca. 52° for AB graphene (fig. S2).

Figure 1C shows how the D band, absent in pristine graphene,
increased in samples exposed to 4-NBD, indicating the formation of
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sp’ hybridization and covalent bonding of the NB group to graphene.
The Ip/Ig ratio increased from ~0 to 0.34, 0.55, 0.77, and 1.41 for
reaction times of 5, 10, 30, and 120 min, respectively.

We observed a blue shift in the 2D band at low AB functionalization
density due to the interaction of the stacked sheets. Different twist
angles between layers will affect the Fermi velocity differently, re-
sulting in different degrees of blue shifting in the 2D band (23).
Noteworthy, for high functionalization density (In/Ig = 1.4), the density
of grafted molecules was so high that it effectively separated the
graphene layers, resulting in negligible interaction between the stacked
sheets; thus, we observed the 2D band of AB graphene shifting back
to its original position. The increase in Ip/I ratio was concomitant
with an increase in the nitrogen content, measured by XPS as the
relative C/N ratio (Fig. 1E; see the Supplementary Materials and ta-
ble S1 for all details). XPS also allowed monitoring of the chemical
conversion of NB to AB by observing the changes in the nitrogen
peak (Fig. 1D and the Supplementary Materials for more details).

The diazonium chemical functionalization reaction was, in fact,
so effective that for long reaction times, significant self-polymerization
took place, with diazonium groups grafting to already reacted mol-
ecules (21). To reduce issues caused by self-polymerization, we used
Na* storage test samples with intermediate loading (Ip/Ig = 0.55),
corresponding to an average distance between AB-grafted mole-
cules of ~5 nm and a surface density of ~10'® molecules m ™ (see
details in Materials and Methods). The presence of physically at-
tached molecules can be excluded because the single-layer Janus
graphene film was thoroughly washed by acetonitrile and water af-
ter the reaction.
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Preparation of stacked Janus graphene films using
supramolecular interactions

Once the Janus graphene was synthetized, we needed to stack multiple
layers on top of each other. The standard method to transfer and
stack CVD graphene sheets is based on a sacrificial poly(methyl-
methacrylate) (PMMA) layer. This method typically leaves PMMA
residues in between the graphene sheets, significantly influencing
the graphene stacking and ion intercalation. Instead, we used an
original procedure where a first PMMA graphene bilayer was used
to “fish,” one by one, other layers of graphene freely floating on wa-
ter after the etching of their copper substrate (Fig. 1A and fig. S3).
The procedure could be repeated multiple times until obtaining a
PMMA-G, multilayer, where x was the desired number of graphene
sheets, with no contamination in between. Figure 2A shows a typi-
cal image of four stacked AB graphene nanosheets underneath one
pristine CVD graphene layer. The surface of the film away from the
edge is clean without any cracks or holes (fig. S4C). The stacked
nanosheets could be clearly recognized even by the naked eye,
thanks to their mesoscopic (=1 cm) size and strong contrast on
Si/SiO, (Fig. 2A, inset). Raman maps allowed easy discrimination of
the different overlapping layers at the sample edges (Fig. 2B). We
measured the ratio between the intensities of Raman G and 2D peak
(Ic/Lp) (fig. S4). This ratio is typically used to discriminate between
monolayer and multilayer graphene, because the shape and intensi-
ty of the 2D peak change because of the destruction of the linear
dispersion of the electronic bands near the Fermi level when mov-
ing from monolayer to multilayers of graphene, as a consequence of
the interactions between the layers (24-26). Also, in our case, the I
/Lp increased from 0.41 to 0.73 going from G; to Gs multilayers.
However, this value was significantly smaller than previously ob-
served in stacked graphene (Ig/Lp = 2.7) (23), providing further
evidence that the AB molecules act as effective spacers to separate the
graphene sheets and thus reduce their interaction. An unexpected
yet beneficial advantage of the Janus functionalization was that the

N e NN

reduced intersheet interaction facilitated a better alignment of
stacked Janus graphene layers versus pristine graphene, with no no-
ticeable cracks and wrinkles in the stacks, as shown by atomic force
microscopy (AFM) (figs. S5 and S6) and transmission electron mi-
croscopy (TEM) (Fig. 2, Cand D).

AFM measurements of stacked AB graphene yielded a stacking
distance of d = 1.2 + 0.3 nm (fig. S7). The layered structure could
also be observed in TEM cross sections, showing the improved and
more linear stacking of the AB graphene (Fig. 2C) with respect to
the pristine graphene (Fig. 2D). TEM allowed us to estimate a stack-
ing distance of the AB graphene d = 1.7 + 0.3 nm, significantly larger
than what was measured for pristine graphene (d = 0.36 + 0.03 nm),
in agreement with previous reports (27). Both AFM and TEM mea-
surements should be taken with caution because of the limited flatness
on the mesoscopic scale of the substrate used for the measurements
(Si/Si0,). Nevertheless, the stacking distances obtained by AFM
could be compared with the theoretical one of d = 1.2 nm expected
by summing the thickness of pristine graphene (0.34 nm) plus the
theoretical length of the AB molecule (0.8 nm). Such a large stack-
ing distance suggests that the grafted AB molecules lay perpendicu-
lar between the stacked graphene layers. To better understand the
molecular structure of the composite and the possible intercalation
of Na* ions, we used computational methods.

Multilayer structure and intercalation mechanism of Na*
studied by DFT calculations

We used DFT calculations to evaluate the preferred configurations
of the grafted AB and NB molecules in between the graphene sheets
and to compare the energetics of Na" intercalation in the material.
The results obtained for Na* were also compared with Li" intercala-
tion (see Materials and Methods and the Supplementary Materials
for details). The DFT calculations confirmed a preferential vertical
arrangement of the grafted molecules, perpendicular to the graphene
sheets, acting as pillars (8, 28, 29). The optimized distance between

Fig. 2. Characterizations of stacked AB graphene multilayers. (A) Optical microscope image of AB graphene multilayers observed at the sample edge. Inset: Macro-
scopic image of the whole sample on Si/SiO,. (B) Optical microscope image and corresponding Raman mapping of the intensity of 2D band of AB graphene film. (C and
D) Cross-sectional high-resolution transmission electron microscopy (TEM) image of (C) stacked AB graphene thin film and (D) stacked CVD graphene thin film. The aver-

aged intensity profile is reported on the right side of each image.
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sheets functionalized with AB was calculated to be 1.0 nm (fig. S11),
in agreement with the AFM experimental data. Na* and Li* showed
favorable energetics for intercalation in the functionalized graphene.
Calculations of the relative stability of Na* in different positions
(Fig. 3, A to D, and fig. S12) showed that the most favorable position
was obtained having Na" coordinated to the -NH, group of the AB
molecule, while simultaneously in a hollow site in the graphene sheet.
The distance between Na™ and the nitrogen of the -NH, group in
Fig. 3A was 2.42 A. The distance between Na* and the upper
graphene sheet was 2.54 A, smaller than the ideal sodium graphene
distance calculated on pristine graphene (2.64 A) in the absence of
the AB spacer. This suggests a synergic effect of the -NH, group and
graphene in stabilizing the Na*. We performed a charge density dif-
ference analysis to study the ionic character of the interaction be-
tween Na*, AB molecule, and graphene (Fig. 3E). This analysis showed
that the positive charge of the cation is screened by charge accumu-
lation in the graphene sheet. Charge is, moreover, accumulated be-
tween the AB group and the Na™.

Other possible configurations were also tested (Fig. 3, B to D);
placing the Na" at the bottom of the AB molecule (Fig. 3C), the en-
ergy increase with respect to Fig. 3A was +0.49 eV. Placing the Na*
at the other side of graphene with respect to the AB molecule (Fig. 3B),
the energy increase was +0.17 eV. Placing the Na* on plain graphene,
far from any AB molecule (Fig. 3D), the energy increase was +0.65 eV.

The high stability at the head group was attributed to the syner-
gic polarization of the spacer group and the adjacent graphene. The
energy difference between Na* coordinated to the -NH, group
(Fig. 3A) and adsorbed in a conventional position on graphene
(Fig. 3D) is significant, but small enough to make diffusion at room
temperature frequent also from the most stable site. An estimation
using the rate (Arrhenius) expression r = (kgT/h) exp(—~AE/kgT) in-
dicates that a barrier energy <0.65 eV will allow facile diffusion at
room temperature; thus, the site in Fig. 3A will not work as a trap in
the material. The computed barriers for Na* diffusion were <0.2 eV
for AB graphene multilayers, suggesting a facile diffusion of Na* in
the channels of stacked AB graphene film. The energy calculations
thus indicate that once the first Na" occupies the position in Fig. 34,
additional Na" could be stored in the slightly less favorable posi-
tions shown in Fig. 3 (B to D), taking advantage of the large spacing
between graphene sheets created by the steric effect of the AB mol-
ecule. To confirm this, we performed tests at high Na* coverage on

DOOOEEA bcowew B
0 © 0.17 eV
DL w&
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Fig. 3. DFT modeling of Na* intercalation in AB graphene. (A to D) Configura-
tions optimized by DFT calculations for Na* intercalation between two graphene
sheets separated by AB. The relative energy is indicated with respect to the most
stable position in (A). All calculated configurations are reported in Materials and
Methods and the Supplementary Materials. Atomic color code: H (white), C (gray),
N (blue), and Na (purple). (E) Isosurface of differential charge density calculated in
presence of Na* for the most stable configuration in (A).
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smaller cells, with the differential adsorption energy changing only
slightly (<0.1 eV) going from NaCg to NaCo, as detailed in Materials
and Methods.

Intercalation of Na* monitored by operando Raman
spectroelectrochemistry
Thanks to the planar geometry and nanometric uniform thickness of
Janus graphene film, we were able to monitor directly the intercalation/
deintercalation of Na* and Li* using operando Raman spectroscopy,
CV, and IES. First, the method was verified by monitoring Li* inter-
calation in standard materials, i.e., highly oriented pyrolytic graph-
ite (HOPG) and graphene stacks (Fig. 4A). A blue shift of G band,
indicative of Li" intercalation, was clearly observed in all cases (see
also figs. S14 to S17). The same experiment performed with Na*
showed no shift in neither graphite nor pristine graphene stacks,
with a featureless CV spectrum and no noticeable change of Raman
peaks (red and black symbols in Fig. 4B; see also figs. S18 to S21).

Na" intercalation and deintercalation were instead observed in
eight-layer stacks of AB graphene (blue triangle symbols in Fig. 4B),
with clear changes in Raman spectra collected operando (Fig. 5A
and figs. S22 and S23). The G band started to shift from 1595 to
1605 cm ™ at a discharge potential of ~0.6 V versus Na*/Na (red line
in Fig. 5A), attributed to the positive doping of intercalated Na* in
graphene and a contraction of C—C bonds. The formation of ca-
thodic peak corresponds to intercalation of Na' centered at ca. 0.2 V
versus Na'/Na in the CV curve (Fig. 5C).

We studied the effect of AB functionalization density (quantified
here as Ip/Ig ratio) on the Na" intercalation process. No intercalation
(no G band shift) occurred when the Ip/I; was lower than 0.4 (fig. S24),
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Fig. 4. Comparison of Li* and Na* intercalation in different materials. (A) Shift
of G band position during Li" intercalation taking place in all materials tested: HOPG,
graphene, and AB graphene. (B) Same experiment performed with Na*, showing
no intercalation for HOPG and graphene, but intercalation in AB graphene. Some
experimental points in the range around 0 V are not reported because the G band
decreased so much that it was not possible to measure precisely its shift.
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Fig. 5. Monitoring of Na* reversible intercalation by operando Raman. (A) Series
of Raman spectra acquired operando during a complete intercalation/deintercala-
tion cycle of Na* in AB graphene; the red spectrum was measured at ca. 0.6 VV versus
Na*/Na, green spectrum at 0.05 V versus Na*/Na, and blue spectrum at ca. 1.5 V
versus Na*/Na. On the right, the corresponding current measured during the cycle.
(B) A cartoon schematizing the different processes. (C) CV curves measured
during the first two cycles of Na* intercalation in AB graphene. The sweep rate was
0.042 mV/s. The first curve shows a sharp cathodic peak, which disappears in the
second cycle, corresponding to the formation of a stable solid electrolyte inter-
phase (SEI). (D) Reversible change of different parameters during potential cycling:
from top to bottom, we show the measured current, Ip/Ig ratio, intensity of 2D
band (/,p), and position of G band.

suggesting that a low density of AB functional groups could not pro-
vide enough active sites for the intercalation of sodium ions. Conversely,
when functionalization density became too high (Ip/Ig > 1.2), the
electrical conductivity was too low to have effective electrical con-
tact between graphene layers, resulting again in poor intercala-
tion of sodium ions. An Ip/Ig between 0.5 and 0.8 thus gave the
optimal balance between high electrical conductivity and suitable
adsorption sites.

It is noteworthy that in AB graphene, no G peak splitting and no
intercalation stages were observed. This is in stark difference with
Li" intercalation in bulk graphite, which proceeds through many
intercalation stages (30). Na* intercalation in AB graphene showed
a direct stage 1 intercalation, indicating that the material had no
bulk layers and that intercalation of Na* proceeded simultaneously
in all stacked sheets.

The coulombic efficiency was low in the first cycle because of the
formation of a solid electrolyte interphase (SEI), as evidenced by the
difference between the first and second CV curves (Fig. 5C), show-
ing an intense cathodic peak at ~1 V versus Na/Na" in the first dis-
charge curve but disappearing in the second discharge curve. This
could be expected, considering the tiny mass of the electrode: We
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had at best eight layers of graphene with an area of ~0.2 cm”. As a
result of the nanometric mass and large area, the cathodic peak due
to the formation of SEI was relatively large compared with the main
signal, in agreement with previous works (31). The large internal
resistance and undesired side reactions caused by the geometry of
operando Raman cell result in a large polarization (32, 33). The ca-
thodic peak correlated with the formation of SEI disappeared after
the first cycle, indicating the formation of stable SEI layer similar to
the graphite for LIBs (Fig. 5C and figs. S27 and S28) (8, 34-37). Ex
situ XPS comparing pristine and cycled AB graphene showed a
large increase in the O peak (fig. S26, A and B), further confirming
the formation of an SEI, typically composed of sodium alkyl car-
bonates (38, 39).

The formation of a stable SEI layer on the entire surface of AB
graphene prevents the intercalation of solvent, thus indicating that
only bare Na™ ions reversibly intercalated into AB graphene during
the charging/discharging process (33, 40). While the observed spac-
ing of 1.2 nm would be, in theory, sufficient for solvated ion inter-
calation, the co-intercalation of solvent would result in the exfoliation
of Janus graphene layers due to the large size and the decomposi-
tion of the solvated molecules for each charge/discharge (9). In our
sample, no further decomposition of electrolyte was observed after
the first discharge for neither lithium nor sodium as evidenced by
the disappearing cathodic peak at ca. 0.85 V versus Na/Na" (Fig. 5C
and figs. S27 and S28). The electrode was intact and stable as evi-
denced by the periodic change of the current and Raman peaks
during the charging/discharging processes (Fig. 5D). No cracks and
exfoliated graphene were observed on the surface of AB graphene
electrode after discharging, which further demonstrate good struc-
ture stability (fig. S26D).

Figure 5D shows the periodic variation of the current and the peak
position of the G band as function of potential during four cycles. In
addition to the shift of the G band, the intensity of the D, G, and 2D
bands also varied with the degree of Na* intercalation (Fig. 5D): D
and 2D bands monotonously decreased in intensity until vanishing,
while the intensity of the G band first increased and blue shifted,
and then decreased. The reduced intensity of Raman bands is at-
tributed to the interference of the discrete E;z mode with a Raman
active continuum after the intercalation of ions (34). The observed
low Raman scattering in turn implies the intercalation of Na ions
(13, 33, 41). All changes in current and G band position were fully
reversible, with high cycling stability (Fig. 5, A and D, and figs. S22
and S23) (42, 43). After discharging, the intercalation of Na* in the
AB graphene electrode was also confirmed by XPS, as evidenced by
the presence of intense Na 1s peak at 1069.4 eV (fig. S26B) (3). In
addition, an N 1s peak was detected from the discharged AB graphene
electrode, indicating the good stability of functional groups after
reversible intercalation of sodium ions (fig. S26C).

We did not conjecture the presence of superdense Li or Na layer
in the material, at difference with what have been observed between
two layers of graphene sheets (1). This could be excluded because of
the large interlayer distance and the presence of dense AB functional
groups between Janus graphene layers. Moreover, no cathodic peak
deriving from the formation of superdense Li or Na was observed in
CV curves, and the Janus graphene electrode showed good revers-
ible charging/discharging stability.

The favorable intercalation of Na* is unique for Janus graphene
and was not observed on graphene having generic chemical func-
tionalization such as reduced graphene oxide that we tested for
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comparison (fig. S25) (11). We could estimate the electrochemical
performance of Janus graphene film for SIBs based on the CV data
(fig. S28). Accurate galvanostatic tests were not possible because of
the tiny mass of the electrode. A capacity of ~332 mA h g™* for Na
storage was estimated on the basis of cathodic peaks presented on
the fourth cycle of CV curves, almost 10 times higher than that of
graphite (35 mA h g™!). The high capacity was attributed to the large
interlayer distance and the presence of the active sites for the adoption
of Na* besides adsorption on the surface of graphene. A stoichiome-
try of C¢9Na was obtained for AB graphene, which was comparable
to values seen for graphite with lithium (CgLi). We propose some pos-
sible reaction related to the storage of sodium ions in AB graphene
electrode (fig. S28) and show the corresponding processes in Fig. 5C. It
is noteworthy that the number of ions stored (1 Na*/6.9 C atoms) is
significantly larger than the total number of AB molecules in the
composite, estimated by XPS (one AB/34 C atoms; see table S1). This
suggests that Na* is not stored uniquely at AB functional groups; as
shown in Fig. 3 (A to D), also other sites can be active to absorb Na®,
with graphene playing a relevant role in the sodium ion storage. The
functional groups do not only act as ion traps but also make the Na*
easier to intercalate in other positions, due to the enlarged interlayer
distance and favorable binding energy.

Visualization of Na* intercalation process

To track the spatial evolution of Na" intercalation in AB graphene
film on a microscopic scale, we used electrochemical operando IES.
The IES technique records of the ellipsometric angles A and ¥ micro-
graphs at different orientation of polarizer and analyzer (Fig. 6). A

-15,0

-5,0

is the phase difference of the light before and after being reflected by
the different interfaces of the sample, and ¥ is the amplitude ratio
of p and s (linear and orthogonal) components to the light incidence
plane. The ellipsometric angles are highly sensitive to changes in
refractive index and layer thickness and have been recently used to
measure graphene-polymer stacks on mesoscopic scales (44).

Figure 6 (A and B) shows microscopic maps of A recorded while
electrically biasing the sample and corresponding charging/discharging
curve. Figure 6C shows the values of A and ¥ averaged on all pixels
plotted against time and voltage variation, showing a clear correla-
tion with the CV current and thus with Na intercalation/deinterca-
lation. The ellipsomeric angle A varied as the de-/intercalation of
Na", which was indicated by the color change between red and blue
(Fig. 6, A and B). The changes of A and ¥ are Na* concentration
dependent between the AB graphene layers. As more sodium ions
intercalated, the optical density increased because the interlayer was
filled gradually with the sodium ions. Thus, the composition and
the surface properties of Janus graphene interlayers changed, which
result in the variation of the A and ¥ at different wavelength and
angle of incidence. Animated movies showing the intercalation pro-
cess, obtained combining together >500 single ellipsometry images,
are available in the Supplementary Materials. There is thus a direct
correlation between the changes in A and ¥ shown in Fig. 6A and
the intercalation of Na" in the material.

The simplest way to explain this result would be to attribute them
to changes in layer thickness of the graphene stacks, due to Na" inter-
calation, as typically observed in many GICs. However, the radius
of the Na* ion is 0.102 nm, much smaller than the sheet spacing
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Fig. 6. Tracking the Na* reversible intercalation into Janus graphene electrode by IES. (A) Maps displaying the changes in the ellipsometric angle A obtained by IES
during Na* intercalation/deintercalation in AB graphene. (B) Corresponding current-time profile of the intercalation/deintercalation process. (C) The periodic change of
voltage, A, and ¥ during intercalation/deintercalation processes. (D) Schematic illustration of the IES setup.
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available in the Janus graphene (1.2 + 0.3 nm). A more likely ex-
planation is based instead on changes in the optoelectronic proper-
ties of the material, with an increase in the refractive index of the
material due to the large number of charged ions entering between
the sheets.

To confirm this hypothesis, we used an optical modeling soft-
ware (nanofilm_EP4, Accurion) to perform a simplified simulation
of the ellipsometric angle Delta for three charging/discharging cy-
cles. The model included a stack of eight layers of graphene and an
interlayer stack in-between. A glass substrate was set on the stack,
and an effective medium with a volume fraction of 0.5 of the main
components of the electrolyte solution was set under the stack. The
simulation can be considered qualitative because it did not include
additional layers like SEI nor the ions in the electrolyte and did not
reproduce the fine structure of the AB groups present in the Janus
graphene. It is not possible to perform a quantitative simulation of
the ellipsometric angles because of the uncertainty in estimating the
changes in the refractive index due to sodium ions present in the
void interlayer space, interacting with the delocalized electron sys-
tem of the graphene layers and other sodium cations. To model the
interlayer space, we thus used a Bruggeman effective medium ap-
proximation for the refractive index. We calculated the ellipsometric
Delta for an increasing volume fraction of sodium in between the
graphene stacks, with the remaining volume being filled by a host
(air). Figure S30 shows the full three-dimensional representation of
the ellipsometric Delta, calculated varying the volume fraction of
sodium in between the layer and the thickness of the void interlayer
between the graphene sheets. Figure S30B shows how Delta is ex-
pected to vary by adding or removing Na in between the graphene
layers to mimic the real charging/discharging processes. We calcu-
lated also Delta for different thickness of the void interlayer space.
By tuning interlayer spacing and Na content, we could reproduce in
a qualitative way the experimental data (Fig. 7A). The best fit is
shown in Fig. 7B and was obtained assuming a stack periodicity of
0.643 nm (0.34 nm of graphene + 0.30 nm of void interlayer space).
This is half of the experimental measured thickness (1.2 nm) but,
given the strong approximations of our simplified model and the
good agreement in the observed charge/discharge trends, confirms
that the cycled introduction/extraction of sodium in between Janus
graphene could explain the observed IES data.
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A full quantitative understanding of the IES data would require
a theoretical modeling of the refractive index of this nanocomposite
structure formed by graphene, organic molecules, and metal ions,
which is beyond the scope of this paper, and a possible goal for fu-
ture works would require additional data from spectroscopic IES.

We could observe on a macroscopic scale that changes began most
often from the edges of the sample (Fig. 6A), confirming the high
quality of Janus graphene layers, excluding the presence of holes or
cracks on the graphene surface that would act as preferential paths
for intercalating ions. Thus, this unique structure allows us to read-
ily track the interaction and diffusion of sodium ion along the mac-
roscopic planar electrode from the edges of stacks by imaging.

The surface, edges, and empty pores can be a significant part of
the active materials and have a significant impact on the lithium/
sodium ion storage, especially in the case of disordered materials
with high surface area, like activated carbon (45). In contrast, our
samples feature an extremely low amount of edges. For a typical
stacked Janus graphene, the lateral edge of the 0.2%0.5 cm” electrode
is 1.4*10> m for a mass of few nanograms. For comparison, an
equivalent amount of graphene flakes having the same thickness
d = 8 layers and a flake radius r = 500 nm would have a total flake
edge >10* m [estimated using the formula Legges = 2M/(prd), where
M is the mass of the material, p is the density, and the flakes are
approximated as perfect circles of radius r and thickness d]. The
effect of surface edges in Janus graphene film is in this way mini-
mized as compared with an equivalent amount of disordered mate-
rial in powder. Thus, the macroscopic size of the CVD graphene
sheets and their perfect stacking allow the reduction of the influence
of edges in the samples of six orders of magnitude as compared with
an equivalent amount of disordered material in powder.

DISCUSSION

The structure of graphene with only one surface being functionalized
can be unique as compared with the one symmetrically functional-
ized on both sides. The surface properties abruptly changed after
introducing a functional group, while the geometry of the opposite
surface is preserved. This controllable surface change allowed us to
prepare stacked Janus graphene layers with much better alignment
versus pristine graphene, due to the weak interlayer interaction, and
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Fig. 7. Simulation of the ellipsometric angle Delta. (A) Experimental values of ellipsometric Delta measured during three charge/discharge cycles (taken from Fig. 6C).
(B) Simulated values of ellipsometric Delta obtained cycling three times from 0 to 0.5 volume fraction of sodium ions, with a thickness of the void space between two

graphenes of 0.30 nm.
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use the prepared films as a model system to understand the inter-
calation of sodium ions into graphite-based materials.

The Janus graphene has a uniform intersheet pore size and a min-
imal amount of edges, thanks to the choice of macroscopic CVD
graphene sheets. Although the chemical group is attached only on one
side of the graphene, it will also influence the other, nonfunctionalized
side (19) and the graphene sheet stacked directly above it, as indi-
cated by DFT calculations, forming thus a complex 3D site that can
stabilize Na* ions more effectively than pristine graphite.

The Na* storage behaviors observed in Janus graphene are dif-
ferent from what happens in highly crystalline graphite with Li".
Instead of proceeding through a sequence of increasing intercalation
stages (from stage 4 to stage 1) (41), a direct stage 1 intercalation
mechanism for sodium ions was observed in Janus graphene, with
no intermediate intercalation stages (e.g., stage 4). This evidence is
not compatible with the classical process always used to describe ion
intercalation in graphite. At difference with studies of highly dis-
ordered carbons, a reversible shift of G band and an intensity change
of the 2D band could be observed in the Raman spectra of Janus
graphene. These changes could be observed clearly in our ordered
stacks and not, as example, in more disordered and defective graphenes,
such as reduced graphene oxide (fig. S25) (11). The presence of AB
molecules has also a clear, significant influence on the intercalation
behavior, because Na' intercalation was not observed in pristine
graphene reference samples (Fig. 4C and fig. S21). This beneficial
effect was explained by DFT calculations (Fig. 3), which also indi-
cate that the storage process is related to the presence of the AB
groups and, in particular, the most favorable storage configuration.

In summary, experimental results obtained by independent tech-
niques indicate that the asymmetric functionalization of graphene
with AB molecules yields a layered structure where the AB act as
spacers increasing the distance and minimizing the van der Waals
interaction between the graphene sheets. DFT calculations indicate
that AB molecules are covalently grafted to graphene in a vertical
position, with the -NH, groups forced to stay in close proximity to
the adjacent graphene sheet, with a fixed orientation respective to it.
DFT calculations also show that these active groups have a synergic
effect with graphene to stabilize Li* and, more importantly, Na*
ions in the stacked Janus graphene film. Owing to the high quality
of the CVD graphene used, the planar geometry, the good control
on the functionalization chemistry, and a clean stacking procedure
with no polymer contamination, we could perform Raman, CV, and
IES experiments operando during charging/discharging processes
for SIB. These experiments confirmed the DFT results showing that
the AB graphene can be intercalated/deintercalated with Na* ions
in a reversible and stable way, in contrast to graphite or stacked
graphene, differently from other materials studied for SIBs. We ex-
pect that the present research about Janus graphene could provide a
proof of concept of using asymmetrically functionalized artificial
graphite for the application of SIBs.

MATERIALS AND METHODS

Synthesis of NB-functionalized CVD graphene

CVD graphene was purchased from Graphenea, Spain. 4-NBD was
purchased from Sigma-Aldrich or synthesized following the proce-
dure reported in (43). All other chemicals and solvents were pur-
chased from commercial suppliers (Sigma-Aldrich and VWR) and
used without further purification. The functionalization of CVD
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graphene was carried out by immersing CVD graphene/Cu in 4-NBD
aqueous solution under different concentrations (0.001 to 50 mmol).
The surfactant sodium dodecyl sulfate (SDS) was added in the solu-
tion to allow 4-NBD to have better solubility in water and contact
with the surface of graphene. To control the density of NB function-
al groups on the surface of CVD graphene, the CVD graphene
was immersed for different periods of time (from 1 to 120 min) as
detailed in table S1. After reaction, the NB-functionalized CVD
graphene was thoroughly washed by deionized water, acetone,
chloroform, and acetonitrile.

In our unique approach, the chemical functionalization was per-
formed on the top surface of the CVD graphene while the bottom
surface is still tightly adhering to the copper substrate where it was
grown. After the functionalization, the copper protective layer was
etched in a different solution (i.e., 0.1 M ammonium sulfonate solution),
not containing any 4-NBD precursor; thus, any chemical function-
alization of the lower surface could be excluded.

Electrochemical conversion of NB functional group to AB
functional group

The nitro group in NB-functionalized graphene was electrochemically
reduced to amino group in 0.1 M KCl in the mixture of water/ethanol
(9:1 in volume). Figure S1 shows the typical CV curves of the electro-
chemical reduction of NB to AB. The presence of a reduction peak
atabout —1 V versus Ag corresponds to the reduction of nitro func-
tional groups to amino functional groups. This reduction peaks dis-
appeared after the first cycle, indicating the efficient conversion of
nitro groups to amino groups.

Electrochemical reduction was performed using a potentiostatic
method with a three-electrode system. The NB-functionalized CVD
graphene was first flushed with water and electrolyte: 0.1 M KCl in
the mixture of water and ethanol (9:1) before being immersed in the
electrochemical cell. A silver wire was used as reference electrode
and a Pt foil was used as counter electrode. The NB-functionalized
graphene on Cu was used as working electrode and was cycled three
times from —0.3 to —1.3 V under a scan rate of 50 mV/s. The reduction
was almost complete after the first cycle, with a big cathodic peak at
about —1 V versus Ag. Then, the surface was thoroughly rinsed by
DI water and acetonitrile.

Assembly of single-graphene sheets to prepare

stacked multilayers

The standard graphene transfer procedure is performed usinga PMMA
sacrificial layer, deposited on graphene by spin coating, and then
the underlying copper substrate is etched. The PMMA-G bilayer is
transferred on the target substrate, and lastly, the PMMA is dissolved
in a solvent. This standard transfer method is effective but tends to
leave contaminations of PMMA on the surface of graphene, which
could influence significantly the stacking of multiple graphene sheets.

Thus, instead of using PMMA as supporting layer to transfer each
layer of Janus graphene, we used an alternative method by coating
PMMA only once, on the first layer of graphene (23). This first PMMA-G
bilayer was then used to fish, one by one, other layers of graphene
freely floating on water after the etching of their copper substrate
(see fig. S4).

The procedure was as follows: a thin layer of PMMA was spin
coated on the surface of graphene (2000 rpm for 1 min). After coat-
ing PMMA, the CVD graphene/PMMA was heated on a hot plate
for 10 min at 120°C. The copper was etched by floating the film on
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0.1 M ammonium sulfonate solution for at least 5 hours. After washing
by using DI water to remove all the absorbed ions on the surface of
graphene, a fresh NB or AB-functionalized graphene film was used
as substrate to deposit the floating graphene/PMMA on it. Thus, no
PMMA contamination was present between the layers. The sample
was dried in air overnight.

The procedure could be repeated multiple times until obtaining
a PMMA-G, multilayer, where x was the desired number of graphene
stacks. This novel strategy allowed to have multiple stacks without
any PMMA contamination between graphene layers. The final stacked
multilayer graphene film could be transferred to any substrate (e.g.,
glass, Si/Si0,) for test and Raman characterization (fig. S4). After
transfer to the target substrate, the top layer PMMA was removed
by acetone vapor.

The surface of the pristine graphene was hydrophobic and became
significantly more hydrophilic with functionalization, as demon-
strated by contact angle measurements (fig. S2). An unexpected ad-
vantage of this functionalization was that it fostered a better wetting
thin layer of water once trying to fish the graphene on water. We
found that the hydrophilic surface facilitates a better alignment of
stacked Janus graphene layers, likely maintaining a lubricating layer
of water at the interface, resulting in high-quality stacks and surfac-
es with no noticeable cracks and wrinkles, as shown in AFM images
of two, four, and six stacks (fig. S5). Conversely, the same procedure
applied on pristine graphene yielded much worse stacking, with
randomly oriented wrinkles observed already in G-G bilayers (fig.
S6). This suggests that the presence of our grafted molecular spacers
allows a better sliding, likely fostered by water, between the interlayers.
In contrast, the strong van der Waals interaction between CVD
graphene layers results in closer contact between graphene layers,
preventing the fast evaporation of water and leading to the forma-
tion of wrinkles.

Stacking CVD graphene to prepare pristine CVD

graphene thin film

The stacks of pristine CVD graphene thin films were prepared fol-
lowing the same procedure as the stacks of Janus graphene thin film.
However, for the stacking of CVD graphene, the surface tension of
water was tuned by adding isopropanol to obtain a relatively flat
film as reported previously.

Materials characterization

XPS data were collected using PHI 5500 by PerkinElmer (Waltham,
Massachusetts, USA) with monochromatic Al Ka source (1486.6 eV)
with 100-pm spot size. All XPS data were analyzed and quantified
using PHI MultiPak Software. Raman analysis was carried out using
a WITec alpha300 R (532-nm laser) spectrometer operating at low
power. TEM images were acquired on an FEI Tecnai T20 LaB6 with
an electron acceleration energy of 200 kV; TEM sample for the
cross-sectional measurement was prepared by focused ion beam
(FEI Versa3D LoVac DualBeam).

AFM (Bruker Dimension 3100) was used to characterize the surface
and the thickness of AB graphene, NB graphene, and stacked CVD
graphene film in tapping mode in air. For the thickness measure-
ment, the film was scratched by a sharp tweezer tip. Static contact
angle measurements were obtained using a Theta contact angle me-
ter from Biolin Scientific. The water contact angles were recorded at
15 frames per second and were determined within 1 s after adding
2 ul of deionized water to, for example, AB graphene. Average values
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of three measurements were reported. IES was performed using a
commercial EP4 setup (Accurion GmbH, Gottingen) in polarizer
compensator sample analyzer (PCSA) configuration. The difference
to a conventional ellipsometer setup is the inserted objective and charge-
coupled device (CCD) camera to enable imaging capabilities. The EP4 is
equipped with a monochromator that provides monochromatic light
with variable wavelength (1) in the range of 250 up to 1700 nm.

Operando Raman spectroelectrochemical characterization
The commercial EL-CELL Raman cell (fig. S14) was assembled in
the glove box using graphene stacks deposited on glass disc as working
electrode, glass fiber as separator, and lithium and sodium metal as
counter electrode for LIBs and SIBs, respectively (fig. S14). For each
measurement, the size of a ty})ical stacked eight-layer Janus graphene
thin film is about 0.2*0.5 cm”. All potentials reported were measured
against Na/Na" electrode for Na™ intercalation and Li/Li" electrode
for Li" intercalation under a two-electrode system, respectively. For
lithium ion intercalation, 1 M LiPF in ethylene carbonate and di-
ethyl carbonate (EC/DEC) was used as the electrolyte; for sodium
ion intercalation, 1 M NaPF; in ethylene carbonate and dimethyl car-
bonate (EC/DMC) was used instead. To achieve a good electrical
contact with the graphene, a nickel foil disc with an opening in the
middle was used as current collector. A 632-nm incident laser was
focused on the back side of Janus graphene electrode through the
glass disc and in the opening on the copper current collector. A sin-
gle Raman spectrum was recorded every 20 min during the charging/
discharging of the cell. CV was performed to induce electrochemical
intercalation/deintercalation of sodium ions using a Gamry Refer-
ence 600. A low scan rate of 0.042 mV/s was applied, which allowed
Raman spectra to be collected at quasi-equilibrium conditions. The
capacity was obtained by a standard integration method of the ca-
thodic peak in the fourth cycle of CV curves (fig. S28), which is re-
lated to the intercalation of sodium ions to exclude any side reaction
(e.g., SEI formation).

DFT calculations

DFT calculations were performed with the Vienna Ab-Initio Simu-
lation Package (VASP) (46-49) using the projector-augmented wave
method to describe the interaction between the valence electrons
and the core (50). The numbers of valence electrons treated explic-
itly were H (1), Li (1), C (4), N (5), and Na (1). The Kohn-Sham
orbitals were expanded using a plane wave with a cutoff energy of
500 eV. The exchange-correlation functional was approximated with
the Perdew—Burke-Ernzerhof (PBE) formula (51) augmented with
the D3 approach to capture van der Waals interactions (52). The
integration over the Brillouin zone was approximated with finite
sampling. The structures were optimized using the Atomistic Simu-
lation Environment (53) until the largest force was below 0.02 eV/ A. The
lattice constant for a graphene sheet was optimized to be 2.46 A,
which coincides with the experimental value.

The intercalation energies of Li and Na as a function of interlayer
distance between two graphene sheets are shown in fig. S10. These
results are calculated using a (3 x 3) graphene surface cell and an AB
stacking of the two sheets. The adsorption energy is computed as
the difference between the energy of the considered system and the
energy of the metal atom in the bulk and the two graphene sheets in
vacuum. A negative adsorption energy corresponds to exothermic
adsorption. We find that the optimized interlayer distance for Li is
4.1 A, whereas it is 4.9 A for Na. The process is strongly endothermic
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for Na at the interlayer distance corresponding to the preferred dis-
tance for two sheets (3.60 A).

The preferred interlayer distance of two graphene sheets in the
presence of an AB functional group was studied using a (6 x 6) sur-
face cell. Thus, there are 72 carbon atoms in each graphene sheet,
and the Na/C ratio is 1/72. The results are shown in fig. S11. The
energy is in this case a balance between the interactions between the
graphene sheets and the interaction between the spaces and the two
sheets. A small interlayer distance favors the layer-layer interaction
as well as the interaction between the layers and the benzene ring.
However, a small distance introduces strain in the bond linking the
spacer molecule and the graphene sheet. An optimized interlayer
distance is found at 10 A.

We tested, for comparison, the stability of Li" and Na* for the
NB-functionalized spacer. All configurations tested are shown in fig.
S12, with the corresponding energy value calculated for each com-
bination of ion (Li* or Na*) and end group (NO; or NH,). Both -NO,
and -NH, groups significantly stabilize the intercalated Li*/Na* ions;
as expected, the electron-rich NO, group of NB showed an even
stronger interaction with both Li* and Na" than the electron-poor
NH, group of AB.

The cations are preferably bonded to the -NH, or -NO, group of
the ligand. This storage site (Fig. 3A) is clearly preferred with respect
to storage on the graphene layer (e.g., Fig. 3D). The differences in
the relative stabilities reflect the absolute bond strength. The bond
to the Li" is stronger than that of the Na" (fig. $12). The bond
strength of Li* with respect to Li in the metal phase is calculated to
be —0.81 eV in configuration of fig. S12A with the NH, group. The
corresponding value for Na* is —0.71 eV. In the case of the NO,
group, the bond strength with respect to the metal is calculated to
be —1.26 and —0.86 eV for Li* and Na", respectively.

We also performed additional calculations on the coverage de-
pendence of Na* storage between graphene sheets for higher storage
densities, up to NaCg. The calculations were performed on a smaller
3 x 3 cell having graphene sites preoccupied by Na* ions. We found
a very weak coverage dependence, with the differential adsorption
energy changing <0.1 eV going from NaCe to NaCo.

Figure S13 compares the charge transfer between Na and the
graphene sheet with and without AB spacer, analyzed by calculating
the charge density difference. The difference is computed with re-
spect to the neutral atom and the corresponding graphene structure.
The iso-surface at 0.007 /A’ is visualized. The analysis demon-
strates that charge is transferred from the Na atom forming an ionic
bond to the sheet. The analysis is consistent with a Bader charge
analysis (54, 55) revealing that the Na atom has a positive charge of
about 0.9 e. The charge transferred to the graphene sheet is localized
closed to the cation.

Operando IES
The dynamic intercalation process of sodium ions into Janus graphene
was investigated in spatial and time resolution using electrochemical
operando IES. To avoid the interference of SEI formation and side
reaction, which could also cause the variation of thickness and opti-
cal parameters of Janus graphene thin film, the new cell was first
discharged to 0.05 V versus Na/Na" from open circuit voltage and
afterward charge/discharged between 1 and 0.05 V versus Na/Na'.
IES was performed with a nanofilm_EP4 (Accurion GmbH,
Goettingen Germany). The instrument is equipped with a Gigk CCD
camera (1392 x 1040 pixel, 12 bits) as a detector. The light source
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for time-depending measurements was a light-emitting diode (LED)
at 532 nm, selected from a high-power multiwavelength LED Hub.
The microscopic maps were recorded at an angle of incidence of
45°. The microscopic magnification was realized by a 20x objective,
and for overall focusing, the focus scanner of the instrument was used.
The ellipsometric lateral resolution of the imaging system is 1 um.

The AB graphene sample was placed, and the EC-CELL (fig. S14)
was assembled in the same way as described for Raman experiments.
In addition, a glass prism (BK7, 90°, 5 x 5 mm) was mounted on top
of the glass window of the EL-cell using a thin immersion oil film.

The microscopic maps and numerical data were recorded in par-
allel. The calculation of referenced maps was performed with the
software page “Ep4_datastudio” (Accurion GmbH).

Even without the optical modeling, the changes in the ellipso-
metric angle are significant, and the variation is significantly larger
for AB graphene than for a nonintercalating sample and also for
areas in the field of view without graphene. The results demonstrate
that IES has high sensitivity to voltage-related Na* intercalation un-
der in situ conditions. The lateral resolution allows to have a better
understanding of the ion transporting mechanism and can help op-
timize intercalation and storage of ions in battery materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabf0812/DC1
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