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A fundamental question facing electrodes
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made out of few layers of graphene (FLG) is if they display 2 e - Pttip
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counterpart. Here, we show evidence that suggests that £ 2 G si0. T
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layers of graphene that compose the electrode. Despite its Potential (V vs. LilLi") X (um)

extreme thinness and turbostratic structure, Li ion

intercalation into FLG still proceeds through a staging process, albeit with different signatures than bulk graphite or
multilayer graphene. Single-layer graphene does not show any evidence of ion intercalation, while FLG with four graphene
layers displays limited staging peaks, which broaden and increase in number as the layer number increases to six. Despite
these mechanistic differences on ion intercalation, the formation of a solid—electrolyte interphase (SEI) was observed on
all electrodes. Scanning electrochemical microscopy (SECM) in the feedback mode was used to demonstrate changes in the
surface conductivity of FLG during SEI evolution. Observation of ion intercalation on large area FLG was conditioned to
the fabrication of “ionic channels” on the electrode. SECM measurements using a recently developed Li-ion sensitive
imaging technique evidenced the role of these channels in enabling Li-ion intercalation through localized flux
measurements. This work highlights the impact of nanostructure and microstructure on macroscopic electrochemical
behavior and provides guidance to the mechanistic control of ion intercalation using graphene, an atomically thin interface
where surface and bulk reactivity converge.

graphene, layer number dependence, Li intercalation, SEI, staging mechanism, SECM

i-ion batteries are a mature rechargeable energy storage tend to gravitate toward the enhanced electrical properties of
platform that utilizes the reversible intercalation of Li* graphene, their large surface area, or their processability.'*~'°
into carbonaceous materials and transition metal oxides However, other fundamental differences in the intercalation
used as anodes and cathodes, respectively. Graphite’s intrinsic mechanism of Li* on FLG can be proposed. Here, we address
layered structure has made this material a workhorse in the the question of whether graphite’s bulk properties for Li*
battery community for Li-ion battery anodes. In the past few intercalation and SEI formation are maintained in a carbon
decades, research on the layered properties of graphitic anode material with a finite number of layers, or if they take on
materials has focused on exploring its intercalation mecha- electrochemical properties unique to themselves.
nisms,' > solid—electrolyte interphase (SEI) formation, com- The Li" intercalation process into graphite follows a staging
position and structure,* ¢ and ways to improve its structural mechanism, in which Li ions do not randomly insert into any
stability and cyclability.7_9 available empty interlayer galleries simultaneously, but instead
The emergence of carbon-based two-dimensional materials, intercalate into specific interlayers at a time.'”~?° It has been
such as electrodes composed of few layers of graphene
(FLG),""™"* have prompted the search for materials with a December 7, 2015
distinct or superior performance toward intercalation than that March 4, 2016
of bulk graphite. Arguments for improvements over graphite March 4, 2016
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Figure 1. Spectroscopic characterization of FLG samples. (a) Raman 2D/G intensity ratio mapping of CVD-grown BLG sample on Si/SiO,
wafer. The graphene is primarily composed of double layers with tens of micrometer grain size. (b) Raman spectra of layer-by-layer
transferred samples: BLG, 4LG, and 6LG. Each transfer maintained the 2D/G intensity ratio double layer characteristics of BLG but
contribute to accumulated spectrum intensity. (c) Raman 2D intensity mapping of multiple graphene transfers. From top to bottom: SiO,, 1
time transferred BLG, 2 times transferred 4LG, 3 times transferred 6LG, respectively. Each layer can be easily identified through its intensity
change and the observed sharp edges between layers. (d) Raman 2D intensity mapping of directly grown MLG sample. The sample consisted
mostly of micrometer sized MLG domains (bright region), decorated with few SLG (gray region) and holes (black region). The Raman
spectra of MLG and SLG region is shown in (e). (f) UV—vis transmittance of layer-by-layer transferred BLG, 4LG, and 6LG samples, together

with directly grown MLG samples (~10 layers).

reported that Li ions first randomly occupy available sites
(dilute stage-1, LiC,,), then diffuse to fill every four layers of
the graphene planes (stage-4, LiCy4), and finally concentrate to
fill every three (stage-3, LiC,,), two (stage-2, LiC,,), and one
(stage-1, LiCy) layer(s), respectively.**" Thus, in graphite the
intercalation process is strongly dependent on the number of
neighboring delithiated interlayers at any given time. FLG
naturally displays limited numbers of available intercalation
sites; therefore, we hypothesize that the staging of lithiation will
be necessarily limited as certain charge stages are not accessible.
For example, stage-4 may not be possible in FLG with less than
5 layer graphene. With limited interlayers for Li* intercalation
in FLG, this process might reveal different phase transitions
between stages and a deviation from intercalation potentials
when compared to bulk graphite.

Apart from Li" intercalation, a SEI is also generated at the
early stages of cycling on graphite anodes. The SEI forms
because the negatively polarized anode causes the degradation
of electrolyte and solvent, causing deposition of inorganic and
organic decomposition products, onto the surface of the
graphite. However, after formation and stabilization, the SEI
layer prevents further degradation of electrolyte and solvent as
this layer is largely electronically insulating, thus blocking
electron transport across it."”® Yet even with the SEI
completely formed, the anode maintains high Li" conductivity
which ensures long-term cyclability. Compared to graphite,
FLG has similar surface properties and electrochemical
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characteristics;*> thus, it may exhibit similar SEI formation
processes. However, the stability of the SEI on FLG, together
with its electronic and ionic conductivity properties, has not
been fully addressed.

In this paper, we explored Li" intercalation and SEI
formation on FLG via stationary voltammetry and electro-
chemical imaging methods. Two synthetic routes were used to
fabricate FLG. One consisted of the direct growth of multilayer
graphene (MLG), which had on average 10 graphene layers.
The other methodology consisted of the layer-by-layer transfer
of bilayer graphene (BLG), to controllably produce layered
number graphene samples (2—6 layers). FLG samples revealed
a layer number dependence for the number and location of
intercalation peaks, which is representative of the existence of a
staging-type mechanism.

Previous studies of the SEI on graphite were focused on the
structural, compositional and stability changes with different
carbon materials, solvents, electrolytes, and temperatures using
spectroscopic and microscopic methods such as X-ray photo-
electron spectroscopy,””** Fourier transform infrared spectros-
copy,”® mass spectrometry,”* X-ray diffraction,”® and electron
microscopy.”* Electrochemical impedance spectroscopy (EIS)
is the most common method to explore SEI’s conductivity after
formation, but the information from these experiments is
spatially averaged.”” Here, we introduce scanning electro-
chemical microscopy (SECM) to visualize in situ the local
electronic transfer and ionic transport properties of FLG
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electrodes after SEI formation. SECM is a powerful tool to
image highly localized substrate electrochemical processes, and
provides a convenient platform to test comparisons between
materials and substrate conditions within the same experiment.
In our experiment, a Pt nanoelectrode was used to sense and
image local electrochemical kinetic changes before and after SEI
formation through SECM feedback experiments. Additionally, a
Hg-capped Pt ultra-micro electrode was used as a spatially
resolved selective Li-ion sensor via stripping voltammetry™® to
explore Li* uptake into FLG with a formed SEI layer. Spatially
resolved information about electron transfer kinetics and ionic
transport of SEI coated MLG samples provided details of SEI
layer behavior changes in situ, and guided us to better
understand the SEI properties on ultrathin FLG samples.

RESULTS AND DISCUSSION

To explore Li* intercalation into FLG with different number of
layers, two different types of graphene substrates were grown
using chemical vapor deposition (CVD). One CVD method
reliably produced double layer graphene, which, after layer-by-
layer transfer, yielded graphene with 2, 4, or 6 layers as needed.
The other CVD method directly grew multilayer graphene.
Figure 1 summarizes the properties of different graphene
samples. The Raman 2D/G ratio mapping in Figure la reflects
the double layer structure of %raphene, which displays a 2D/G
intensity ratio around 1.°”°° Graphene samples showed a
uniform and continuous sheet with tens of micrometer domain
size. After layer-by-layer transfer of bilayer graphene sheets, 2-,
4-, and 6-layer graphene substrates were obtained. Figure lc is
the Raman 2D intensity mapping of a three times transferred
graphene sample where each layer can be recognized with sharp
edges, indicating the integrity of these samples was maintained
after a layer-by-layer wet transfer. A zoomed-in view of each
layer, the Raman spectra of 1, 2, and 3 times transfer graphene
samples are shown in Figure 1b. From these spectra, it is clear
that each layer preserved a 2D/G intensity ratio of about 1, and
double and triple transferred samples exhibited 2 or 3 times
higher intensities.”’ With this method, we can successfully
manufacture bilayer graphene (BLG), 4-layer graphene (4LG),
and 6-layer graphene (6LG) samples verified by Raman
analysis. Figure 1d shows the Raman 2D intensity mapping
of directly grown multilayer graphene (MLG), where Raman
spectra of representative areas in MLG are shown in Figure le.
In this figure, the white areas are multilayer graphene domains,
gray areas are single-layer domains, and black areas are holes.
Additional methods were used to characterize graphene
samples for verification. The gradual decrease of UV—vis
transmittance (Figure 1f) for the progression from single,
double, and triple layer-by-layer transferred bilayer graphene on
glass agrees well with Raman images. According to previous
reports, each layer of graphene contributes to a 2.3%
transmittance decrease at 550 nm,>” as quantitatively observed
for our 2-, 4-, and 6-layer graphene sheets. From the
transmittance data of MLG (~76%), this material was roughly
equivalent to 10 layers of graphene.

After successfully making the graphene samples (2-, 4-, 6-
layer graphene and directly grown multilayer graphene),
photolithography and reactive ion etching methods were
applied to create jonic openings for Li* to intercalate in-
between graphene sheets. The fabrication procedure is
summarized in Figure 2a: the graphene on Si/SiO, wafer
sample @ went through one step photolithography to create 3
um round windows on S1813 photoresist @, RIE etching of
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Figure 2. FLG patterning procedure and results. (a) Schematic
procedure to create point of entry holes for ionic intercalation on
FLG. Graphene samples @ were patterned via photolithography
with S1813 as photoresist, leaving patterned 3 um window
openings @. Oxygen plasma was applied to etch exposed graphene
area ®. After carefully removing photoresist, patterned openings
were generated on FLG sample @. (b) SEM image of patterned
MLG sample. (c) SEM image of patterned SLG sample (exfoliated
BLG sample). This last image was taken after days of electro-
chemical experimentation with SLG.

exposed graphene under S1813 windows ®, and stripping off
the rest of photoresist to yield patterned graphene samples @.
As shown in Figure 2b,c, the patterned openings were
imbedded into the graphene basal planes and generated
additional edge planes for Li" to intercalate. Figure 2b is the
SEM of patterned MLG before intercalation test which matches
well with the Raman image in Figure 1d. Figure 2¢ is the SEM
image of patterned “bilayer graphene” after days of
experimentation in electrolyte. The graphene sheets maintained
their integrity without any obvious mechanical damage.
However, as discussed later in more detail, after the entire
patterning process, the top layer of bilayer graphene peeled off
and left only the bottom layer on Si/SiO, wafer intact, which is
referred as a patterned SLG later. The stripping of the top
graphene layer might originate from the strain generated from
the Si/SiO, substrate,” which decreases the attraction between
bottom and top basal planes. The stripped top graphene layer
came off during the acetone rinsing step that removes the
photoresist, thus BLG was not obtained for electrochemical
experiments. Instead we used the resulting SLG surface.

We first examined Li" intercalation into MLG. The first
several full CV cycles of MLG are shown in Figure 3a, and can
be divided into two regions: SEI formation and Li intercalation,
in which the zoomed-in results are shown in Figure 3b,c. The
SEI formation region is mainly located between 3.0 and 0.4 V vs
Li/Li" and has multiple peaks and evolution with cycling that
match well with previously reported results of graphite.””* Only
a small portion of SEI processes which rapidly fade upon
cycling contribute to the background in the Li* intercalation
regime.6 In the first cycle (red curve in Figure 3b), the SEI
formation was activated on the MLG surface. Due to the self-
passivating nature of the SEI, less of it was generated with each
subsequent cycle until no new growth is evident after the sixth
cycle (highlighted as green curve in Figure 3b). In comparison,
the Li" intercalation region in Figure 3¢ had much less change
from cycle-to-cycle, nearly maintaining the same current levels
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Figure 3. Cyclic voltammograms of FLG. (a) Cycling behavior of MLG; the first cycle is labeled with red color to distinguish it from following
cycles in blue. The zoomed in figures of SEI region and Li* intercalation region are shown in panels b and ¢, respectively. In panels b and ¢,
the sixth (last) cycle is labeled in green. (d) Cycling behavior of patterned SLG sample with first cycle labeled in red. After stabilization, the
last cycle in the intercalation region is shown in panel g. Similarly, panels e and h, and f and i are the full cycling CVs and stabilized
intercalation behaviors for 4LG and 6LG, respectively. Test condition: 0.1 M LiBF, in 50:50 ratio PC/EC; electrode area was 4.9 mm®.

and intercalation potentials. Comparing the first cycle (red
curve in Figure 3c) to previous studies on graphite with a
submicrometer thickness,”’ we can assign the three inter-
calation peaks at 0.22, 0.14, and 0.11 V to changes between
dilute stage 1 to stage 4, stage 3 to stage 2, and stage 2 to stage
1, respectively. For all of the scan rates in CV tests of FLG
samples, we chose a scan rate of 1 mV/s. Previous studies on
ultrathin graphite materials have been performed up to
hundreds of times slower; however, the fast diffusion of Li in
FLG makes the relatively high scan rate possible while still
maintaining distinguishable CV signals.” On FLG with more
than 10 layers, ie, MLG, the full spectrum of Li insertion
staging steps is observed, consistent with bulk graphite. This
result substantiates our hypothesis that fewer layer graphene
electrodes are required to explore the early state staging
mechanisms.

Preliminary studies of Li" intercalation on unpatterned BLG,
4LG and HOPG (highly oriented pyrolytic graphite) showed
no clear evidence of this process due to the low mechanical
defect density of the samples used. Figure S1 shows
voltammograms of these samples where unstable electro-
chemical signals were obtained, and often exfoliation was
observed. It is known that the intercalation of Li ion occurs
through the edge plane of graphite, such that high-quality
pristine unpatterned FLG electrodes do not contain enough
points of access for Li ion insertion.>® When patterned, SLG,
4LG, and 6LG displayed contrasting intercalation signatures.
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Full CVs of the first several cycles of these three samples are
shown in Figure 3d—f. They all display a similar SEI evolution
region between 3.0 and 0.4 V, but have diverse intercalation
properties between 0.4 and 0 V. In all three curves, the SEI
formation follows the same trend as MLG where there is an
initial conditioning and growth which eventually stabilizes after
several cycles. Similar conditioning steps also appeared in the
Li" intercalation regions of patterned SLG, 4LG, and 6LG. The
steady intercalation behaviors for these samples are summarized
in Figure 3g—i, which displays the last voltammetric cycle in
each. As expected, due to the lack of galleries found between
adjacent graphene sheets, in SLG (Figure 3g) no intercalation
occurs. While we cannot discard a contribution from adsorbing
ions or Li plating to the electrode, intercalation peaks were not
observed. The peak observed for SLG around 0.4 V in the first
cycle can still be attributed to SEI formation, since the position
matches well with the SEI peak observed at 0.4 V in MLG.
Additionally, this signal fades and is not observable in
subsequent cycles (Figure 3d).

In contrast to SLG, patterned 4LG and 6LG (Figure 3h,i)
have clearly observable intercalation/deintercalation peaks. The
intercalation and deintercalation peak ranges are summarized in
Table S1 and Figure S3. Since there are only four graphene
sheets in 4LG, two deintercalation peaks reflect the changes
between stages 3/2, and 2/1, observed at 0.4 and 0.2 V,
respectively. However, in the intercalation region only one
broad peak exists. We note a similar phenomenon for MLG,
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Figure 4. Feedback SECM imaging of SEI formation on fresh patterned MLG. (a) Schematic diagram of SECM feedback mode for the imaging
of patterned MLG. The SECM tip was scanned over the substrate at 133 nm of tip—substrate distance. N,N,N’,N’-tetramethyl p-
phenylenediamine (TMPD) was used as a redox mediator. This species was oxidized at Pt tip, while MLG reduced it back, generating a
feedback signal. (b) CVs comparing a fresh patterned MLG substrate (blue) and after SECM experimentation (red) showed no change in the
intercalation signatures, but a fully developed SEI with no further electrochemical evidence of growth at the end of the experiment. The
dashed lines represent the selected substrate potentials for imaging, chosen to be before and during SEI formation. (c) Tip approaching
curves to MLG surface before/after SEI formation, which indicate that the fresh MLG surface is electroactive while the formation of the SEI
layer blocks electron transfer. The limiting tip current far from the substrate was 9.3 X 107'° A. (d—f) SECM feedback images of TMPD at
various substrate potentials listed in each panel; the current changes reflect the changes in substrate kinetics following SEI formation.

shown in Figure 3c, in which the two intercalation peaks at 0.14
and 0.11 V (red curve) gradually merge into one broad peak
(green curve). Consequently, the two intercalation peaks in
4LG could presumably also combine into one signal. However,
the reason for this merging of peaks might be of different
origin. In MLG at least, the evolution of intercalation peaks
suggests that it might come from a conditioning of the material,
where structural changes induced by multiple Li ion insertions
and extractions lead to a distribution of intercalation sites.
When the direction of the potential sweep is reversed, the back
diffusion and deintercalation of Li ion is largely controlled by
the intrinsic properties of the already lithiated graphene
electrode, thus yielding discrete deintercalation peaks. As the
layer number of graphene is increased to 6 layers, there are
sufficient graphene sheets for all four staging states to be
observed.

From Table S1 and Figure 3¢h,i, we noticed a continuous
shift of first and second deintercalation peaks among 4LG, 6LG,
and MLG. Assuming MLG represents mostly bulk graphite’s
properties, the positive potential shifts at 4LG and 6LG might
come from the effect of SEI/graphene and graphene/substrate
interface. The chemical environment induced by these two
interfaces might shift the energetics of the deintercalation
process. As shown schematically in Figure S2, the impact of
these interfaces decreases as FLG transitions into MLG by
forming a better-defined bulk. We also note that differences in
the background currents in Figure 3c,g—i, likely result from
different contributions of each sample to their capacitive
current and from residual SEI growth. SLG showed the lowest
background current, reflecting its lowest activity toward
reaction with Li and its lowest density of states which
contribute to its capacitance. 4LG, 6LG, and MLG displayed
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a similar background current of 0.8, 0.3, and ca. 1.0 uA,
respectively, which was observed to decrease with an increasing
cycling number.

We note that the observed peaks in 6LG are broader than
those in 4LG. We believe this is a consequence of the broader
range of configurations and interactions available with a
growing number of layers. Observing a progressive change is
important in the context of the effects that turbostratic disorder,
ie, random rotations and translations on pairs of graphene
layers, potentially brings to the response of the lithium
intercalation signal.”® In the layer-by-layer transfer procedure
used here, it is difficult to control turbostratic disorder;
however, we believe that the existence of such disorder does
not preclude the validity of the number of layer dependent
observations done here. In the first place, 4LG and 6LG
samples displayed marked voltammetric differences as a
function of the number of layers, despite being produced
using a common building material, i.e., bilayer graphene. Even if
the galleries formed by the layer-by-layer transfer stacking of
two BLG sheets were less active than the ones formed by the
native BLG, ionic interactions between Li* ions would still be
expected to occur and to affect the electrostatic interactions
perpendicular to the surface. Second, lithiation is capable of
inducing the restacking of layers, provided the material is
capable of accommodating the necessary structural
changes.””*” As observed during our transfer procedure,
“peeling off” of monolayer graphene is possible; thus, our
layers are probably less bound than on natural graphite. This
might facilitate structural changes after a few lithiation cycles
and relieve some of the original turbostratic disorder. Finally,
turbostratic disorder has been shown to strongly impact the
amount of Li* that can be intercalated on carbons. The
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Figure S. Li-ion flux study of MLG sample after SEI formation. (a) CV-SECM image of patterned MLG sample after SEI formation (left).
Substrate was biased at 0.07 V to intercalate Li* for all experiments shown here. A series of CVs were taken at each position at 25 V/s with §
pm steps, and each pixel is the integrated stripping charge of CV, which reflects amplified changes in the local Li* concentration. Blue-shifted
signals represent areas of lower Li* concentration, therefore indicating a larger flux toward the substrate electrode. Their distribution matches
with the patterned hole openings designed for Li* insertion. SEM image of a similar area is placed to the right for comparison. The X direction
served as the long axis of the raster scan. The off-scale data (dark red color) and pixels where no data was taken (mesh pattern) in the first
column of the image is likely an experimental or instrumental artifact. (b) Local stripping tip voltammograms showing the tip current as a
function of tip potential over an active hole (left, on top of 3 ym ionic channel) and over the less active MLG surface (right), while the
substrate activates Li* intercalation at various potentials imposed to the substrate. (c) Percentage change of amalgamation and stripping peak
currents derived from panel b, showing the clear potential dependence of Li* flux into the holes but not on the MLG surface.

integrated charge of the deintercalation peaks in Figure 3hj,
shown in detail in Figure S3 and Table S1, yields the
equivalents of Li* diffused into FLG planes. 4LG yielded a
deintercalation charge of 12.2 uC (85% of calculated theoretical
charge), and 6LG has 15.7 uC (65% of calculated theoretical
charge). Both figures show evidence for a largely lithiated
interface. Even with a relatively fast scan rate and turbostratic
disordered structures, FLG can still maintain enough ability for
Li insertion.'”***® The observations provided in this article set
a precedent in which new mechanistic insights derived from the
transition of bulk graphite to an atomically thin interface can be
explored.

In addition to its intercalation behavior, it is instructive to
explore the similarities and differences in the electronic and
ionic surface reactivity of graphene in the context of our current
understanding of carbon materials. Specifically, we addressed
the evolution of SEI conductivity and the role of the fabricated
ionic-channels in facilitating Li ion intercalation. For this
purpose, we used scanning electrochemical microscopy, a
versatile tool for detecting reactivity at operating electrodes. To
further explore the properties of the SEI, SECM operated in the
feedback mode (Figure 4a) was used to image the spatially
resolved rate of electron transfer of a patterned MLG electrode
at various stages of SEI formation. According to the CVs of
FLG (Figure 3), all electrodes displayed qualitatively the same
SEI evolution process. Because MLG gave larger intercalation
signatures, this electrode was chosen as representative of FLG
samples to study SEI properties. When a nanodimensioned
SECM tip was first approached to a pristine substrate of
patterned multilayer graphene, positive feedback was observed,
indicating that the substrate was electronically conductive, even
at open circuit when unbiased (Figure 4c, black curve). SECM
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imaging was performed at various substrate potentials to
observe the feedback response as a function of electrode
activation.

Open circuit SECM images (Egy, ~ 3.3 V vs Li/Li") revealed
nanoresolved features on the surface with clearly identifiable
circular patterns on the substrate that correspond perfectly to
the fabricated graphene patterns observed under SEM with the
same center to center distances for the holes. SECM images
were collected at progressively more negative substrate
potentials at a tip—substrate distance of 133 nm. As pointed
out through the dashed lines in Figure 4b, we chose conditions
before, during, and after SEI formation, at 2.6, 1.2, and 0.07 V
vs Li/Li*, respectively. The SECM image at Eg, of 2.6 V
(Figure 4d) shows good contrast between patterned holes and
the MLG surface, with some contrast at defective regions that
respond more to substrate overpotential. These defect regions
have faster electron transfer kinetics than pristine graphene and
have been observed Ereviously via SECM™ and with droplet
based SECM probes.*’

In following images, the substrate potential was ramped more
negatively, now forming an SEI, which progressively showed a
decreasing tip feedback response due to decreased substrate
kinetics (Figure 4e(f). An overall decrease in tip current
observed starting at Egy of 1.2 V (Figure 4e) suggests the
formation of a homogeneous SEI layer that partially hinders
electron transfer at MLG surface. At E,, of 0.07 V (Figure 4f),
the pattern was indistinguishable, yielding only negative
feedback to the tip signal. Negative feedback suggests a
slowed-down regeneration of the mediator, indicative of
lowered substrate kinetics that are unable to keep up with
the mass transport imposed by the tip. We note that the impact
of the SEI on electron transfer is opposite to that expected by a
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large overpotential for the mediator regeneration reaction at the
substrate. However, the growing SEI on the surface caused the
surface to no longer be electronically conductive.' =" The
contrasting behavior of the surface before and after SEI
formation is also represented via feedback approach curves
(Figure 4c). Imaging shows in larger detail that the original
surface heterogeneity is eliminated after complete coverage of
the substrate with the SEI (Figure 4f). The substrate was
verified to still be electrochemically active after SECM imaging
by measuring a voltammogram in which the intercalation of Li*
is still clearly visible (Figure 4b, red curve). However, the SEI
remained as a passivating layer, blocking electron transfer to
TMPD even an image performed in the conditions of Figure 4d
was repeated (Figure S4).

The intercalation of Li* on the graphene electrode was
further verified using CV-SECM, an ionically sensitive
technique capable of detecting the localized flux of Li* on an
activated substrate. Our group recently introduced Hg-capped
SECM tips for use in nonaqueous media for the imaging of
lithium ions via redox competition.28 In these previous
experiments, the Hg-capped SECM tip senses the concen-
tration of Li" in the electrolyte via an amalgamation process, i.e.,
the formation of a Li(Hg) phase when the tip is poised at a
sufficiently negative potential to reduce Li*. If the tip is
approached to, and rastered across a surface that actively
intakes Li", the probe signal decreases as a result of the local
decrease in Li" concentration. In addition to amalgamation, it is
possible to operate the tip in stripping mode, where the
accumulated Li in the amalgam is reversibly oxidized. The
strippin% charge displays a linear relationship with concen-
tration.”” Operating the tip in stripping mode is advantageous
because the small Hg cap does not get saturated with Li, and
because the local Li* concentration is continuously replenished
by the sweeping action of the probe. We build upon these
previous studies and incorporate a powerful methodology
where continuously scanned SECM images are broken up into
individual pixels and every pixel is a stationary fast scan cyclic
voltammogram measuring stripping voltammetry."”*~*" The
SECM tip was moved step by step at 5 ym intervals, and CVs
were collected at each pixel at 25 V/s. The integrated stripping
charge was plotted in every pixel. This type of stop-and-go
based CV-SECM imaging is rich in experimental data and yields
more data per line scan than traditional SECM imaging.

Each pixel in the CV-SECM image (Figure Sa, left) collected
with our mercury probes corresponds to the stripping charge
calculated from the integrated current of stripping Li*. While
the mercury capped SECM tip was measuring stripping
voltammetry at every pixel, the substrate was continuously
poised at 0.07 V in order to have intercalation of Li* occur.
While a constant background is present in the entire image due
to a flux of Li* from the electrolyte into the probe, the spots in
the CV-SECM image that have the lowest stripping charge
correspond to regions on the substrate that give the most
competition for the local source of Li" and are seen in blue.
This scheme of redox competition has previously been used in
SECM to generate high resolution images that do not require
the tip to be extremely close to the substrate.”*” The blue
spots in the CV-SECM image match well with the spatial
distribution of the etched openings in the graphene pattern
(Figure Sa, left), showing that the substrate design is indeed
facilitating Li" intercalation and that the formation of the SEI is
not consuming the underlying active material. To further
demonstrate this effect at specific sites, the Hg probe was
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placed directly on top of both a hole opening area and flat
MLG surface. SECM tip CVs at various substrate potential
were collected at each described spot and are listed in Figure 5b
with their amalgamation and stripping peak current changes
shown in Figure Sc. A decrease for both amalgamation and
stripping currents was observed at the etched holes, which
contain edge plane openings that induce strong competition for
Li" at these sites. In contrast, stripping CVs right above MLG
basal planes remained constant without any dependence on
substrate potential. Collectively, these observations demon-
strate that Li ions migrate into graphene interlayers more
efficiently through the edge planes. This work would be the first
time that SECM has been used to visualize ionic fluxes through
an SEI on a battery material in real time, and help validate
results suggesting that FLG electrodes are a viable platform for
studying fundamental intercalation effects on graphitic
materials.

CONCLUSIONS

In this work, we used few-layer graphene, both directly growth
and layer-by-layer transferred, to explore Li* intercalation on an
atomically thin interface. Li" insertion in FLG follows a staging
mechanism, reminiscent of graphite, but the limited number of
graphene sheets cause significant deviations in the intercalation
mechanism, as evaluated via cyclic voltammetry. Due to the
physical restriction, no Li intercalation was found in single-layer
graphene sample. In FLG less than $ layers, 4LG as example,
only stage 1—3 can be resolved. In spite of potential difference
of intercalation/deintercalation, 6LG already exhibit similar
staging mechanism as ~10 layer MLG and graphite. This work
verifies the universality of staging mechanism in layered
carbonaceous materials, and it provides insight into the early
state Li" intercalation process in graphene-type materials.
Additionally, this work also opens interesting avenues in the
control of ion insertion mechanisms and insertion energies via
electrode nanostructuring.

As a spatially resolved electrochemical probing platform,
SECM provided information on both the electronic and ionic
reactivity of the graphene substrate. SECM feedback images
monitored the impact of SEI formation under different
substrate bias, until the stable and condensed SEI layer totally
blocked electron transfer. In contrast, CV-SECM experiments
using a Hg-capped Pt tip as Li" sensitive ionic probe were
applied to demonstrate that electrode patterning leads to points
of access for Li* intercalation preferentially on regions where
the edge plane of graphene is exposed. Current efforts in our
laboratory will focus on increasing the temporal and spatial
resolution of CV-SECM methods for exploring ionic pathways
within defects on the SEIL This work highlights the impact of
nanostructure and microstructure on macroscopic electro-
chemical behavior and opens the door to the mechanistic
control of ion intercalation using graphene, an atomically thin
interface where surface and bulk reactivity converge.

EXPERIMENTAL PROCEDURES

Chemicals. All chemicals were purchased from commercial sources
and used as received. Propylene carbonate (PC, anhydrous, 99.7%),
ethylene carbonate (EC, anhydrous, 99%), lithium tetrafluoroborate
(LiBF,, 98%), silver nitrate (AgNOs; 99%), mercury(Il) chloride
(HgCl,, 99.5%), N,N,N’,N'-tetramethyl-p-phenylenediamine (TMPD,
99%), acetone (99.5%), isopropyl alcohol (IPA 99.5%), glacial acetic
acid (99.5%), and ethylenediaminetetraacetic acid disodium salt
dihydrate (Na,EDTA-2H,0, 99.0%) were all purchased from Sigma-
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Aldrich. Twenty-five micrometers thick copper foil was purchased
from Alfa Aesar. Nano 950 K A4 PMMA, 495 K A2 PMMA, and
Microposit S1813 photoresist were purchased from MicroChem. AZ
917 MIF developer was purchased from AZ Electronic Materials. CE-
100 Copper etchant was purchased from Transene Company. SiO,/Si
wafer (3 in. B-doped P-type Si wafer with 300 nm wet thermal oxide)
was purchased from University Wafer. The deionized water (DI water)
was filtered using a Millipore system.

Graphene Growth Procedure. Multilayer graphene and bilayer
graphene were grown by chemical vapor deposition (CVD) using
methane and 25 ym Cu foil as catalyst. Prior to growth, the Cu foil was
treated in acetone (10 s), water (10 s), glacial acetic acid (10 min),
water (10 s), acetone (10 s), and IPA (10 s) to remove any surface
oxides. The Cu foil was then mounted in CVD chamber for graphene
growth with different recipes. Bilayer graphene was grown with
previously established recipe™ at 0.04 Torr with two steps: annealing
under 1000 °C, 1000 sccm Ar and 50 sccm H, for 30 min; graphene
growing at 1000 °C, 100 sccm CH, and 50 sccm H, for 25 min.
Multilayer graphene was grown using a modified recipe from
previously reported atmosphere pressure CVD method®' with no
annealing step and growth at 960 °C, 10 sccm CH, and 30 sccm H,
for 5 min.

Graphene Transfer. CVD grown graphene was transferred onto
different substrates (SiO,/Si wafer, and glass) through a wet transfer
method. After graphene growth, one side of the Cu foil with graphene
was protected with 1 layer of 495 K A2 PMMA and 2 layers of 950 K
A4 PMMA via spin-coating at 3000 rpm for 30 s. The protected
graphene was floated on top of Cu etchant for 4 h at 40 °C to remove
Cu foil beneath the graphene. The floating graphene/PMMA sheet
went through 4 rinse steps with DI water, 1 h treatment with 0.1 M
Na,EDTA aqueous solution, and 4 rinse steps with DI water again to
fully remove any metal residue. The clean graphene/PMMA sheet was
finally transferred onto the desired substrate and blow dried under
Argon. Additional organic solvent treatments were then applied to
remove PMMA protecting layer: 2 h in anisole, 4 h in dichloro-
methane/acetone mixture (1:1 ratio), and 2 h in isopropyl alcohol.
Repetition of this process yields multilayered graphene samples.

Patterning Graphene. Photolithography and reactive ion etching
(RIE) methods were applied to define and create two-dimensional
micron patterns on graphene. For photolithography, positive photo-
resist S1813 was selected to create patterned openings, 3 ym square
array with 24 ym center-to-center distance, on graphene. S1813 layer
was spin coated onto graphene at 4000 rpm for 45 s and soft baked at
115 °C for 1.5 min. Karl Suss MJB3 contact mask aligner was used to
transfer the pattern from the mask to the photoresist layer. After
developing in AZ 917 MIF developer for 15 s, 3 um square array
openings were created on top of graphene. A Plasma Lab Freon/O,
RIE system was applied to selectively etch the exposed graphene area
under 20 sccm O,, 37 mW RF energy and 40 mTorr pressure for 30 s.
The etched graphene sample was carefully rinsed with acetone to
remove photoresist layer which left a pristine patterned graphene on
the substrate.

Sample Characterization. Graphene samples were characterized
via optical microscopy (Zeiss Axio Lab.Al, Germany), scanning
electron microscopy (SEM, Hitachi S-4800 high resolution SEM,
Japan), Raman spectroscopy (Nanophoton Laser Raman Microscope
RAMAN-11, Japan), and UV—vis spectroscopy (Shimadzu, Japan).
Raman measurements were used in both spectroscopic and imaging
modes.

Electrochemical Test. All electrochemical experiments were
conducted using a CHI 920D SECM from CH Instruments (Austin,
TX) inside of a glovebox (MBraun, Stratham, NH) with mindful
control of the oxygen and water levels in the atmosphere to be less
than 0.1 ppm, respectively. A Pt wire and an Ag/Ag* (0.1 M AgNO; in
a 50:50 mixture of PC/EC) electrode were used as the counter and
reference electrodes. A 0.1 M LiBF, solution in 50:50 PC/EC mixture
was used as stock solution.

Li Intercalation with Cyclic Voltammetry (CV). We chose slow
scan CV to obtain Li intercalation information into graphene samples.
Different graphene samples (MLG, patterned SLG, 4LG, 6LG) were
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used as working electrode, with a SECM Teflon cell defined working
area of 4.9 mm”’. After adding stock solution, CVs were taken at low
scan rate of 1 mV/s over multiple cycles to test SEI formation and Li
intercalation processes.

Nano-SECM Feedback Imaging. Nanometer sized SECM tips with
a 300 nm radius platinum electrode were fabricated using Wollaston
wire with an RG of approximately 25; the detailed fabrication
procedure is listed in Supporting Information. Fresh MLG with
patterned 3 um openings was used to explore SEI electronic
conductivity characteristics. The Wollaston wire electrodes were
approached to the patterned graphene substrate in the feedback mode
of SECM using a solution of 10 mM TMPD in stock solution as an
electrochemical mediator. SECM images were collected at various
substrate bias steps from open circuit (3.3 V) to SEI fully formed (0.07
V) to monitor surface kinetics changes as the SEI is formed on fresh
MLG samples.

CV-SECM Imaging. The S ym radius platinum electrodes (RG ~ 2)
were purchased from CH Instruments (Austin, TX). Mercury capped
SECM tips were fabricated inside of the glovebox from a nonaqeuous
solution by depositing mercury on the surface from a 0.1 M solution of
HgCl, with 0.1 M TBAPF4 in DMF through a chronoamperometric
step at —0.8 V vs a tungsten wire for 144 s to deposit 34 uC (0.34
nmol) of mercury on the surface. The presence of mercury on the
SECM tip was verified by performing stripping voltammetry in the
presence of the electrolyte used for lithium intercalation for the
patterned graphene (0.1 M LiBF,). Stripping voltammetry showed
clean and clear amalgamation formation for lithium at 1 V vs Li/Li"
with reversible stripping.

The tip was approached to the surface with 10 mM TMPD using
only the first oxidation as mercury itself will strip off the surface if the
second oxidation is accessed. Cyclic voltammetry SECM (CV-SECM)
imaging was performed by measuring 3 complete cyclic voltammo-
grams at 25 V/s to show the amalgamation and stripping of Li" at
every single pixel in the image where every pixel was 5 um large. The
last voltammogram measured at every pixel was integrated to find the
stripping charge and plotted as a function of surface location to
generate a CV-SECM image.
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