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•  Transparent	
  conductors	
  are	
  cri'cal	
  for	
  
optoelectronics	
  and	
  ECIS	
  applica'ons.	
  
-  photovoltaics	
  
-  light-­‐emiIng	
  diodes	
  /	
  displays	
  
-  IR	
  coa'ngs	
  /	
  electrochromic	
  windows	
  

•  Conduc'ng	
  oxides,	
  i.e.,	
  ITO	
  
ü  High	
  conduc'vity	
  and	
  transparency	
  
ü  Resists	
  moisture	
  and	
  scratching	
  
×  BriPle	
  and	
  non-­‐conformable	
  
×  Difficult	
  to	
  tune	
  chemical/physical	
  proper'es	
  
×  Rare/expensive	
  materials	
  (indium)	
  

Electrochemical	
  Func0onaliza0on	
  
Iodonium	
  Func/onaliza/on	
  of	
  Graphene	
  

20 mL Acetonitrile 
0.1 M TBAFB 

0.01 M CF3-aryl iodonium+/TfO- 
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•  Iodonium	
  func/onaliza/on	
  of	
  graphene	
  is	
  a	
  novel	
  approach.	
  
-  More	
  controlled	
  than	
  diazoniums	
  used	
  in	
  most	
  literature	
  approaches.	
  

•  Substrate:	
  Epitaxial	
  graphene	
  on	
  n-­‐6H-­‐SiC(0001).	
  
-  H-­‐etched	
  at	
  1400	
  oC,	
  20	
  min,	
  Ar-­‐annealed	
  at	
  1600	
  oC,	
  30	
  min	
  

•  CF3Ph	
  func/onaliza/on	
  from	
  iodonium	
  precursor.	
  
-  Cyclic	
  voltammetry	
  (1-­‐2	
  scans)	
  
-  Chronoamperometry,	
  diffusion-­‐	
  and	
  kine'cally-­‐limited	
  regimes	
  (1-­‐30	
  sec)	
  
-  Simple	
  dip	
  coa'ng	
  

Graphene	
  as	
  a	
  Transparent	
  Electrode	
  

•  Demonstrated	
  controlled	
  basal	
  plane	
  chemical	
  func'onaliza'on	
  of	
  
near-­‐perfect	
  epitaxial	
  graphene	
  grown	
  on	
  SiC(0001).	
  

•  Phenylene	
  func'onaliza'on	
  can	
  serve	
  as	
  linkages	
  for	
  aPaching	
  
other	
  molecules;	
  first	
  step	
  to	
  more	
  directed	
  func'onaliza'on.	
  

•  Changes	
  in	
  electronic	
  structure	
  promising	
  for	
  tailored	
  proper'es	
  in	
  
integrated	
  circuits,	
  quantum	
  wells,	
  and	
  transparent	
  electrodes.	
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Figure 1 (top) Schematic illustration of the spontaneous grafting 

of aryl groups to epitaxial graphene via reduction of 4-nitro-

phenyl diazonium (NPD) tetrafluoroborate. (bottom) AFM im-

ages of EG and NP-EG.  

 

by electrochemistry; cyclic voltammetry on NP-EG in  

acetonitrile led to a graphene surface coverage of 

~1 × 10
15

 molecules/cm
2

. This is in reasonable agreement 

with the theoretical coverage of 12.5 × 10
–10

 mol/cm
2

 or 

8 × 10
14

 molecules/cm
2

, which is based on an ideal, fully 

ordered close-packed monolayer of vertically oriented NP 

groups. 

We showed that chemical modification of the EG more 

than doubled the room temperature resistance (from 

1.5 kΩ/⁪ to 4.2 kΩ/⁪), and the very weak temperature de-

pendence of the resistance of pristine EG is substantially 

increased on NP-functionalization; the results demonstrate 

the ability of chemical functionalization of the top layer of 

EG to modify the bulk transport properties of EG. 

There has been great interest in the effect of chemical 

functionalization on the electronic structure and properties 

of graphene – particularly the transport and magnetic prop-

erties [9, 10]. 

To put our results in the context of the theoretical  

calculations we first estimate the degree of functionali-

zation achieved in the chemical reaction based on our  

electrochemical measurement of the surface coverage  

of the NP groups (above). In graphene there are 

~38 carbon atoms/nm
2

 [11], whereas the NP coverage is 

found to be ~8–10/nm
2

; thus the nitrophenyl coverage is 

about 20–25% [5]. These results must be interpreted as an 

 

 

Scheme 1 Graphane: 1,2-functionalization on both surfaces of 
graphene at 1 :1 or 100% coverage. 

 

Scheme 2  1,4-functionalization on a single surface of graphene 
at 2 :8 or 25% coverage. 

 

upper limit, as it has been shown that it is possible to de-

posit multiple layers in these arylation experiments.  

Theoretical studies involving the bonding of hydrogen 

atoms have found that the most stable form of monolayer 

graphene [12, 13] corresponds to a structure in which C–H 

bonds are formed in a trans-configuration at neighboring 

carbon atoms so as to form a structure in which both sur-

faces are functionalized (graphane, Scheme 1) [14–16], in 

analogy with graphite fluoride. Calculations in which the 

bonding of hydrogen atoms is constrained to a single sur-

face found that the most stable form of a hydrogenated 

monolayer of graphene corresponds to a structure in which 

C–H bonds form in a cis-configuration at 1,4-carbon at-

oms (Scheme 2) [10]. The structure given in Scheme 2 can 

be interpreted in terms of Kekulé structures or Clar sextets 

[17] as shown in Scheme 3 which makes clear the origin of 

the stability of this structure in terms of the concepts of or-

ganic chemistry. 

Schemes 2 and 3 require a 25% coverage which may 

be compared to the density of nitrophenyl groups that are 

transferred to the surface of EG in our experiment (above).  

However the phenyl groups are much bulkier than the 

model functionalities employed in the calculations [10] and 

it is doubtful that this level of coverage could be achieved 

throughout the EG surface in arylation reactions. 

Calculations on small graphene ribbons functionalized 

with phenyl groups found a much smaller optimum cover-

age with 2 phenyl groups per unit cell of 18 graphene car-

bon atoms, for a coverage of ~11% (Scheme 4) [18]. 

The mechanism of the reaction (Scheme 1), involves 

the addition of aryl radicals and this process occurs with 

very small activation energy and thus a highly ordered fi-

nal structure is not expected.  

 

 
Scheme 3 Kekulé and Clar sextet representations of 1,4-

functionalized graphene at 2 :8 or 25% coverage (Scheme 2). 

* 

*Source: Gan et al., Small ASAP 
DOI:10.1002/smll.201102302 (2012) 

Currents normalized 
by substrate area 

µ

Figure 1: Representative cyclic voltammogram of epitaxial graphene/SiC(0001) in acetonitrile containing
10 mM (CF3Ph)2I+BF−

4 and 100 mM TBATFB.

3.1 Chemical States

This deposition of CF3Ph on graphene can be the result of either simple physisorption, spontaneous covalent

functionalization, or electrochemically driven covalent functionalization. To elucidate the nature of the

(CF3Ph)2I+/graphene interaction, XPS was performed on a reference sample as-prepared graphene as a

reference, one cycle of CV-modified graphene as the process of interest, and “dip-treated” graphene that

was immersed in identical solution for identical time as CV-modified graphene but without external bias.

All samples were rinsed with acetonitrile and methanol after chemical treatment. XPS was also performed

on as-prepared epitaxial graphene/Si(0001) as a reference. The cross-section normalized spectra of F 1s and

C 1s are shown in 2a and 2b, respectively, for (i) as-prepared graphene, (ii) dip-treated graphene, and (iii)

CV-modified graphene. 1 lists select parameters obtained from peak fitting of the F 1s and C 1s spectra

shown in 2, including peak position, areal intensity, and peak width for various components.

As shown in the F 1s spectra, a small concentration of fluorine was observed in dip-treated graphene as

compared to its absence on pristine graphene/SiC(0001). CV-modified graphene exhibited a 10-fold increase

in fluorine concentration and a shift of the peak position towards higher binding energy by 1.8 eV. This

difference in peak position suggests two distinct F 1s bonding environments between dip-treatment and CV-

modification. We attribute the lower F 1s binding energy in dip-treated graphene to a higher electron density

surrounding the trifluoromethyl group associated with closed-shell molecular CF3Ph being physisorbed onto

5

Chemical	
  States:	
  X-­‐Ray	
  Photoemission	
  
Physisorbed	
  vs.	
  Chemisorbed	
  CF3Ph	
  on	
  Graphene	
  

•  CF3Ph	
  interact	
  with	
  graphene	
  through	
  phys-­‐	
  and	
  chemisorp'on.	
  
•  Chemisorbed	
  CF3-­‐aryl	
  graphene	
  shoulder	
  can	
  only	
  be	
  fit	
  with	
  an	
  
addi'onal	
  peak	
  +1	
  eV	
  from	
  graphene	
  peak:	
  graphene	
  e-­‐	
  è	
  CF3.	
  

•  3.2	
  x	
  1014	
  CF3Ph	
  molecules-­‐cm-­‐2	
  è	
  Closed-­‐pack	
  monolayer	
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Figure 1: Representative cyclic voltammogram of epitaxial graphene/SiC(0001) in acetonitrile containing
10 mM (CF3Ph)2I+BF−

4 and 100 mM TBATFB.

3.1 Chemical States

This deposition of CF3Ph on graphene can be the result of either simple physisorption, spontaneous covalent

functionalization, or electrochemically driven covalent functionalization. To elucidate the nature of the

(CF3Ph)2I+/graphene interaction, XPS was performed on a reference sample as-prepared graphene as a

reference, one cycle of CV-modified graphene as the process of interest, and “dip-treated” graphene that

was immersed in identical solution for identical time as CV-modified graphene but without external bias.

All samples were rinsed with acetonitrile and methanol after chemical treatment. XPS was also performed

on as-prepared epitaxial graphene/Si(0001) as a reference. The cross-section normalized spectra of F 1s and

C 1s are shown in 2a and 2b, respectively, for (i) as-prepared graphene, (ii) dip-treated graphene, and (iii)

CV-modified graphene. 1 lists select parameters obtained from peak fitting of the F 1s and C 1s spectra

shown in 2, including peak position, areal intensity, and peak width for various components.

As shown in the F 1s spectra, a small concentration of fluorine was observed in dip-treated graphene as

compared to its absence on pristine graphene/SiC(0001). CV-modified graphene exhibited a 10-fold increase

in fluorine concentration and a shift of the peak position towards higher binding energy by 1.8 eV. This

difference in peak position suggests two distinct F 1s bonding environments between dip-treatment and CV-

modification. We attribute the lower F 1s binding energy in dip-treated graphene to a higher electron density

surrounding the trifluoromethyl group associated with closed-shell molecular CF3Ph being physisorbed onto
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Electronic	
  States:	
  UV	
  Photoemission	
  
Physisorbed	
  vs.	
  Chemisorbed	
  CF3-­‐Aryl	
  Graphene	
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• Dip:	
  Increased	
  σ	
  intensity	
  from	
  CF3Ph;	
  broad	
  indicates	
  disorder	
  
•  	
  CV:	
  Sharper	
  σ	
  peak	
  è	
  bePer	
  orienta'on	
  by	
  covalent	
  anchoring	
  
	
  	
  	
  	
  	
  	
  	
  	
  π	
  states	
  to	
  HBE	
  è	
  sp2	
  to	
  sp3	
  conversion	
  by	
  covalent	
  bonding	
  

• Work	
  func'on	
  differences	
  also	
  due	
  to	
  molecular	
  orienta'on.	
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Uniform	
  Coverage:	
  Scanning	
  Raman	
  
CF3-­‐Aryl	
  Func/onalized	
  Graphene	
  

•  Func'onaliza'on	
  introduces	
  a	
  graphene	
  “defect”	
  peak	
  in	
  Raman.	
  
è	
  Breaking	
  of	
  sp2	
  configura'on,	
  conversion	
  to	
  sp3	
  bonds.	
  

•  Func'onaliza'on	
  is	
  very	
  uniform	
  over	
  the	
  basal	
  plane.	
  
•  Two	
  different	
  monolayer	
  regions	
  present	
  with	
  differing	
  strain.	
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•  “Ideal”	
  for	
  transparent	
  electrodes:	
  

•  Issues	
  
– These	
  are	
  “perfect”	
  values	
  
– How	
  to	
  get	
  charge	
  in/out?	
  

•  Van	
  der	
  Waals	
  “out-­‐of-­‐plane”	
  
•  Momentum/energy	
  matching	
  

– Device	
  fabrica'on	
  
•  Surface	
  energy/wePability	
  
•  Work	
  func'on/charge	
  injec'on	
  

Resis/vity	
   1	
  mΩ/□	
  (0.65x	
  Cu)	
  
Transparency	
   0.98	
  
Thermal	
  Conduc/vity	
   5000	
  Wm-­‐1K-­‐1	
  (~diamond)	
  
Mechanical	
  Strength	
   1	
  TPa	
  (200x	
  steel)	
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