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CONS P EC TU S

G raphene is an atomically thin, two-dimensional allotrope of carbon
with exceptionally high carrier mobilities, thermal conductivity,

and mechanical strength. From a chemist's perspective, graphene can be
regarded as a large polycyclic aromatic molecule and as a surface without
a bulk contribution. Consequently, chemistries typically performed on
organic molecules and surfaces have been used as starting points for the
chemical functionalization of graphene. The motivations for chemical mod-
ification of graphene include changing its doping level, opening an electronic
band gap, charge storage, chemical and biological sensing, making new
composite materials, and the scale-up of solution-processable graphene.

In this Account, we focus on graphene functionalization via electron
transfer chemistries, in particular via reactions with aryl diazonium salts.
Because electron transfer chemistries depend on the Fermi energy of graphene and the density of states of the reagents, the
resulting reaction rate depends on the number of graphene layers, edge states, defects, atomic structure, and the electrostatic
environment. We limit our Account to focus on pristine graphene over graphene oxide, because free electrons in the latter are
already bound to oxygen-containing functionalities and the resulting chemistries are dominated by localized reactivity and defects.
We describe the reaction mechanism of diazonium functionalization of graphene and show that the reaction conditions determine
the relative degrees of chemisorption and physisorption, which allows for controlled modulation of the electronic properties of
graphene. Finally we discuss different applications for graphene modified by this chemistry, including as an additive in polymer
matrices, as biosensors when coupled with cells and biomolecules, and as catalysts when combined with nanoparticles.

Introduction
Single layer graphene (SLG) is a planar sheet of sp2-bonded

carbon atoms arranged in a hexagonal crystal lattice with

remarkable electronic, physical, and chemical properties.1

The π-orbitals in graphene are delocalized throughout

the structure such that all conjugated chemical bonds are

equivalent. Recently, significant efforts have focused on

covalently functionalizing graphene to achieve band gap

tuning and modulation of its doping level for various

(opto-)electronic and sensing applications and for interfa-

cing graphene with other materials.2�5 In contrast to non-

covalent functionalization, covalent schemes are more

robust and change the electronic properties more strongly

due to disruption of the crystallographic lattice.5 The stability

of the extended delocalized π-system ensures that the basal

plane of graphene is fairly chemically stable. It is therefore

not surprising thatmuchworkongraphene functionalization

has been accomplished using highly reactive aryl radicals.

In this Account, we review the work from our laborato-

ry6�10 and others3,11�21 on the covalent functionalization

of graphene with aryl diazonium salts, which react via an

electron transfer mechanism. We describe the reaction

mechanism of the widely used diazonium functionalization

of graphene, the effect of physical structure and supporting

substrate on the reactivity of graphene, the effect of the

functionalization on the electronic transport in devices,

and its use in building complex chemical structures and

sensors.
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Reactions with Aryl Diazonium Salts
Diazonium salts withmany different functional groups have

been successfully grafted to graphene, including 4-nitroben-

zene diazonium tetrafluoroborate (4-NBD),7,8,10,11,14,16,17,21

4-bromobenzene tetrafluoroborate (4-BBD),7,18,20 4-propar-

gyloxybenzene diazonium tetrafluoroborate (4-PBD),6,7 and

4-tert-butylphenyldiazonium tetrafluoroborate (4-TBD).19

Reaction Mechanism: Theory and Experiment. The

most common reaction mechanism of covalent functionali-

zation with aryl diazonium salts is illustrated in Figure 1. A

delocalized electron is transferred from the graphene to the

aryl diazonium cation, which becomes an aryl radical after

releasing a molecule of N2. The aryl radical then forms a

covalent bond with a carbon atom in the graphene lattice,

changing its hybridization to sp3 and displacing it out of the

plane by∼0.7 Å.22 The attachment of a phenyl group results

in a delocalized, unpaired electron. Density functional theo-

ry (DFT) calculations have shown that a second aryl group

preferentially attacks at the para-position, also known as

(1,4)-functionalization.22 Pairwise additions in the A and B

sublattices are thermodynamically favorable, and for small

adsorbates such as hydrogen atoms, the theoretical max-

imum coverage is 25% for an areal concentration of

∼9 � 1014/cm2.23 However for phenyl groups, Jiang et al.

calculate a maximum packing of only 11% coverage

(∼4 � 1014/cm2), attributed to steric hindrance, still in a

(1,4)-configuration (Figure 1).22 These theoretical simula-

tions predicting long-range ordering are based on the ther-

modynamics of the reaction. However, since the aryl radical

is so reactive, the activation energy for the reaction is very

low and the reaction is likely dominated by kinetics rather

than thermodynamics, preventing any long-range ordering.3

Quite surprisingly there does exist some experimental

evidence of long-range ordering in selected area electron

diffraction pattern (SAED) data of functionalized graphene,24

although the observed pattern deviates from the theoreti-

cally predicted (1,4)-functionalization. It is very likely that the

reaction conditions determine whether one operates in

the thermodynamic or the kinetic regime. Throughout this

Account, we will elaborate on the effects of the reaction

conditions.

Experimentally, different concentrationsof covalently bound

species have been reported: 25% by using cyclic voltammetry

(CV),1112.5%bySAED,245%byscanning tunnelingmicroscopy

and spectroscopy (STM/STS),16 13% and 1.2% by a thermo-

gravimetric analysis coupled tomass spectroscopy (TGA/MS),19

and 0.3% based on Raman spectroscopy.10 Rather than con-

cluding that these results are contradictory, we argue that the

reported values strongly dependon the reaction conditions and

the conditions at which the measurements are taken.

Under some reaction conditions, physisorption of aryl

molecules is promoted rather than (or in addition to) chemi-

sorption. Englert and co-workers show with TGA/MS that

4-TBD functionalized graphene loses mass in two steps:

at ∼210 �C due to the desorption of physisorbed mole-

cules and at ∼480 �C due to cleavage of covalently bound

molecules.19 Hossain et al. report STM images of epitaxial

graphene functionalized with 4-NBD showing chain-like

features, suggestive of aryl oligomers.16 The physisorbed

portion of the oligomers inhibits further covalent attach-

ment.16 Atomic force microscopy (AFM) measurements also

suggest multilayer formation.17,24 Farmer et al. use milder

reactions conditions than most others (1 mM of 4-BBD

in a 1:1 mixture of water and methanol for 2 h at room

temperature) anddonot observe a significant increaseof the

D peak in their Raman spectra but do observe other Raman

changes indicative of doping via physisorption.20 Koehler et al.

explicitly demonstrate how Raman spectroscopy can distin-

guish between physi- and chemisorption by exposing SLG

to a concentrated 4-NBD solution (ensuring chemisorp-

tion) as well as to pure nitrobenzene, which lacks the

diazonium group for covalent attachment (thereby ensuring

physisorption).17 In the first case, they observe a strongly

increased value of the D to G integrated peak intensity ratio

(ID/IG), whereas for the latter case, they detect an upshift of

the G-peak position and a decrease of the 2D/G intensity

ratio (I2D/IG), both indicative of doping.25 Under many reac-

tion conditions, a combination of both covalent binding or

chemisorption (increased ID/IG) and noncovalent doping or

physisorption (shifts in the G and 2D peak, as well as an

decreased I2D/IG) is present.
7,10

FIGURE 1. Schematic illustration of grafting a diazonium salt with
functional group R and counterion X� to a graphene sheet. Two carbon
atoms (in theAandB sublattices)makeup the unit cell (graydiamond) of
the graphene sheet (with lattice vectors a and b). Thermodynamically
favored lattice positions for further functionalization are marked with
black triangles.
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Reaction Rate. The rate-limiting step in the reaction

of diazonium salts with graphene is the reduction of the

diazonium salt by graphene to form the aryl radical. The

reaction rate constant is determined from the theory of

electron transfer reactions at electrodes,26 and has been

applied by our group to describe diazonium functionaliza-

tion of single-walled carbon nanotubes (SWNTs)27 and

graphene.8�10 The rate is determined by the overlap be-

tween the electronic density of states (DOS) of the graphene

and the diazonium reactants in solution, as illustrated in

Figure 2. Electron transfer occurs between any occupied

state of the graphene that is matched in energy with an

unoccupied state of the diazonium. The electron transfer

rate constant, kET, is

kET ¼ ν

Z
EF,G
Eredox

εred(E)DOSG(E)Wox(λ, E) dE (1)

where

Wox(λ, E) ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πλkT

p exp �(E � (Eredox þ λ))2

4λkT

 !
(2)

is the probability density function of vacant states in the

diazoniummolecule, ν is the electron-transfer frequency,

εred is a proportionality factor, and DOSG is the density of

states of graphene. The term λ is the energy difference

between the standard potential for the redox couple of

the diazonium salt (Eredox) and the energy for maximum

probability of finding a vacant state in the diazonium and

has a value of 0.5�1 eV.26 EF is the Fermi energy (�4.6 eV

for undoped graphene),28 k is the Boltzmann constant,

and T is absolute temperature. The redox potential for

different diazonium salts can be determined via polaro-

graphy: with respect to vacuum, Eredox,4‑NBD = �5.15 eV

and Eredox,4‑BBD = �5.08 eV.27,29 The redox potential for

4-PBDhasnotyetbeen reported, since it isnot commercially

available but rather synthesized in our own laboratory.

However, its structure is similar to that of the 4-methoxy-

benzenediazoniumsalt,withareportedvalueofEredox,4‑MBD=

�4.87 eV.27,29On the basis of eqs 1 and2and Figure 2,we

thus expect a lower reaction rate for 4-PBD comparedwith

4-NBD and 4-BBD.

Role of Physical Structure
The chemical reactivity of graphene is influenced by its phy-

sical structure, including the number of layers, the type and

structure of edges, the degree of strain and grain boundaries.

Layer Number Dependence. In our laboratory, we have

studied the reactivity of graphene flakes of varying thick-

nesses under reaction, 17�25 mM 4-NBD in water with

1 wt % sodium dodecyl sulfate (SDS) at 35�45 �C for 7�
12 h.8 After functionalization, regions of single layer gra-

phene (SLG) showed a much higher degree of reaction than

the bilayer graphene (BLG) and multilayer graphene (MLG)

regions, as indicated by the D peak intensity in the Raman

spectra (Figure 3a).8 The reaction rate as a function of time

wasmeasured byKoehler et al. and is seen tobe significantly

lower on the BLG than on the SLG (Figure 3d,e).17

Initially we supposed that the ID/IG variation was due to

thicker graphene having more layers contributing to the G

peak, with only the top reacted layer contributing to the D

peak. This would result in a 1/N dependency of kET, but this

relation does not fit the experimental data (Figure 3c). We

also considered the different DOS for SLG, BLG, andMLGand

its contribution to the reaction rate in the Gerischer�Marcus

model; however, this trend also fails to describe the data

(Figure 3c).8

A likely explanation is that charged impurities in the SiO2

substrate induce electron and hole puddles in graphene,

which are regions of 10�100 nm diameter where the local

Dirac point is shifted above or below EF, respectively. Based

on the relative energy levels of graphene and the diazonium

molecule (Figure 2), the reactivity is increased in n-doped

puddles and suppressed in p-doped puddles. SLG on SiO2

has been shown to have significant charge inhomogeneity

with electron�hole puddles,30 where the presence of elec-

tron puddles enhances reactivity. However, for BLG and

MLG, the top layer where the reactions occur is screened

from the charged impurities in the substrate by the under-

lying layers and thus does not experience the charge fluc-

tuations that lead to regions of increased reactivity.8

Mechanical strain in the graphene lattice has been

theoretically shown to increase chemical reactivity,31 and

FIGURE 2. Schematic representation of the graphene DOS and the
unoccupied DOS of a typical diazonium salt.
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graphene is corrugated with nanometer-scale ripples.32 The

curvature helps to accommodate the movement of carbon

atoms out of plane when changing from sp2 to sp3 hybridi-

zation upon covalent functionalization.8,33 The top layer in

BLG and MLG is expected to be flatter than SLG, since it is

attached to the layers below and cushioned from the rough-

ness of the SiO2 substrate.

Edge Dependence. Edges have been theoretically

shown to influence the chemical and physical properties of

graphene.5 In most samples, the edge structures are a

mixture of armchair and zigzag regions (Figure 4a,d), dan-

gling bonds, and other disordered structures. The disorder at

graphene edges is observed as a polarization-dependent D

peak in the Raman spectrum.34 Zigzag edges have also been

FIGURE 3. (a) Raman spectra before and after functionalization for SLG (N = 1), BLG (N = 2), and MLG (N = ¥). Inset shows optical images of
mechanically exfoliated graphene flakes. (b) Raman spectra for SLG in bulk of flake and at edge. (c) Normalized ID/IG as a function of layer number N.
(d) Reaction rates based on ID/IG for SLG (1L), BLG (2L), and SLG edges (1L Edge). (e) Spatial Raman maps showing evolution of D peak intensity with
reaction time for a flakewith SLG (1L) and BLG (2L) regions. Panels a�c adapted from ref 8. Copyright 2010American Chemical Society. Panels d and e
adapted from ref 17. Copyright 2010 John Wiley and Sons.
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shown by STM and STS to have an increased density of

states (DOS).35 Due to the combined effect of the disordered

atomic structures and enhancedDOS, an increased chemical

reactivity is expected.

Ramanspectraof theedgesand interiorsof themechanically

exfoliated flakes on SiO2/Si before and after functionalization

with4-NBDare shown in Figure3b (same reaction conditions as

the layer-dependent study were used).8 After functionalization,

the increase inDpeak intensity at the edge ismuch higher than

that in the flake interior. Furthermore, theDpeak intensity at the

edge is no longer polarization-dependent, indicating that cova-

lent functionalization dominates its intensity.8

Others have also reported enhanced reactivity at gra-

phene edges.17,18 In the time-resolved Raman study by

Koehler et al. discussed above, the initial reaction rate of

the edge was measured to be 1.2 times higher than that in

the interior of the SLG flake under aqueous reaction condi-

tions (Figure 3d).17 Spatially and temporally resolved Raman

mapping showed the reacted regions spreading from the

edges toward the interior of the flake (Figure 3e). In addition,

the increased reactivity has been partially attributed to the

edge atoms more easily accommodating the strain of sp2

bonds changing to sp3.17 An earlier report showed that the

edges of highly oriented pyrolytic graphite (HOPG) are more

reactive than the bulk and that glassy carbon (GC), a graphi-

tic material containing many edges, is also more reactive.36

Graphene Nanoribbons. Graphene nanoribbons (GNRs)

are narrow sheets of graphene where the carriers are

quantum-confined in the transverse direction, which results

in a band gap that is inversely dependent on the ribbon

width.37 Understanding the selectivity of the diazonium

reaction for GNRs with different physical and electronic

structures could enable strategies for separating and sorting

them. The electronic, magnetic, and chemical properties of

GNRs have been explored with extensive computational

efforts, as summarized by Barone et al.38

FIGURE 4. (a) Schematic of an armchair GNR with W = 10. (b) DOS vs energy diagram for armchair GNRs calculated by third-nearest-neighbor
tight-binding forW = 6 (green lines) and 32 (blue lines) and DOS for the diazonium salt. (c) Electron transfer rate constants from Gerischer�
Marcus theory as a functionof the ribbonwidthW, normalized to awide ribbon (W=83). (d) Schematic of a zigzagGNRwithwidthW=6. (e) DOSvs energy
diagram for zigzag GNRs forW = 6 (green lines) and 24 (blue lines), calculated by first-nearest-neighbor tight-binding within the H€uckel approximation.
(f) Relative reaction rate constants for zigzag GNRs from Gerischer�Marcus theory. Adapted from ref 9. Copyright 2009 American Chemical Society.



Vol. 46, No. 1 ’ 2013 ’ 160–170 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 165

Covalent Electron Transfer Chemistry of Graphene Paulus et al.

In armchair GNRs (Figure 4a), the ribbonwidth ofW atoms

can be grouped into three families: W = 3p, 3p þ 1, and

3p þ 2, with p an integer. Combining the calculated band

structures with Gerischer�Marcus theory (eqs 1 and 2), we

calculated the electron transfer rate constant kET for each

GNR family as a function ofW and normalized it to that of a

quasi-infinitely wide ribbon (W = 83). The overlap between

the empty states of the diazonium salt and the GNR band

structure is shown in Figure 4b. As shown in Figure 4c, kET
increases for increasing W and saturates toward similar

values for large W, with the reactivities of the different

families being ranked as k3pþ2 > k3p> k3pþ1.
9We performed

a similar analysis for zigzag GNRs (Figure 4d�f),9 which

resulted in a higher overall reactivity, mostly due to the

higher DOS of the center band.Moreover, kET decreaseswith

increasingW since narrower ribbons have a larger contribu-

tion from the zigzag edges where there is localization of

charge. First principles calculations have been used by Jiang

et al. to show that both the localized edge states and the

center band in the DOS are more readily functionalized by

various radical groups.39 These differences in reaction rates

suggest it may be possible to selectively functionalize GNRs

based on structure.9 GNRs have been produced experimen-

tally via both top-down and bottom-up approaches,37,40

but the predicted reactivity trends have yet to be studied

experimentally.

Grain Boundaries. Graphene grown by chemical vapor

deposition (CVD) is polycrystalline with grain sizes ranging

from ∼0.1 to 100 μm, depending on growth conditions.41

The grain boundaries (GBs) do not follow crystallographic

orientations and are made up of carbon pentagons, hepta-

gons, and distorted hexagons,41 which lead to both com-

pressive and tensile strain.42 Theoretical calculations sug-

gest an increased local DOS at GBs at zero energy,42 which

combined with the increased strain could increase chemical

reactivity. Further work combining spectroscopy and atom-

ically resolved imaging is needed to experimentally eluci-

date the role of GBs in graphene reactivity.

Role of Substrate
As an atomically thin layer, graphene is strongly influenced

by its surroundings. Graphene is commonly deposited on

SiO2/Si wafers, which allows for its visual identification and

for conventional lithographic device fabrication techniques. In

recent years, the interface between graphene and its support-

ing substrate has been engineered to improve device perfor-

mance by decreasing surface roughness, decreasing surface

dipoles, screening the SiO2 charged impurities from the

graphene, and preventing the adsorption of dipolar impurities

between the substrate and the graphene.43 In order of in-

creasing degree of improvement, these techniques include

forming self-assembled monolayers (SAMs) on the substrate

prior to depositing graphene,15 using hexagonal boron nitride

(hBN) as the substrate,44 and making suspended graphene.45

Since the supporting substrate affects the local DOS of

graphene, both its chemical and electronic properties are

affected. We have studied the effect of four different sub-

strates on the reactivity of CVD-grown graphene toward

covalent 4-NBD functionalization.10 Raman spectra of gra-

phene on each substrate before and after functionalization

are shown in Figure 5a. The reactivity of CVD graphene on

bare SiO2 and Al2O3 is relatively higher, leading to values of

ID/IG > 1, while the reactivity on OTS and hBN is relatively

lower, with ID/IG near 0.3.10

Analysis of the Raman spectra shows that the pristine

graphene is slightly p-doped overall on OTS and hBN while

being more highly p-doped on SiO2 and Al2O3.
10 Further-

more, since the 2D peak position upshifts for p-doped

graphenebut downshifts for n-doped,25 a samplewithmany

p- and n-doped puddles that are smaller than the laser spot

size would result in an inhomogeneously broadened 2D

peak.Weobserve this for grapheneonSiO2 andAl2O3,while

the 2D peak is narrower for OTS and hBN,10 suggesting

weaker charge puddles. This likely occurs because OTS and

hBN increase the distance between the graphene sheet and

the charged impurities in the SiO2 and prevent the adsorp-

tion of polar impurities (e.g., water).33 Graphene deposited

on hexamethyldisilazane (HMDS)-coated SiO2 also showed

lower reactivity than on a bare SiO2 surface.33 These ob-

servations are consistent with the influence of substrate-

induced electron�hole puddles and ripples on graphene

reactivity, as described earlier.

The role of electron�hole puddles in these experiments

was tested by modeling the reactivity using Gerischer�
Marcus theory (eqs 1 and 2) and fitting it to the experimen-

tally derived Fermi level data.10 However, the average EF
determined from the value of I2D/IG and the 2D position

does not fit themodel predictions (Figure 6b). The schematic

in Figure 6a illustrates that a sample with low overall p-

doping and low electron�hole puddle amplitude (e.g., OTS,

hBN) would have few n-doped, reactive regions. But a

sample with higher overall p-doping but high puddle ampli-

tude (e.g., SiO2, Al2O3) would have many more n-doped

regions for electron transfer. Once the experimental data is

offset by the width of the 2D peak to account for puddles,

they follow the model trend (Figure 6c).10
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The high contrast in graphene reactivity for different

substrates was exploited to pattern the graphene with a

new technique called reactivity imprint lithography (RIL).

The substrate is chemically patterned: we patterned SiO2

with OTS lines by using a PDMS stamp (Figure 5b).10 The

portions of graphene resting on SiO2 react strongly after

4-NBD functionalization, while the portions on OTS are only

slightly functionalized, as shown by a mapping of ID/IG
(Figure 5c).10 This technique was also used to spatially

pattern proteins onto graphene without using harsh con-

ventional lithography steps that would otherwise damage

the biomolecules.10

Applications of Covalent Functionalization
Tuning Electronic Properties. The conduction and va-

lence bands in SLG touch each other at six distinct points in

momentum space (called K-points), making it a zero-gap

semiconductor. Opening a band gap is required for making

transistors that can be effectively switched off. Methods that

have been explored to achieve this include partial oxidation,

reduction of graphene oxide, hydrogenation, fluorination,

and chemical modification.2,3,5,46 Diazonium modification

appears promising, because it results in a significant increase

of the room-temperature resistance,11 an optical band gap

of ∼380 meV based on ARPES measurements,12 and a

defect-hopping related transport gap of ∼80 meV in sus-

pended, heavily functionalized graphene.13 However, a

25% coverage in an ordered (1,4)-pattern is needed to open

a useful band gap of ∼2 eV,23 and as discussed earlier, this

has not yet been possible to achieve. We note that it has

been theoretically shown that bilayer graphene that is

functionalized on both sides has a larger band gap than

bilayer that is only functionalized on one side.47 However, a

similar study for monolayer graphene has not been

FIGURE 5. (a) Raman spectra for pristine and 4-NBD functionalized CVD graphene on four different substrates: SiO2; octadecyltrichlorosilane (OTS)
coatedSiO2; hexagonal boronnitride (hBN); sapphire (Al2O3). Reaction conditions: 10mM4-NBD inaqueous solutionwith0.5wt%SDSat35 �C for 16h.
(b) Atomic force microscopy (AFM) image of OTS lines patterned on SiO2. (c) Raman map of ID/IG for graphene on the patterned substrate after 4-NBD
functionalization. Reaction conditionswere the sameas in part a but 1.5 h reaction time. Adapted from ref 10. Copyright 2012Nature PublishingGroup.
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published to the best of our knowledge. Further study is

needed to elucidate the role of geometry and reaction

conditions onbandgapopeningof functionalized graphene.

Control over doping levels and Fermi energy in graphene

is required for many (opto-)electronic applications.5,48

Graphene can be p-doped by the adsorption of electron-

withdrawing groups to shift EF below the Dirac point or

n-doped by adsorption of electron-donating groups to

shift it above.5,20 In our laboratory, we have compared the

effect of attaching diazonium salts with different functional

groups (4-NBD, 4-BBD, and 4-PBD).7 Histograms of ID/IG
and I2D/IG for graphene reacted with these diazonium salts

are shown in Figure 7a�c. ID/IG increases due to covalent

functionalization, but the change is the least pronounced

for 4-PBD, consistent with Gerisher�Marcus theory, as dis-

cussed earlier. Moreover, the propargyloxy-group is larger

than the nitro- and bromo-groups (Figure 7d) and thus

creates more steric hindrance. Finally, 4-PBD may also form

more or longer oligomers that physisorb onto the graphene

and block off reaction sites.

The I2D/IG ratio decreases for both p- and n-doping,25 and

here it decreases after all three types of functionalization,

with the change being least pronounced for 4-PBD. It should

be noted though that the difference in I2D/IG ratio between

4-PBD and the other two chemistries (4-NBD and 4-BBD) is

less pronounced than the difference for the ID/IG ratio

(Figure 7a-c). We consider two factors that decrease the 2D

peak intensity after diazonium functionalization, as illu-

strated in Figure 7d. First, graphene loses an electron to

reduce the diazonium salt to an aryl radical, so based on the

change of ID/IG, this factor dominates for 4-NBD and 4-BBD.

Second, physisorbed diazonium molecules and oligomers

can dope the graphene via surface charge transfer, and

based on its structure and the Raman data, we expect that

this effect dominates for 4-PBD.

The charge transport characteristics of a graphene field

effect transistor (FET) show the effect of chemistry on the

electronic properties of graphene. The applied gate voltage,

VG, shifts the Fermi level, EF, in the graphene channel,

controlling its resistivity. Transfer curves of source�drain

current as a function of VG show a dip at the charge-

neutrality point, where EF passes through the Dirac point.

P-type doping shifts the charge-neutrality point to positive

VG and n-type doping to negative VG.
20 Farmer and co-

workers have shown that long-range scatterers (due to

physisorption) shift the charge-neutrality point and decrease

themobility of only one type of carrier: hole dopants reduce

the electron mobility, whereas electron dopants reduce the

FIGURE 6. (a) Schematic illustration of spatial variation of graphene Fermi level, EF (solid lines), and average EF (dashed lines) on different substrates. (b)
Change in ID/IG after 4-NBD reaction as a function of average EF before reaction for graphene on various substrates (colored data points). Electron transfer
model is shown in blue curve. (c) Initial EF shifted to show EF within n-doped puddles. Reproduced from ref 10. Copyright 2012 Nature Publishing Group.
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hole mobility.20 Short-range scatterers (due to chemisorp-

tion) decrease theminimumconductivity and themobility of

both types of charge carriers.20 Depending on the reaction

conditions, graphene transistors exposed to diazonium salts

can show the effects of both to different degrees: physisorp-

tion can be favored over chemisorption (Figure 8a),20 both

effects can be present in relatively equal degrees (Figure 8b),21

or chemisorption can be dominant (Figure 8c).14

Composites, Biosensors and Catalysts. Graphene is a

promising additive in polymer matrices for mechanical and

electronic applications due to its high tensile strength, ther-

mal and electrical conductivity, and low thermal expansion

coefficient.49Graphene is biocompatible and canbe coupled

with proteins, bacteria, cells, and DNA and can act as a

biosensor.50 When graphene is coupled with nanoparticles,

catalystswith ahigh specific area are formed.51 Johnsonand

co-workers used a diazonium-based tether to attach photo-

sensitive proteins on a graphene FET to achieve photocurrent

switching.52 Graphene-based composite and biosensing work

is commonly done with graphite oxide (GO) due to its

processability, water solubility, and reactivitywith additional

species.53 However, its electronic properties are inferior to

those of graphene, and it is chemically heterogeneous.

In our group, we have developed a technique to make

water-soluble pristine graphene without the use of surfac-

tants to stabilize the dispersion.6 Solution-phase graphene

FIGURE 8. Effect of reaction conditions on the charge transport characteristics of graphene FETs: (a) 4-BBD (1 mM) in 1:1 water/methanol
mixture at 300 K for 2 h. Adapted from ref 20. (b) 4-NBD (20 mM) in aqueous solution with 1 wt % SDS at 300 K for 5�10 min. Adapted from ref 21.
(c) 4-NBD (4 mM) in acetonitrile at 300 K for 5�185 min at 300 K. Adapted from ref 14.

FIGURE 7. (a�c) Effect of different diazonium functional groups on Raman spectra of CVD-grown graphene. Reactions conditions: 10 mM aqueous
solution with 1 wt % of SDS for 12 h at 35 �C. Raman spectroscopy was performed at 633 nm laser excitation. Top panels show ID/IG histograms and
bottom panels I2D/IG histograms after functionalization with (a) 4-NBD, (b) 4-BBD, and (c) 4-PBD. (d) Schematic showing the 2D peak intensity
decreases due to (1) loss of electrons due to covalent bond formation and (2) doping due to physisorbed species, and the relative amounts of these for
4-NBD and 4-BBD (top panel) compared with 4-PBD (bottom panel). Adapted from ref 10. Copyright 2012 Nature Publishing Group.
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was made by thermal expansion of intercalated graphite,

followed by dispersion in a sodium cholate aqueous solu-

tion.54 The solution-phase graphene was covalently func-

tionalized with 4-PBD in the presence of SDS to provide a

handle for click-chemistry attachment (via 1,3-dipolar azide�
alkyne cycloaddition) of a short chain poly(ethylene glycol)

(PEG) molecule terminated by a carboxylic acid, as illustrated

in Figure 9a.6 The click-functionalized graphene is stable after

removal of the surfactant, as shown by surface tension and ζ

potential measurements (Figure 9b).

Conclusions and Outlook
In this Account, we have reviewed the extensive literature

focused on functionalizing graphene with diazonium salts.

We covered the reaction mechanism both from a theoreti-

cal and from an experimental perspective and found that

although thermodynamics predict long-range ordering,

in reality the process is mostly governed by kinetics and

influenced by electron�hole puddles and ripples. Depend-

ing on the reaction conditions, the entire range between

physisorption and chemisorption canbeachieved, as shown

by Raman spectroscopy and charge transport characteristics

of functionalized graphene transistors. The degree of reac-

tivity is also strongly influenced by the structure of gra-

phene: monolayers react more strongly than multilayers

and edges are more prone to react than the basal plane of

the graphene. We have also reviewed some applications of

covalently functionalized graphene and discuss how its

electronic properties can be modulated by means of differ-

ent chemistries and reaction conditions. The functionalized

graphene can be used as a biosensor, filler in polymeric

matrices, and catalyst in solution. The diazonium chemistry

is a versatile, convenient, and powerful tool for selectively

modifying and manipulating graphene.
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