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Abstract 
 

Chemical functionalization is required to adapt graphene’s properties to many 
applications. However, most covalent functionalization schemes are spontaneous or 
defect driven and are not suitable for applications requiring directed assembly of 
molecules on graphene substrates. In this work, we demonstrated electrochemically 
driven covalent bonding of phenyl iodoniums onto epitaxial graphene. The amount of 
chemisorption was demonstrated by varying the duration of the electrochemical 
driving potential. Chemical, electronic, and defect states of phenyl-modified graphene 
were studied by photoemission spectroscopy, spatially resolved Raman spectroscopy, 
and water contact angle measurement. Covalent attachment rehybridized some of the 
delocalized graphene sp2 orbitals to localized sp3 states. Control over the relative 
spontaneity (reaction rate) of covalent graphene functionalization is an important first 
step to the practical realization of directed molecular assembly on graphene. More 
than 10 publications, conference presentations, and program highlights were 
produced (some invited), and follow-on funding was obtained to continue this work.  
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1.  INTRODUCTION 
 
Despite intense research on the fundamental properties of graphene since its isolation in 2004,1 
its practical wide-spread application remains elusive. Graphene has been proposed for use as a 
transparent electrode owing to the material’s high in-plane conductivity, transparency, chemical 
stability, and elemental abundance. Large interest in this application stems from the desire to 
replace rare and expensive brittle conducting oxides (e.g., ITO), unstable conducting polymers 
(e.g., PEDOT:PSS), and fragile optically thin metals as electrical contacts to solar cells, light- 
emitting diodes, and photodetectors. However, previous efforts in using graphene for electrodes 
have suffered from poor film quality and uncontrolled interactions between graphene and the 
contacted materials.2,3 Chemical functionalization is a promising means of modifying and 
improving graphene’s interaction with other materials, but current functionalization schemes are 
not well controlled, characterized, or understood.4-7 The practical use of graphene as a 
transparent electrode material will require controlling the chemical functionalization of graphene 
interfaces, characterizing the physical properties of the functionalized surfaces, and 
understanding how modifying graphene’s chemical nature also affects its material and physical 
properties. 
 This work employs a comprehensive characterization methodology to understand the effects 
of functionalization chemistry on the material and physical properties of graphene. Of particular 
interest is how chemical functionalization of graphene affects its electronic band structure and its 
energy band alignment with other materials. These issues, which are still not well characterized 
or understood in graphene, greatly affect the material’s conductivity and transparency, as well as 
charge injection and extraction in devices. We will initially investigate functionalization 
chemistries intended to modify the work function of graphene and improve its performance as a 
transparent electrode in optoelectronic devices. Using knowledge generated from fundamental 
surface science measurements, and correlating functionalization chemistries to material 
properties, this work will accelerate the systematic development of optimally functionalized 
graphene films for transparent electrodes and other applications. 
 
1.1. Experimental Approach 
 
In an effort to establish a general analytical framework for understanding the relationship 
between graphene functionalization and its material properties, we will initially study 
functionalization chemistries relevant for improving the performance of transparent graphene 
electrodes. Electron withdrawing or electron donating diazonium or iodonium compounds have 
been selected to increase or decrease graphene’s work function, respectively, so as to improve 
charge transfer at the contact interface. While diazonium functionalization has been observed on 
graphene surfaces,4-6 its electrode properties have not been comprehensively characterized, 
understood, or controlled. Iodonium chemistries have not yet been explored on graphene. In both 
cases, the attached phenyl rings provide additional sites for further functionalization, such as for 
surface energy modification. In contrast to other work using poor quality exfoliated or chemical 
vapor deposited graphene films (ExfG or CVDG) for electrodes,2,3 our approach will 
functionalize high quality epitaxial graphene (EpiG) grown on silicon-carbide substrates.8  EpiG 
has significantly lower defect densities than ExfG or CVDG to facilitate the correlation between 
chemical functionalization and changes in graphene’s intrinsic properties. EpiG is also better 
suited for transparent electrode applications due to its higher conductivity and transparency. 
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 To accelerate the path from discovery to application, our work aims to establish a 
comprehensive characterization methodology to study the effects of functionalization chemistry 
on graphene’s electronic and material properties. One of the most important correlations to 
establish is how chemical functionalization of graphene affects its electronic band structure and 
its energy band alignment with other materials. Ultraviolet photoemission spectroscopy (UPS) 
will be developed to investigate the band structure of functionalized graphene films. Chemical 
characterization of the functionalized films will be needed to correlate how fundamental changes 
in the chemical bonding environment affect graphene’s band structure and its ensuing physical 
properties. Using X-ray photoemission spectroscopy (XPS) and Raman spectroscopy, the 
underlying chemistry behind functionalized graphene films provides the linking step to drive the 
direction of future efforts to functionalize graphene for specific applications. 
 
1.2. Programmatic Relevance 
 
Many technologies driving U.S. innovation, commercial interests, and national security rely 
heavily on transparent electrodes based on scarce and expensive minerals controlled by foreign 
entities. Many energy conversion technologies requiring efficient electrical contacts are also 
needed for a balanced, independent, and sustainable national energy portfolio. Successful 
leverage of the findings presented in this work to technologically relevant applications will have 
an immense impact on mitigating our nation’s reliance on foreign resources, and bolster the 
diversity and sustainability of our own energy resources. This work will also have consequences 
in wide ranging engineering applications, such as nanoscale processing of graphene for national 
security applications in nanoelectronics and chemical/biological sensing. 
 
 

2.  RESULTS 
 
2.1. Background 
 
Graphene has drawn considerable attention for its unique fundamental properties1 but also for its 
potential applications in nanoelectronics,2 photonics,3 transparent electrodes,3−8 and sensing.9−12 

There is an increasing need to modify graphene’s electronic, chemical, and physical properties to 
suit specific applications. Chemical functionalization can been exploited to modulate graphene’s  
bandgap and carrier concentration in transistors; work function and wetting properties for trans- 
parent electrodes; and chemical sensitivity and specificity for chemical sensors. 

Past work on graphene functionalization has fallen into four broad categories: (1) 
noncovalent functionalization, (2) covalent functionalization of graphene by oxygen to create 
graphene oxide, (3) the subsequent covalent functionalization of graphene oxide, and (4) direct 
covalent functionalization. Noncovalent graphene functionalization involves the intercalation or 
adsorption of charge transfer atoms or molecules. This method is mostly used to modify carrier 
concentration and work function.13−16 This doping, at least to moderate concentrations, does not 
appreciably change graphene’s band structure (i.e., open a band gap) or chemical properties. 
Noncovalent graphene modification has also been explored for improving graphene’s solubility 
in solution-based processes.17−19 

The creation of graphene oxide is a covalent functionalization method often used to improve 
graphene’s processability. Oxidation of graphene modulates its wettability,20 which facilitates 
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solution-based deposition of thin films.6,21−23 Graphene oxide films can be reduced back to 
graphene or used as an intermediary for the covalent bonding of molecular compounds through 
the oxygen sites.24 Despite these benefits, graphene oxidation processes lead to appreciable 
defects with unpredictable densities, nucleation, aggregation, and chemical structures.25 Even 
upon reduction back to graphene, the material still contains irreversible damage including point 
defects and amorphous glassy carbon-like regions. Linking functional groups to graphene via 
covalent bonds to oxygen is also not always desired. 

Direct covalent graphene functionalization by molecular compounds has been more recently 
explored, usually employing aryl diazonium compounds.26−30 These phenylene-based molecules 
are desirable for their structural and chemical similarity to graphene and the multitude of 
phenylene side group attachments. Band gap modification, conductivity enhancements, and 
processing improvements have been demonstrated using covalent graphene functionalization 
from aryl diazonium precursors.28,29,31,32 However, diazonium chemistry is readily spontaneous 
on metal and semiconductor surfaces33 and is fairly spontaneous on graphene.27,34 It is therefore 
difficult to moderate graphene’s properties simply by modulating the surface functionalization 
density. Spontaneous diazonium self-assembly is also not well-suited for applications requiring 
directed assembly of molecules on graphene (e.g., printed graphene circuits, chemical/biological 
sensor arrays, etc.). As previously shown, control over the relative spontaneity of covalent 
graphene functionlization, often with orders of magnitude variability in the reaction rate, is 
desirable for realizing directed molecular assembly on graphene. 

Iodonium compounds have higher reduction potentials in comparison to their analogous 
diazonium salts and have shown nonspontaneous or less spontaneous covalent bonding on Si, Pt, 
and glassy carbon surfaces.35−38 Here, we demonstrate the electrochemically driven covalent 
functionalization of graphene from a symmetric aryl iodonium salt. Specifically, epitaxial 
graphene on SiC(0001) was covalently functionalized with trifluoromethylphenylene (CF3Ph). 
Unlike the direct covalent graphene functionalization works cited above, most of which employ 
nitro-terminated molecules, CF3Ph was chosen because its nonreactive, hydrophobic, and 
electronegative fluorine end groups are technologically important in materials chemistry, surface 
passivation, and charge transfer applications. Epitaxial graphene was chosen as the substrate to 
clearly understand the effects of basal plane functionalization on the physicochemical properties 
of graphene. Shifts in the chemical, electronic, and defect states were observed with 
photoemission and Raman spectroscopies. An increase in the water contact angle was also 
observed with increasing functionalization. The changes were consistent with some 
rehybridization of graphene’s sp2 configuration to covalently bonded sp3 states upon function- 
alization and the adsorption of fluorine-terminated molecules to the graphene surface. 
 
2.2. Functionalization from Diazonium Precursors 
 
As expected, and in agreement with the literature, initial diazonium functionalization 
experiments showed that the chemistry was too spontaneous for controlling surface coverage on 
indium tin oxide (ITO) and graphene. As shown by Bekyarova et al,27 the functionalization 
density could be controlled by submerging the substrates in dilute diazonium solutions over 12-
24 hours. We found this to be impractical from a technological standpoint, and immediately 
shifted the project focus to investigating new iodonium functionalizations of graphene. 
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2.3. Functionalization from Nitro Phenyl Iodonium Salts 
 
Preliminary efforts to covalently modify graphene began with the electrochemical grafting of 4-
nitrophenyl-iodonium tetrafluoroborate onto indium tin oxide (ITO). As shown in Figure 1, 
experiments on NO2-functionalized ITO exhibited a well-defined first reduction wave at –900 
mV vs. a Ag/Ag+ nonaqueous reference electrode. Subsequent cyclic voltammetric (CV) scans 
showed attenuation of the reduction peak, but no significant shift in the reduction potential. This 
suggests stacking of nitrophenyl groups on the ITO surface. The benefit of nitro functional 
groups is that a reversible electrochemical reaction 
 

NO2 ⇒ NH2 

NH2 ⇔ NH-OH 
 

can be used to quantify the surface functionalization density. The molecular density can be 
estimated from the charge Q passed through the electrochemical cell 

 
Q = nFAΓ/NA 

 
where Q = 5.77 x 10-5 Coul  is determined by the area under the reduction peak after subtraction 
of a linear background. Additionally, n = 6 for the six-electron NH2 ⇔ NH-OH reaction; A ≈ 0.8 
cm2 for the area of the ITO electrode; F is Faraday’s constant; NA is Avogadro’s constant; and Γ 
is the surface density of electrochemically activated reactants. From this, we determine that the 
surface coverage was ~ 7.8 × 1013 molecules cm-2. This is approximately one order of magnitude 
less than the close-packed surface coverage expected for nitrophenyl groups.27 

 
 

 
 
Figure 1. Electrochemical functionalization of ITO with NO2 from an iodonium precursor (left). 
The reversible NH2 ⇔ NH-OH reaction allows counting of the functionalization density (right). 
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Figure 2. XPS of nitrophenyl functionalized ITO. Full scan on left, N 1s in center, O 1s on right. 
 

X-ray photoemission spectroscopy (XPS) on NO2-phenylene functionalized ITO showed 
significant charging of the film (Figure 2, left), suggesting the deposition of a thick NO2 film on 
the ITO. Quantitative analysis of the N 1s (Figure 2, center) and O 1s (Figure 2, right) spectra 
show a N:O ratio of 2.7, which is unexpectedly high compared the 0.5 N:O ratio for NO2. Since 
NO2 is an electrochemically active species, we suspect that polymerization of NO2-phenylenes is 
occurring as depicted in the inset of the full scan in Figure 2. This would lead to the lower 
molecular surface density calculated using the electrochemical method described above, since 
more of the NO2 sites are tied up in self-linking to other nitrophenyl groups. 
 Due to the self-functionalization of nitrophenyl groups, we found this approach not suitable 
for well-controlled functionalization of graphene. 
 
2.4. Functionalization from Fluorinated Aryl Iodonium Salts 
 
In an attempt to control the functionalization density of graphene, we developed a method to 
synthesize and electrochemically activate CF3Ph-iodonium precursors on graphene. 
 
2.4.1. Experimental Details 
 
Graphene was epitaxially grown on 6H-SiC(0001) by the sublimation of Si in an Ar 
environment.39 N-type SiC(0001) with a nominal sheet resistance of 0.1 Ω cm (Cree, Inc.) was 
first annealed in 1 atm of 45% H2:Ar at 1450 °C to remove polishing-induced surface damage. 
Graphitization was then achieved by heating to 1550 °C in the presence of ultrahigh purity Ar at 
atmospheric pressure. Graphene films were examined using low-energy electron microscopy 
(LEEM) and atomic force microscopy (AFM) to verify film thickness and quality. All samples 
used in this study exhibited single monolayer (ML) graphene on approximately 80% of the 
sample surface area and multilayer graphene (2−3 ML) primarily at SiC step edges. The 
graphene monolayer is a single continuous sheet that conforms to the underlying terrace structure 
of SiC.40 
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Electrochemical covalent functionalization of graphene was achieved by electrochemical 
reduction of bis(4-trifluoromethyl- phenyl) iodonium tetrafluoroborate [(CF3Ph)2I+BF4

−] dis- 
solved in solution. The iodonium salt precursor was synthesized using a one-pot synthesis 
method described by Bielawski et al.41 The electrochemical solution contained 10 mM 
(CF3Ph)2I+BF4

− in anhydrous acetonitrile (ACN), with 100 mM tetrabutylammonium 
tetrafluoroborate (TBATFB) as a supporting electrolyte. Epitaxial graphene/SiC(0001) was the 
working electrode, while electrochemical potentials and currents were measured with a Ag/Ag+ 
reference electrode and a Pt counter electrode, respectively (Bioanalytical Systems, Inc.). The 
cell solution was purged with Ar for at least 15 min before inserting the substrate, and the 
electrochemical reaction was conducted in a nominal Ar environment to prevent incidental 
oxidation of graphene and the functional molecules. The electrochemical cell was emptied and 
refilled with fresh CF3PhI+BF4

− ACN solution after the treatment of one to two samples. Cyclic 
voltammetric (CV) and chronoamperometric (CA) methods were used to initiate the 
electrochemical reaction.  

X-ray photoemission spectroscopy (XPS) was performed in a Kratos Axis Ultra DLD system 
using monochromated Al Kα irradiation (hν = 1486.6 eV) and a hemispherical electron energy 
analyzer. Spectral intensities were normalized by each core level’s respective photoionization 
atomic sensitivity factors, i.e., σF1s = 1.000 and σC1s = 0.296. Qualitative and quantitative 
chemical analysis of the C 1s spectra was aided by background and spectral subtraction to isolate 
features associated with functionalized graphene from the SiC, the buffer layer, and surface-
adsorbed hydrocarbon components.42−47 First, Shirley backgrounds were computed and 
subtracted from each C 1s spectra. Then, the underlying SiC, buffer layer, and surface adsorbed 
hydrocarbon components were identified by sub- tracting the graphene carbon peak as referenced 
to a C 1s spectrum of chemical vapor deposited graphene on Ni. This composite SiC, buffer 
layer, and hydrocarbon background were then subtracted from the functionalized epitaxial 
graphene spectra. 

Ultraviolet photoemission spectroscopy (UPS) was performed in the XPS system using an 
Omicron GmbH differentially pumped He plasma discharge lamp. Electron kinetic energies 
collected by the analyzer were converted to binding energies by referencing to the system’s 
Fermi level (EF) as measured on clean metal substrates (Au, Ag, Cu). Work functions were 
calculated by subtracting the vacuum level onset (Evac) observed at high binding energy from the 
HeI photon energy (hν = 21.22 eV). 

Spatially resolved Raman spectroscopy was carried out using a WiTec GmbH alpha300R 
confocal Raman system having a spectral resolution of ≈3 cm−1 using 532 nm irradiation 
focused to a ≈ 700 nm diameter spot. Laser powers were optimized to prevent sample damage. 
Scans were conducted every 333 nm across 15 µm × 15 µm regions. Water contact angle 
measurements were conducted using a Rame-Hart goniometer. Ultrahigh purity water with a 
resistance of 18 MΩ·m was used, with an average drop size of 14.5 ± 1.0 µL. 

 
2.4.2. Experimental Results and Discussion 
 
On the basis of computational work from Fontanesi et al.,38 which modeled the dissociation 
dynamics of asymmetric iodonium salts, a likely reaction pathway is proposed in Figure 3. 
Electron injection from graphene results in the electro- chemical one-electron reduction and 
dissociation of the iodonium salt. The dissociation products are CF3Ph iodide and a CF3Ph 
radical, the latter which covalently bonds to the graphene surface. 
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A representative cyclic voltammogram (CV) for epitaxial graphene/SiC(0001) in 10 mM 
(CF3Ph)2I+BF4

− salt in 100 mM TBATFB acetonitrile is shown in Figure 4. The first CV sweep  
 

 
 
Figure 3. Proposed reaction pathway for covalent graphene functionalization from 
trifluoromethylphenyl iodonium. (1) Electron injection from graphene. (2) Dissociation of 
(CF3Ph)2I+ into CF3Ph iodide and a CF3Ph radical. (3) Covalent attachment of the radical to 
graphene. 

 
 
shows a distinct reduction wave at −1.05 V vs Ag/Ag+, corresponding to electron injection and 
subsequent functionalization of graphene. This is in stark contrast with the broad CV curves 
observed for spontaneous nitrophenyl functionalization of graphene from diazonium salts.34 The 
observed reduction potential (Vr) is consistent with the expectation that aryl iodonium 
compounds have ∼1 eV more negative reduction potentials compared to diazonium compounds 
(Vr ∼ 0 for the spontaneous diazonium−graphene reaction).35 Significantly reduced currents on 
the second CV scan in Figure 4 indicate passivation of graphene’s electrochemical reactivity by 
an electrically insulating monolayer of CF3Ph. Still, a small reduction peak at −0.75 V suggests a 
low density of unreacted sites present after the initial adsorption. The decrease in reduction 
potential is consistent with an increase in the graphene work function,48 which is expected given 
the chemisorption of fluorine moieties onto other surfaces.49,50 

The molecular density of CF3Ph grafted onto graphene can be estimated from the charge Q 
passed through the electrochemical cell according to the previously introduced equation 

 
Q = nFAΓ/NA 

 
where Q is determined by the area under the reduction peak after subtraction of a linear 
background. Here, n = 1 for the one-electron iodnium−graphene reaction; A ≈ 2 cm2 for the area 
of the graphene electrode; F is Faraday’s constant; NA is Avogadro’s constant; and Γ is the 
surface density of electrochemically activated reactants. In the CV scans shown in Figure 4, Γ = 
1.2 × 1015 molecules·cm−2 and Γ = 2.6 × 1013 molecules·cm−2 for the first and second scans, 
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respectively. It is important to note that Γ is an upper bound on the number of CF3Ph radicals 
 

 

 
 

Figure 4. Cyclic voltammogram of epitaxial graphene/SiC(0001) in acetonitrile containing 10 
mM (CF3Ph)2I+BF4

− and 100 mM TBATFB, at a scan rate of 50 mV·s−1. 
 

 
that actually covalently bond to graphene. Injected electrons may be lost to additional side 
reductions of the CF3Ph radical or the CF3Ph iodide.38 A small number of CF3Ph radicals may 
also diffuse away from the graphene surface before covalent attachment. 
 

 
 
Figure 5. XPS spectra of F 1s, C 1s C−F, and C 1s C−C regions for (a) as-prepared graphene, 
(b) dip-treated graphene, (c) CA-treated graphene, and (d) CV-treated graphene. For clarity, the 

µ
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spectra in the C 1s C−C region were normalized and shifted to match the as-prepared graphene 
peak. Normalization factors a and the shift amounts b are shown in the legend as (a·A,BE-b). 

Chemical States. XPS was used to more accurately quantify the functionalization density on 
graphene and to characterize the nature of the (CF3Ph)2I+/graphene interaction. Four different 
samples were prepared: (a) a reference sample of as- prepared graphene, (b) a control sample of 
“dip-treated” graphene, (c) an experimental sample of CA-treated graphene, and (d) a CV-treated 
graphene sample. The dip-treated control sample was immersed in the iodonium/TBAFB 
electrochemical solution for one hour without external bias (electrically floating). The CA-
treated sample was electrochemically biased with a square-wave potential for 5 s at 0.95 V. CV 
treatment subjected the graphene sample to an electrochemical potential sweep from +0.3 to −1.3 
V and back at a rate of 50 mV·s−1. The effective CV functionalization time, i.e., the time spent 
above the ∼1 V reduction potential, was ≈20 s. All samples were rinsed with acetonitrile and 
methanol after chemical treatment and analyzed with XPS to investigate differences in their 
chemical states. The cross-section normalized F 1s and C 1s (C−F and C−C) spectra are shown 
in Figure 5 for (a) as-prepared graphene, (b) dip-treated graphene, (c) CA-treated graphene, and 
(d) CV-treated graphene. 

The F 1s spectra in Figure 5 show increasing fluorine concentration with more aggressive 
CF3Ph treatment, but a 1.8 eV binding energy (BE) difference in the F 1s peak between dip-
treated and electrochemically treated samples suggests two distinct bonding environments. The 
lower F 1s BE at 686 eV for dip-treated graphene indicates a higher electron density around the 
trifluoromethyl group and is comparable to ionic- like, closed-shell fluorinated molecules such as 
LiF, XeF2, and MgF2.50,51 We exclude the possibility of residual BF3

− or (CF3Ph)2I+ molecular 
ions on the surface because of the absence of B and I in XPS. Furthermore, if these ions were 
present on dip-treated graphene, then they would also be present on CA- and CV-treated surfaces 
as well. The absence of this 686 eV feature in electrochemically treated samples suggests that 
BF3

− and (CF3Ph)2I+ are thoroughly removed by our rinsing procedure and that this feature is not 
due to those molecules. One possible reason why dip-treated graphene may exhibit lower F 1s 
BE than electrochemically treated graphene is that dip treatment results in the physisorption of 
closed-shell molecular CF3Ph on the surface. Another possible explanation is that (CF3Ph)2I+ is 
spontaneously activated at low rates or by the small density of defects present in epitaxial 
graphene. In this latter case, CF3Ph is chemisorbed onto the graphene surface, but the F 1s 
electrons are better screened by the electrons in graphene at these low functionalization densities. 
In both scenarios, as functionalization densities increase in CA- and CV-treated graphene, their 
higher F 1s BE indicates a redistribution of the molecular electron density toward the bonding 
site and a local loss of electron density from the trifluoro moieties. This is consistent with 
increased electrochemically activated covalent bond formation between the CF3Ph molecules and 
graphene. 

Fluorine was also observed in the C 1s spectra of CA- and CV-treated graphene at ≈293 eV, 
which is assigned to the presence of C−F bonds.52 This feature was not observed in dip-treated 
graphene due to the low photoemission cross section of C versus F. Comparing F 1s and C 1s 
C−F peak intensities in Figure 5, the F:C−F ratio of 3.5 ± 0.5 is consistent with the expected ratio 
for CF3Ph. The variation and slightly higher experimentally measured C:F value is likely due to 
underestimation of the low C−F peak intensity. The 0.15 eV difference between the C−F peaks 
in CA- and CV-treated graphene is commensurate with a similar shift in the F 1s bond between 
the two samples. We have suggested that this shift is due to increasing covalent bond formation 
between graphene and CF3 molecules with increasing electrochemically activated 
functionalization. 
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The C 1s C−C region for as-prepared, dip-treated, CA- treated, and CV-treated graphene are 
plotted in Figure 5 with the SiC and buffer layer components removed. For clarity, the spectra 
were normalized and shifted to match the as-prepared graphene peak. Normalization factors a 
and the shift amounts b are shown in the legend as (a·A,BE-b), both of which are within 
experimental resolution and error. As the CF3 surface density increases, more C−C components 
are observed in the higher BE shoulder of the main graphene peak centered at 284.8 eV. These 
features surrounding 286 eV likely arise from the superposition of C sp2 and sp3 states on the 
CF3Ph molecules and the higher BE of covalently functionalized graphene.53 

XPS provides a better estimation of the actual surface coverage as compared to the 
electrochemical method first described above. Here, we assume that the C 1s intensity from 
graphene corresponds to a graphene density of 3.7 × 1015 atoms·cm−2 as calculated using a 
nominal C−C graphene bond length of 0.144 nm.54 Using both the F 1s and C 1s C−F peak 
intensities, the molecular surface densities of CF3Ph on dip- treated, CA-treated, and CV-treated 
graphene were calculated tobe1.6 ± 0.5 × 1013, 2.8 ± 0.2 × 1013, and 1.0 ± 0.3 × 1014 
molecules·cm−2, respectively. In the case of CV-treated graphene, the molecular surface density 
is in excellent agreement with an ideal fully ordered close-packed monolayer of vertically 
oriented nitrophenyl groups,27 which explains why the graphene surface is nearly fully 
passivated after the first CV scan in Figure 4. Comparing CA- and CV-treated graphene, varying 
the duration of the electrochemical potential by 4× results in a 10× change in the 
functionalization density. 
 

 
 
Figure 6. Raman spectra (SiC background removed) of an epitaxial graphene monolayer (a) as-
prepared, (b) dip-treated, (c) 1 s CA- treated, (d) 5 s CA-treated, and (e) CV-treated. Multilayer 
graphene regions are shown for (f) 5 s CA-treated graphene and (g) as-prepared graphene. (h) 
20 µm × 10 µm Raman map of the ID/IG intensity ratio of 5 s CA-modified graphene. The 
dynamic range of 2.5:0.5 correlates to monolayer regions versus multilayer regions, 
respectively. (k) 20 µm × 10 µm LEEM image of a comparable area in graphene showing 
different layer thicknesses based on the intensity of reflected electrons. (m) 20 µm × 10 µm 
Raman map of a poor quality epitaxial graphene layer. 
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Defect States. Covalent bonding of CF3Ph onto graphene would result in the formation of 
graphene “defects” that would be visible in Raman spectroscopy. We investigated these 
functionalization-induced defect states using spectroscopic Raman mapping. Figure 6 displays 
representative spectra (SiC background removed) for epitaxial graphene monolayers: (a) as- 
prepared, (b) dip-treated, (c) 1 s CA-treated, (d) 5 s CA- treated, and (e) CV-treated. These 
monolayer regions were identified by the graphene 2D mode line shape at 2700 cm−1.55 As 
graphene is increasingly functionalized, the graphene defect (D) peak at 1350 cm−1 rises, while 
the 2D peak and the graphene (G) peak at 1600 cm−1 decrease. A similar rise in the D* feature at 
1610 cm−1 is also observed with increasing functionalization. The ID/IG intensity ratio is  
indicative of the density of sp2 defects in graphene.56 Increasing functionalization from 1 s CA-
treated graphene to CV-treated graphene increases ID/IG from 0.25 to 2.5. These concomitant 
functionalization-induced increases in graphene’s defect density are attributed to the breaking of 
graphene’s sp2 configuration and the creation of covalent CF3Ph−graphene bonds with sp3 
character. Electrochemical functionalization of graphene with CF3Ph does not alter the stress 
states or carrier concentrations of graphene since peak positions do not vary between samples.57 

A Raman image of the ID/IG ratio of 5 s CA-modified graphene is shown in Figure 6h. 
Maximum and minimum intensities correspond to regions with ID/IG of 2.5 and 0.5, 
respectively. The broad irregular 2D line shape of the darker regions (Figure 6f) identifies it as 
multilayer graphene. This is confirmed in the LEEM image of a comparable area of graphene 
(Figure 6k). In LEEM, graphene monolayer, bilayer, and multilayer regions are identified by 
decreasing intensities in the electron reflectivity.39 The Raman mapping confirms that epitaxial 
graphene monolayers and multilayers are not consumed or exfoliated by the iodonium 
functionalization process. While the buffer layer has a characteristic Raman response,57 we find 
no areas within the graphene monolayers in which the underlying buffer layer was observed. 
Also, graphene multilayers have their own unique Raman signature that is identified by their 2D 
line shape. The fact that this multilayer line shape is present even in the functionalized darker 
regions of Figure 6h indicates that multilayer graphene is functionalized as a whole. 

Water contact angle measurements were also used as a macroscopic determination of the 
functionalized film quality (Table 1). Figure 6m shows a Raman map of a damaged epitaxial 
graphene monolayer as a result of poor growth. The contact angle for such a disordered film was 
58.9° ± 0.6°, as compared to a contact angle of 66.0° ± 0.1° for a high-quality graphene 
monolayer epitaxially grown on SiC. If CF3Ph functionalization were to substantially disorder 
graphene, then a commensurate decrease in the contact angle would be observed. Rather, as the 
fluorine concentration increases with increasing CF3Ph functionalization, the contact angle 
increases from 67.2° ± 0.5° for dip-treated graphene to 78.6° ± 1.0° for CV-treated graphene. 
This is consistent with the presence of increasing hydrophobic fluorine end groups on the 
graphene surface. 

 
Table 1. Water contact angles for damaged, untreated, and functionalized epitaxial graphene. 

Sample Contact angle 
Damaged graphene 58.9° ± 0.6° 
Epitaxial graphene 66.0° ± 0.1° 

Dip-treated 67.2° ± 0.5° 
1 s CA-treated 67.2° ± 0.1° 
5 s CA-treated 67.9° ± 0.2° 

CV-treated 78.6° ± 1.0° 
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Figure 7. UPS spectra of (a) as-prepared graphene, (b) dip-treated graphene, and (c) CV-
treated graphene. The vacuum level onset Evac is shown on the left, valence states in the 
center, and the Fermi level region EF on the right. 
 

 
Electronic States. The water contact angle measurements indicate a tightly packed ordering 

of CF3Ph molecules on the graphene surface, especially in the case of CV-treated graphene. The 
substantial increase in the contact angle for CV-treated graphene should be reflected in the work 
function of the sample. We used UPS to investigate this and the impact of CF3Ph 
functionalization on graphene’s frontier electronic states. Figure 5 displays the UPS spectra for 
(a) as-prepared graphene, (b) dip-treated CF3Ph on graphene, and (c) CV- treated 
CF3Ph−graphene. The vacuum level onset (Evac) is plotted on the left, the valence states in the 
center, and a close- up of the energies near the Fermi level (EF) on the right. On the basis of 
electronic structure calculations and photoemission studies on graphite,58,59 the states between EF 
and 4 eV in as- prepared graphene correspond to C 2p π-electron states. The high density Q-point 
is seen at 3 eV. Crossing of the C 2p π and σ bands is seen at 6 eV, while the 7 and 11 eV 
features are associated with C 2p σ bonds. 

Dip-treated CF3Ph on graphene (Figure 5b) exhibits broadened π states and increased σ 
bonding features near 9 eV. The broad σ intensity suggests a disordered CF3Ph orientation on 
graphene. CV-modified graphene shows further attenuated and broadened π features but a 
sharpening of the σ states. This narrowed line width is indicative of improved molecular 
orientation which results from covalent anchoring and packing of the of CF3Ph onto graphene. 
The shoulder at 4 eV indicates a shift of some π electron density to higher binding energies and 
is consistent with the conversion of delocalized graphene sp2 bonds to localized sp3 bonds by the 
chemical functionalization process. Even with the rehybridization of some of graphene’s 
electronic states, the frontier π orbitals are not fully disrupted,53 and the presence of metallic 
states up to the Fermi level suggests an available network of delocalized π electrons. 

Work function differences between the three samples also support the conclusion of higher 
CF3Ph orientation with increasing covalent attachment. The vacuum level onsets observed in 

σ+π

π

σ
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UPS correspond to work functions of 4.11, 3.92, and 4.61 eV for as-prepared graphene, 
physisorbed CF3Ph− graphene, and chemisorbed CF3Ph−graphene, respectively. The initial 
lowering of the work function between as-prepared and dip-treated graphene could be the result 
of randomly oriented CF3Ph dipoles on graphene. Another possibility is that work function 
lowering was caused by sp2 to sp3 conversion and the creation of defects.60,61 In the case of dip-
treated graphene, this work function lowering is not yet counteracted by the fluorine dipoles due 
to its low functionalization density. In tightly packed covalent bonding of the phenyl groups to 
graphene, such as the case in CV-treated graphene, the CF3Ph orients the negative fluorine dipole 
perpendicular to the surface, which results in a net increase in graphene’s work function by 
0.5−0.7 eV. 
 
 

3.  CONCLUSIONS 
 
We demonstrated the electrochemically driven covalent functionalization of graphene by CF3Ph 
from a symmetric aryl iodonium salt solution. Unlike spontaneous diazonium functionalization 
of graphene, a ∼1 eV more negative reduction potential was required to accelerate the reaction: 
dissociation of the iodonium compound creates CF3Ph radicals that covalently bonded to 
graphene. The functionalization coverage was varied by 1 order of magnitude from 1.6 ± 0.5 × 
1013 to 1.0 ± 0.3 × 1014 molecules·cm−2 by increasing the functionalization treatment from dip 
treatment for one hour to aggressive electrochemical activation up to 20 s of CV treatment. Shifts 
in the F 1s and C 1s core-level positions observed in XPS indicate a redistribution of electronic 
states toward the CF3−graphene covalent bond. An increased functionalization-induced defect 
density observed with spectro- scopic Raman mapping further confirmed the partial conversion 
of delocalized graphene sp2 states to localized sp3 bonds with CF3Ph. However, the Raman data 
and water contact angle measurements suggest that physical damage of graphene by exfoliation 
does not occur. The rehybridization of sp2 to sp3 states was also observed as an increase in the 
density of C σ- bonding orbitals with respect to the C π-bonding orbitals in UPS. Covalent 
anchoring of the CF3Ph molecules on graphene resulted in a net orientation of fluorinated 
dipoles, increasing the work function by 0.5 eV. The increased work function and 
hydrophobicity of elecotrochemically functionalized CF3Ph−graphene may have technological 
importance in nanoelec- tronics, photonics, transparent electrodes, and sensing. We are currently 
investigating the applications of iodonium-based graphene functionalization, including the 
directed assembly and patterning of graphene and the modification of graphene surfaces for 
transparent electrodes. 

 
 

4.  IMPACT OF RESEARCH 
 
Demonstration of well-controlled electrochemical functionalization of graphene provides a 
pathway towards systematic modification of graphene for transparent electrodes, electrical 
energy storage, graphene electronics and optoelectronics, sensors, and other high-impact 
scientific studies. This work resulted in the publication of one peer-reviewed journal publication 
and over ten presentations at conferences and program highlights. The expertise developed 
throughout this work was leveraged to attract additional and follow-on funding and opportunities 
from DOE-EERE, DOE-BES, and NSF. 
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