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Scalable production of graphene with tunable and
stable doping by electrochemical intercalation
and exfoliationt

Ya-Ping Hsieh,** Wan-Yu Chiang,® Sun-Lin Tsai® and Mario Hofmann*®

Graphene’s unique semimetallic band structure yields carriers with widely tunable energy levels that
enable novel electronic devices and energy generators. To enhance the potential of this feature, a
scalable synthesis method for graphene with adjustable Fermi levels is required. We here show that the
electrochemical intercalation of FeCls and subsequent electrochemical exfoliation produces graphene
whose energy levels can be finely tuned by the intercalation parameters. X-ray photoelectron spectroscopy
reveals that a gradual transition in the bonding character of the intercalant is the source of this behavior.
The intercalated graphene exhibits a significantly increased work function that can be varied between 4.8 eV
and 5.2 eV by the intercalation potential. Transparent conducting electrodes produced by these graphene
flakes exhibit a threefold improvement in performance and the doping effect was found to be stable for
more than a year. These findings open up a new route for the scalable production of graphene with
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Introduction

Graphene is a two-dimensional carbon material that exhibits a
wealth of unique properties which have attracted the attention
of researchers in many fields ranging from electronic® to energy
storage devices.”™ One particularly interesting property of
graphene, brought about by its low carrier concentration and
peculiar band structure, is its semimetallic nature. The ability
to tune graphene’s Fermi level over a wide range while retaining
metallic conduction enables applications as tunable Schottky
barrier devices,” hole/electron conductors in solar cells,® or ohmic
contact materials.”

While electrostatic control of the Fermi level using gate
dielectrics® or electrochemical gating® enables proof-of-concept
devices, a permanent method to adjust the Fermi level is required
for many applications. Chemical doping is the most common
approach to varying the carrier distribution by introducing
charged ions in the vicinity of the graphene lattice.'® The stability
of doping amount and characteristics over time, however, is a
major issue of this approach.'’ Many factors, such as the
clustering of adsorbates and their reaction with oxygen, cause
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adjustable properties for future applications.

changes in the character and effectiveness of doping upon
prolonged exposure to the environment."*

A solution to enhancing the stability of dopants could be
through confinement effects: Intercalation between graphene
layers has been shown to result in stable doping of graphene
with FeCls,"® Li,"*"® Al'® and other materials that are normally
environmentally unstable. This robustness is not well understood
and scaling of the confinement approach has been challenging.
Intercalation of FeCl; between layers of large-scale CVD-grown
graphene showed a reduction in conductivity by 50% within
1 week'” in contrast to intercalation between multilayers of
mechanically exfoliated graphene that was stable for over 1 year.'®
The instability arises from larger inter-layer spacing of sequen-
tially transferred graphene due to a limited interaction between
the layers'® which increases contaminant mobility between layers.
Furthermore, uniform intercalation of large-scale graphene sheets
has been challenging because of the limited diffusion speed of
dopants over the required length-scales."”

In order to overcome these issues, we investigate the doping
effect in thin films of graphene flakes. Such films are composed
of micrometer-sized grains of multilayer graphene which can
be efficiently intercalated."

This work combines electrochemical intercalation and
exfoliation techniques because of their easy scalability and
ability to finely tune the graphene’s properties through manip-
ulation of the process parameters.

Optimization of the intercalation process was shown to enable
the formation of low-stage graphite intercalation compounds.'*°
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The geometry, chemical composition, and production yield of
graphene can then be adjusted by the electrochemical exfolia-
tion parameters.”’ >* We here demonstrate that the modifica-
tion of the electrochemical intercalation process results in the
change of graphene’s carrier concentration. Spectroscopic ana-
lysis of the intercalated iron species revealed an increasing
contribution of iron chloride with intercalation potential which
results in an enhanced charge transfer to graphene. This
mechanism permits fine adjustment of graphene’s work func-
tion between 4.8 eV and 5.2 eV through control of the inter-
calation process. Thus produced graphene exhibits a threefold
increase in performance over pristine graphene flake films. The
doping effect was stable over one year due to a self-limiting
oxidation effect.

Experimental

Graphite flake electrodes were produced by mixing a binder
[poly(vinylidene fluoride): 0.6 g and 1-methyl-2-pyrrolidone:
10 ml] with natural graphite flakes (Alfa Aesar, 10 mesh, 99%
metal basis). Electrochemical intercalation was carried out in
FeCl; solution (FeCl; (40%): 72 ml; HCI (36%): 18 ml; DI water:
10 ml) following previous reports.>>*® Electrochemical exfolia-
tion was conducted in an aqueous H,SO, electrolyte (0.47 M) as
previously reported.>” A pulsed voltage of 30 V was applied using
a computer-controlled Motech SP1200 power supply to exfoliate
graphene. The obtained solution was deposited onto 2 x 2 cm?®
quartz substrates without further purification using an airbrush
with a 0.3 mm nozzle. Spectral transmittance of graphene films
was measured using a KMAC Spectra Academy SV2100 and sheet
resistance of these films was characterized by 4-Probe measure-
ments in van-der-Pauw geometry.

Results and discussion

To understand the effect of electrochemical intercalation on
the graphite flakes, SEM images (FE-SEM ZEISS AURIGA) were
taken before and after intercalation (Fig. 1(a) and (b)). An
obvious expansion of the edges in the out-of-plane direction
can be observed. This behavior might originate from the
electrochemical etching of graphite edges by OH™ ions which
had been previously suggested as a required step to improve
intercalation between graphite layers.*®

Fig. 1 SEM image of the graphite electrode (a) before and (b) after FeCls
intercalation.
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Fig. 2 (a) Raman spectra before and after intercalation, and (b) C1s peak
and (c) Fe 2p peak of XPS spectra after intercalation.

Raman spectroscopy shows a negligible intensity of the defect
related D-band peak at around 1350 cm ™' after intercalation
(Fig. 2a) indicating that the quality of the graphite electrode is
not significantly affected by this electrochemical etching process.

This observation is supported by X-ray photoelectron spectro-
scopy (XPS) of graphite after intercalation (for more XPS-spectra
see ESL,T Fig. S1). The main C1s peak can be deconvoluted into
two sub-peaks with peak positions of 284.3 eV and 286 eV
(Fig. 2b). The first peak was assigned to sp>-bonded carbon.
The negligible amount of sp>-bonds (~285 €V) in the graphite
lattice corroborates the high quality of graphite after intercalation.
The peak at 286 eV has been found to indicate bonding between
chlorine and carbon atoms.*

The effect of chlorine interaction can also be seen in the
Fe2p XPS peak. Two peaks were fitted into the Fe2p;, peak
at around 709.9 and 712.3 eV (Fig. 2c). These peaks represent
the bonds of iron to chlorine and to oxygen,* respectively,
and raise the question about the chemical composition of the
intercalant.

Characterization of the intensity of the CI2p and Fe2p peaks
permits extraction of the atomic concentration of iron and
chlorine at varying intercalation voltages. We observe that the
concentration of both elements is increasing with intercalation
voltage (Fig. 3a) which is supported by the results from Energy-
dispersive X-ray spectroscopy (EDS) (ESLt Fig. S2).
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Fig. 3 Influence of intercalation voltage on (a) elemental composition
obtained by XPS, (b) intensities of the two peaks contributing to the Fe 2p
peak, (inset) schematic of self-limiting oxidation process where surface
iron oxides (red) protect a core of iron chloride (yellow), (c) Raman G-band
of graphite intercalated at different voltages, and (d) Raman G-Band
position vs. intercalation voltage.

Surprisingly, the trend of an enhanced intercalation effect
extends over a large voltage range between 0 and 10 V. This
voltage window is significantly larger than in previous electro-
chemical intercalation cases.>' The observed difference is thought
to originate from the parallel formation of gas bubbles at the large
potentials needed for complete intercalation.>" This alternate
reaction pathway will enhance the interfacial resistance and in
turn decrease the efficiency of intercalation. Consequently, high
voltages are required to simultaneously drive both reactions.

The observed correlation between both Fe and Cl concentra-
tions with intercalation voltage (Fig. 3(a)) demonstrates the higher
attainable intercalation efficiency (lower intercalation stage) for
higher electrochemical potentials.>®

The ratio of Fe to Cl atoms was found to be 1:1.5 in agreement
with previous studies on gas-phase FeCl; intercalation.’” The
deviation of this ratio from the expected value of 1:3 indicates
that a significant portion of FeCl; undergoes oxidation.

To reveal the difference in iron bonding, we investigate the
relative peak intensities of the oxide and chloride-related bonds
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in Fe 2p3), (Fig. 2b). We observe that the iron chloride concentration
is increasing with respect to iron oxide for increasing intercala-
tion voltage (Fig. 3b).

The observed trend can be explained by a self-limiting
oxidation process of iron intercalants.’”> At low Fe concentra-
tions associated with low intercalation voltages, small inter-
calant clusters form that can be completely oxidized upon
exposure to the environment. Larger intercalation voltages will
result in bigger agglomerates and oxidation is limited to the
surface regions. Consequently, iron atoms in the center of the
intercalant islands are protected from oxidation and maintain
their chlorine bonds (inset Fig. 3b).

Raman analysis was employed to characterize the impact of
the detected increasing FeCl; concentration at higher intercala-
tion voltages on charge transfer. An increasing blue shift of the
2D-peak (Fig. 3¢) suggests an intercalation-induced hole doping
of graphene.**** This behavior is expected since Fe*" tends to
reduce to metallic Fe by removing charges from graphene.*®*’
The higher reduction potential of iron chloride compared to iron
oxide can explain the enhanced doping effect at higher inter-
calation voltages which facilitate higher FeCl; concentrations.

The adjustable charge transfer caused by the intercalation
process was found to be retained even after electrochemical
exfoliation. We observe that the work function of exfoliated
graphene thin films is directly proportional to the intercalation
voltages used in the intercalation step (Fig. 4a). The highest
achievable work function was found to be 5.2 eV which is in
agreement with previous results on gas-phase intercalation.*®

To confirm that charge transfer is indeed the source of the
work function change, Raman spectroscopy of the graphene
thin films was carried out.

Variation in doping changes the bond-strength of neighboring
carbon atoms which affects the Raman G-band position. In the
limit of zero temperature and large doping the G-band shift can
be related to the Fermi-level shift by a simple formula proposed
by Pisana et al.**

hAwg = 4.39 x 107> |Eg|

The thus extracted work function change agrees well with
photoemission measurements (ESI,} Fig. S3).
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Fig. 4 Control of graphene properties by the intercalation process. (a) Work function of sprayed graphene thin films from the photoelectric effect and
Raman characterization, (b) TCF sheet resistance vs. transmittance for 3 intercalation voltages, (inset) photo of the spraying process, and (c) sheet

resistance for different intercalation voltages at two fixed transmittances.
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The observed increase in work function due to the shifting
Fermi level suggests a significant doping effect. The large initial
value of the work function compared to the expected value
of 4.3 eV for pristine graphene’® indicates that graphene is
intrinsically p-doped due to environmental contaminants such
as oxygen.'' The work function shift can be related to the
dopant concentration by

Eg=h-vg- @ n,

where vr and n are the Fermi velocity and doping concentration
of graphene, respectively. Consequently, an initial work func-
tion shift of 0.6 eV suggests a doping level of 1.84 x 10" cm”.

Due to the quadratic dependence of the density of states on
energy, the intercalation-induced increase in work function
from 4.8 eV to 5.2 eV will result in an increased doping level
of 6 x 10" cm?. Consequently, FeCl, intercalation can increase the
carrier concentration of exfoliated graphene by more than three
times compared to graphene exfoliated from pristine graphite.

Such an increase in the carrier density is expected to
significantly enhance the conductivity of graphene films which
results in an increased performance of graphene-based trans-
parent conducting films (TCFs). We therefore analyzed the
sheet resistance of films composed of graphene that was
intercalated at different voltages. Fig. 4(b) shows that more
strongly intercalated graphene exhibits higher transmittances
at similar sheet resistances.

The obtained values of sheet resistance and transmittances
are comparable to graphene films grown on Nickel by chemical
vapor deposition*? and were achieved without additional sample
purification and processing. Further sample treatment processes
such as centrifugation, acid treatment, and high temperature
annealing have been proven to dramatically improve the perfor-
mance of the exfoliated graphene.*?

More importantly, the graphene sheet resistance at a given
transmittance can be finely controlled by tuning the inter-
calation voltage (Fig. 4c), which proves that the higher doping
of graphene increases the thin film performance. A threefold
reduction in sheet resistance is found between pristine
graphene and the material that was intercalated at 10 V. The
value of the resistance decrease is similar to the estimated increase
in carrier concentration indicating that the carrier mobility x is not
significantly affected by the addition of dopants. This robustness of
the carrier transport in the presence of increased charge impurity
scattering® is caused by the relatively low concentration of iron
impurities of 0.5 at% after expansion and due to additional
limitations of carrier transport in the investigated thin flake films.
Hall effect measurements of pristine films reveal relatively low
carrier mobilities of u = 1.5 ecm® V' s~! which are similar to
previously measured hopping mobilities in percolative networks.*’
These low mobilities dominate carrier transport and only
depend on the morphology and their stability is explained by
our observation that the intercalation process has no significant
influence on the flake morphology (ESLt Fig. S4).

Our results show that the exfoliation from electrochemically
intercalated graphite represents a route for enhancing the
performance of graphene. An additional advantage of our
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method over currently used doping techniques is its environ-
mental stability. Sprayed graphene flake samples were re-measured
after one year and their sheet resistance remained virtually
unchanged exhibiting unsystematic variations within 10% (see
ESL T Fig. S5). This result proves that FeCl; can act as a stable
source of doping for industrial applications.

Conclusions

In summary, using FeCl; intercalated graphite for electro-
chemical exfoliation was shown to change the work function
and performance of the resulting graphene. The doping process can
be controlled by the intercalation voltage through an increase of the
amount of reactive FeCl;. Exfoliated graphene thin films exhibit a
threefold increased conductivity compared to pristine graphene. Our
approach provides a solution for stable and heavy doping that is
compatible with industrial scale production and enhances the
performance of graphene TCFs for future applications.
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