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ABSTRACT: The inertness of the graphene basal plane has
notably limited its viable chemical modification pathways. We ﬁ
report direct azidation and subsequent click chemistry of the

graphene basal plane through the electrochemical oxidation of an Graphene lN e

aqueous sodium azide solution at the graphene surface. An ~20%
nitrogen-to-carbon ratio is achieved for monolayer graphene under -

Dye-tagged
streptavidin

ambient conditions and neutral pH, and the degree of + N N N Click ﬁ
functionalization is tunable through the applied voltage. The N NG N’ é N0
functionalized azide groups enable both copper-catalyzed and N 7 N SO

copper-free alkyne cycloaddition click chemistry, as well as NN

subsequent bioconjugation, and fluorescence microscopy indicates

=

uniform functionalization across the graphene surface. Notably, we

find that as the azidation, cycloaddition, and bioconjugation processes substantially shift the graphene doping level, high
electrical conductivity and carrier mobility are maintained throughout the different functionalization states. By integrating the
electrochemical azidation scheme with electrochemical exfoliation, we further demonstrate one-step bulk production of azidated
graphene flakes from graphite. We thus open a new door to the facile preparation of diverse graphene derivatives under ambient

conditions.
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hemical modification and functionalization greatly
expand the application of graphene.'”” However, the
graphene basal plane is notoriously inert; limited approaches
exist for its covalent chemistry, and it is challenging to achieve
controllable reactions. Radical addition is a major route to
graphene basal-plane functionalization.'*® The high reactivity
of free radicals is key to initiating reactions with the basal plane
under relatively mild conditions but often gives rise to
extensive side reactions and thus not-well-defined chemical
structures.’ For instance, the popular reaction of graphene and
graphite with aryl radicals generated from diazonium salts™’
can be achieved under ambient conditions but often results in
heterogeneous aryl oligorners.g_12 Moreover, for each desired
surface function, the corresponding radical-generating reagent
often needs to be designed anew, thus limiting application.
Here we report facile, direct azidation of the graphene basal
plane, click chemistry of the product for different surface
functions, as well as bulk production of azidated graphene
flakes from graphite. Although previous work has examined the
azidation of the chemically much more active'”'* graphitic
oxide to a few percent of total weight,">™"” limited success has
been achieved in converting such heterogeneous systems to
graphitic azide."” It is thus of both fundamental and application
interest to examine if stable, well-defined azidated graphene
could be obtained, as well as if such a system would be
electrically conductive and/or suitable for click chemistry.
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We start by developing a strategy to electrochemically
generate azidyl radicals'®"” at the graphene surface in situ
through the oxidation of the simple salt sodium azide (NaNj;)
in an aqueous solution (Figure la). This approach leads to
efficient, tunable azidation of the graphene surface, which then
allows for the expansion of surface functionality to broad
possibilities through click chemistry”*~** and bioconjugation.
Remarkably, we find that graphene maintains high electrical
conductivity and carrier mobility after azidation, cycloaddition,
and bioconjugation, thus pointing to the potential of all these
new graphene derivatives for electronics and biosensing
applications. To conclude, we demonstrate the possibility to
combine electrochemical azidation with electrochemical
exfoliation for the bulk production of azidated graphene flakes
from graphite.

CVD-grown monolayer graphene was deposited as ~2 X 10
mm strips onto thermal oxide-coated silicon chips (SiO,/Si) or
glass substrates and electrically contacted at both ends.
Interference reflection microscopy (IRM)>’ confirmed that
the deposited graphene was predominately monolayer with
sporadic nanoscale bilayer islands (Figure S1). An ~150 uL
drop of 200 mM NaNj in a 0.1 M pH = 7 phosphate buffer
(PB7) was placed at the center of the graphene strip, thus

Received: October 15, 2019
Revised:  December 4, 2019
Published: December S, 2019

DOI: 10.1021/acs.nanolett.9b04267
Nano Lett. XXXX, XXX, XXX—-XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b04267/suppl_file/nl9b04267_si_001.pdf
pubs.acs.org/NanoLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.9b04267
http://dx.doi.org/10.1021/acs.nanolett.9b04267

Nano Letters

a

Ag/AgCl electrode
4

+ Voltage NaN; solution L\

Contacts

iSO s
Graphene Substrate

c

Intensity (10%)

b 80

1.6
N

1.2
0.8

T
N

y

Graphene

0.4
6.0

3.0

0.0

24

1.6
0.0

N
N

Graphite

7408

404

400

» [o2]
o o

Intensity (10%)

N
o

O KLL

O1s 7

+Voltage

No Voltage

N1s

C1s

p
S

Si2
Si2

Binding energy (eV)

10.0 T T T r
C1s

o

80

6.0

40t

Intensity (10%)

20t

800 600 400 200
Binding energy (eV)

1000 0

0.0

202 2

00 288 286 284 282

Binding energy (eV)

Figure 1. Direct azidation of monolayer graphene. (a) Schematic of the azidation process. In a pH-neutral aqueous solution, the electrochemical
oxidation of N3~ at the graphene surface generates azidyl radicals (Nj-), which react in situ with the basal plane. (b) Survey-mode XPS of
monolayer graphene on a SiO,/Si substrate after electrochemical reaction in a 200 mM NaNj solution at 1.3 V (vs Ag/AgCl) for 15 min (top)
versus a control sample that was immersed in a 400 mM NaN; solution for 20 min but without the application of voltages (bottom). (c) High-
resolution XPS for the nitrogen 1s region of the azidated graphene (top) versus that of the solid surface of NaNj salt (middle), and a freshly cleaved
graphite surface after electrochemical reaction in a 400 mM NaNj solution at 1.3 V (vs Ag/AgCl) for 10 min (bottom). (d) High-resolution XPS
for the carbon 1s region of the azidated graphene (black dots and curve) in comparison to that of the starting monolayer graphene (blue curve).
Orange, red, and magenta curves fit to the difference between the two curves, which are attributable to C—N/C—0, C=0, and O=C—OH
bonds, respectively.
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Figure 2. Azidation results under different applied voltages and NaNj concentrations. (a) Measured electrochemical current versus a scanned
voltage (40 mV/s) across monolayer graphene and a Ag/AgCl electrode, in 200 mM NaNj; in PB7 (orange curve) versus in blank PB7 (blue
curve). Inset: time-dependent electrochemical current in 200 mM NaNj in PB7 for four different graphene devices at fixed voltages of 0.7, 1.0, 1.3,
and 1.6 V (vs Ag/AgCl), respectively. (b) XPS of the nitrogen 1s region for the above four samples. (c) The measured nitrogen-to-carbon (N/C)
ratio as a function of the applied voltage for 20 min reactions in 200 mM (black curve) and 400 mM (magenta curve) NaNj solutions.

creating both immersed and nonimmersed areas in the same
sample as defined by the drop boundary. A Ag/AgCl electrode
served as the counter/reference electrode by contacting the
top of the electrolyte drop (Figure la inset).

Remarkably, the application of a voltage of +1.3 V across the
graphene and the Ag/AgCl electrodes led to effective azidation
of graphene (Figure la). Survey-mode X-ray photoelectron
spectroscopy (XPS) of the sample on the SiO,/Si substrate,
after water-rinsed and air-dried, showed the appearance of a

nitrogen 1s peak (Figure 1b, top) when compared to a control
sample that was immersed in a NaNj solution without applying
voltages (Figure 1b, bottom). Analysis of the C, N, O, and Si
peak areas gave atomic percentages of 45.9%, 4.7%, 33.0%, and
16.4% for the voltage-applied sample and 46.2%, 0%, 36.1%,
17.6% for the control sample, respectively. The ~2:1 ratios of
O/Si in both samples indicate that the O signal was mostly
from the SiO, substrate. Indeed, we have recently shown that
the electrochemical oxidation of graphene requires >+1.4 V
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Figure 3. CuAAC click chemistry of azidated graphene and subsequent biotin—streptavidin bioconjugation. (a) Schematic: CuAAC of azidated
graphene with alkyne-PEG;-acid. (b) XPS of the nitrogen 1s region for the resultant product (orange) on a SiO,/Si substrate, fit to magenta, blue,
and cyan peaks at 400.2, 401.6, and 404.2 eV, respectively. (c) Schematic: CuAAC of azidated graphene with alkyne-PEG,-biotin, and subsequent
conjugation with streptavidin tagged by the fluorescent dye Alexa Fluor 555 (AFSSS). (d) Fluorescence microscopy image of the labeled AFSSS for
the resultant functionalized graphene on a glass substrate. White and green arrows point to reduced local fluorescence at bilayer islands and
wrinkles in graphene, respectively. “Gl”: exposed glass surface with no graphene coverage. (e) Fluorescence intensity for different regions of another
sample (Figure S4) in 0.5 mm translational steps along the x-direction. Blue dashed line marks the boundary position of the initial NaN; drop.

versus Ag/AgCl>* and we also found that NaNj; actually
further suppresses graphene oxidation (below).

Meanwhile, the emerged N peak at ~11% N/C ratio
suggests voltage-driven azidation of graphene. High-resolution
XPS of the nitrogen 1s region of the azidated sample (Figure
lc, top) showed two peaks at 400.6 and 404.4 eV at a ~ 2:1
ratio, consistent with those typically found in organic
azides™ ™’ and markedly different from that measured for
the NaN, salt surface at 398.7 and 403.1 eV (Figure I,
middle).”® Meanwhile, high-resolution XPS of the carbon 1s
region showed an increase at ~286.1 eV (orange fitted curve in
Figure 1d), consistent with that of C—N bonds'**”*" albeit
complicated by C—O bonds at similar energies. Together,
these results suggest successful covalent azidation of graphene
through our electrochemical process.

We further found that the above electrochemical approach
also efliciently azidated freshly cleaved graphite surfaces
(Figure lc, bottom). This result provides further evidence
that the azidyl radicals electrochemically generated at the
electrode surface'®'” are effective in reacting with the basal
plane, in line with previously reported high reactivity of
electrochemically generated aryl and arylmethyl radicals and
light-generated chlorine radicals toward the basal planes of
graphite and multilayer graphene.””'~**

To gain control of the azidation process, as well as insights
into the reaction mechanism, we next varied the applied
voltage. Scanning up the voltage at 40 mV/s in 200 mM NaNj,
in PB7, the detected electrochemical current rose rapidly at
>0.9 V (vs Ag/AgCl) and peaked at ~1.25 V (Figure 2a,
orange curve), consistent with the electrochemical oxidation of
the azidyl/azide couple [E(N;-/N;~) ~ 1.35 V versus normal
hydrogen electrode.’” Mild bubble generation was noted for
>~1.0 V, attributable to the self-combination of excessive
azidyl radicals (2 N5+ — 3N,). Further increasing the voltage

beyond ~1.4 V led to another rise in current; this rise
coincided with the onset of current in blank PB7 (Figure 2a,
blue curve) and is ascribed to the electrolysis of water.”*
Reversed scan yielded no noticeable reduction peaks,
con51stent with the high reactivity of the generated azidyl
radicals."”

On the basis of these results, we examined graphene
azidation efficiency at different fixed voltages. Whereas no
appreciable azidation occurred at 0.7 V vs Ag/AgCl (Figure
2b) under which condition the electrochemical current was
negligible (Figure 2a inset), substantial azidation was found at
1.0 V (Figure 2b) for which case the electrochemical current
was significant (Figure 2a inset). Stronger azidation was
achieved at 1.3 V, and a further slight increase was found for
1.6 V (Figure 2bc). We have recently identified 1.4 V (vs Ag/
AgCl) as the onset voltage for the electrochemical oxidation of
graphene.”* Interestingly, IRM showed that whereas 1.6 V (vs
Ag/AgCl) quickly oxidized graphene in the blank PB7, the
oxidation was fully suppressed with 200 mM NaNj; added
(Figure S1). This result can be understood as that the hydroxyl
radical (HO-), the major oxidative species in water electrolysis
that drives graphene oxidation,”**” is readily consumed by N;~
to produce OH™ and Nj-*

The azidation degree also depended on the NaNj
concentration (Figure 2c). For 1.6 V vs Ag/AgCl, final N/C
ratios of 11% and 19.5% were obtained when the electrolyte
contained 200 and 400 mM NaNj, respectively. With three
nitrogen atoms in each azido group, the latter result indicates
~6.5% of all carbon atoms were azidated. Varying the reaction
time (Figure S2) showed that effective azidation occurred
within 5 min, and improved slightly further with 10—20 min of
reaction. Together, these results demonstrate that the azidation
degree of graphene is tunable through both the applied voltage
and the NaNj; concentration, while further confirming the
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reaction mechanism of in situ generation of azidyl radicals
(Figure la).

The azidated graphene surface readily enabled copper(I)-
catalyzed alkyne—azide cycloaddition (CuAAC) click chem-
istry.”” For CuAAC of the azidated graphene with alkyne-
PEGgs-acid (Figure 3a), XPS of the nitrogen 1s region (Figure
3b) showed a small peak at ~404.2 eV (cyan) attributed to the
unreacted azido groups (~404.4 eV above in Figure lc), as
well as a major peak at 400.2 eV (magenta) that is shifted
toward a slightly lower binding energy when compared to the
azido group (~400.6 eV in Figure 1c), together with the
emergence of a shoulder peak at 401.6 eV (blue). These results
are in good agreement with the generation of triazole groups
through CuAAC.>*

To evaluate the spatial homogeneity of the functionalization
result, we performed CuAAC of the azidated graphene with a
fluorescent dye-tagged alkyne (Figure S3), as well as with
alkyne—PEG,—biotin for subsequent bioconjugation of dye-
tagged streptavidin (Figure 3c). Fluorescence microscopy
showed spatially uniform dye labeling for both samples (Figure
3d,e and Figure S3) with reduced local intensities noted at
bilayer islands (white arrows in Figure 3d) and wrinkles (green
arrows), consistent with fluorescence quenching by gra-
phene.*® Meanwhile, as the NaNj solution droplet in the
initial azidation process only partially covered the graphene
strip, the nonazidated parts of the same graphene sample
showed minimal fluorescence (Figures 3e, S3, and S4) even
though the CuAAC and streptavidin reactants covered the
entire sample, thus signifying specific labeling through click
chemistry.

We next examined if the azidated graphene could permit
copper-free cycloaddition,”"** which by eliminating the need
for potentially toxic Cu ions is advantageous for biological
applications. We thus showed the successful copper-free
cycloaddition of azadibenzocyclooctyne (ADIBO)—PEG,—
biotin with the azidated graphene, as well as subsequent
streptavidin conjugation (Figure 4 and Figure SS).

We further followed the evolution of graphene electrical
properties through the functionalization processes under a
field-effect transistor scheme. Scanning the source-drain
voltage (V,4) between —20 to +20 mV yielded linear I-V

Dye-tagged
streptavidin

s

e

O M 12500

Fluorescence

Figure 4. Copper-free cycloaddition of azidated graphene and
subsequent biotin—streptavidin conjugation. (a) Schematic of the
final product. (b) Fluorescence microscopy of the labeled AFSSS for
the resultant functionalized graphene on a glass substrate. “Gl” marks
the glass substrate, where the functionalized graphene was locally
peeled away.

curves (Figure Sa and Figure S6), from which we calculated
sample conductance as varied electrochemical gating voltages
(Vy) were applied across the Ag/AgCl electrode and graphene
(Frgure Sb; electrolyte: 70 mM pH = 7 phosphate buffer).
Conductance of the starting sample was ~0.11 mS (Figure
Sab), consistent with the ~2 X 10 mm strip geometry with
electrochemical-gating results (Figure Sb) typical of monolayer
graphene.”

Remarkably, the graphene conductance increased notably
after azidation (Figure Sa). Gate-dependent measurement
showed a substantial positive voltage shift for the conductance-
V, transfer curve (Figure Sb), indicating enhanced p- dopm
consrstent with azido groups being electron-withdrawing.”

A high conductance-V, slope was also noted (Figure 5b),
indicative of high carrier mobility. Similar p-doping behavior
with high conductivity and mobility has been noted before for
highly chlorinated monolayer graphene.””~*® As a pseudohal-
ogen, the azido group is characterized by Hammett substituent
constants comparable to that of halogens,” and so it could
affect graphene properties analogously. To this end, we found
Raman spectroscopy of the azidated graphene (Figure S7) also
behaved similarly as the highly chlorinated graphene, namely a
significant decrease in the intensity ratio of the 2D peak over
the G peak but little increase in the D peak signal.*”*>*° It is
thus possible that the azido group similarly p-doped graphene
without 1nduc1ng high levels of defects in the graphene
lattice,™*° hence the measured high electrical conductivity.
Cycloaddition of ADIBO—PEG,—biotin led to substantial n-
doping while keeping the large conductance-V, slope (Figure
Sb). Subsequent streptavidin conjugation dld not cause
significant further changes (Figure Sb). Together, our
observation that graphene maintained high conductance and
mobility throughout all the above functionalization states
points to the potential of these new graphene derivatives in
electronics and biosensing applications.

By integrating our above electrochemical azidation scheme
with electrochemical exfoliation, we next demonstrated one-
step bulk production of azidated graphene from graphite. In
recent years, we have witnessed the rise of electrochemical
exfoliation as a powerful pathway to graphene bulk
production.””*’ In particular, the anodic exfoliation of
graphite in aqueous sulfate solutions has achieved high
efficiency.

We found natural graphite to be readily exfoliated in an
aqueous solution of 200 mM NaN; and 400 mM Na,SO,,
although the voltage required was notably higher than that in a
Na,SO,-only solution (+7 vs +5 V; Methods). Transmission
optical microscopy showed the generation of ~200 pm-sized,
flower-like particles of loose few-layer sheets (Figure 6a). The
product was collected, washed, redispersed through a brief
sonication, and then drop-casted onto SiO,/Si substrates
(Methods). Reflected light microscopy showed monolayer
flakes ~10 ym in size (Figure 6b and Figure S8), with image
contrasts matching well to that calibrated with CVD graphene
(Figure 6¢). Accordingly, AFM showed heights of ~1.0 nm
(Figure 6de), typical of monolayer graphene.

Notably, when compared to samples exfoliated in the
Na,SO,-only solution, XPS of samples exfoliated in the NaN;—
Na,SO, solution showed the emergence of N 1s signal (Figure
6f). High-resolution data showed two N 1s peaks at 400.5 and
404.1 eV (Figure 6g), similar to our results above on CVD
graphene (Figure 1c), thus indicating azidated graphene flakes.
Quantitative analysis showed an N/C atomic ratio of 5% and
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Figure 5. Electrical characterizations of azidated and clicked graphene. (a) I-V curves for monolayer graphene on a glass substrate at 0 V gate
voltage, before reaction (blue), after azidation (orange), after copper-free cycloaddition of ADIBO-PEG,-biotin (green), and after streptavidin
conjugation (magenta). (b) Conductance obtained from linear fits to I-V curves, as a function of the electrochemical gating voltage applied to the
Ag/AgCl electrode versus graphene for the four functionalization states. Electrolyte was a 70 mM pH = 7 phosphate buffer.
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Figure 6. Bulk production of azidated graphene flakes through the electrochemical exfoliation of graphite in a NaN;—Na,SO, solution. (a)
Transmission optical micrograph of flower-like graphitic particles generated through the electrochemical exfoliation of graphite in an aqueous
solution of 200 mM NaNj; and 400 mM Na,SO,. (b) Reflected light micrograph for the resultant flakes on a SiO,/Si substrate. (c) Intensity profile
along the red line in (b), normalized to the intensity at the bare substrate. Dot lines: expected intensities of monolayer and bilayer graphene, as
calibrated with CVD graphene samples. (d) Reflected light microscopy (left) and AFM (right) images of another sample. (e) Height profile along
the green line in (d). (f) Survey-mode XPS spectrum of the product on a SiO,/Si substrate (top) versus that produced through the electrochemical
exfoliation of graphite in a Na,SO,-only solution (bottom). (g) High-resolution XPS spectrum of the N 1s region for the sample exfoliated in the

NaN;—Na,SO, solution.

an O/C ratio of 20% after subtracting the O signal from the
SiO, substrate. In comparison, the Na,SO,-only sample
(Figure 6f, bottom) had no N signal and an O/C ratio of
12%. The higher O/C ratio of the azidated sample may be
related to the above-noted higher required voltage for
exfoliation, which points to competitions between the SO,*"-
intercalation and N -azidation processes, and hence the
necessity to explore multiple parameters for future optimiza-
tion. Nonetheless, with the achieved ~5% N/C ratio, clicking
with a strongly negatively charged molecule already showed
improved dispersion of the graphene flakes in water (Figure
$9).

Our successful azidation of graphene through electrochemi-
cally generated Nj- radicals is consistent with mounting
evidence that free radicals are particularly effective in reacting
with the graphene basal plane.'”>®** Although reagents as
diazonium salts also enable radical reactions under ambient
conditions, heavy side reactions often occur between the
radicals and the already deposited layer;” the resultant surface
is thus heterogeneous in chemical composition and

height.”'°~"* By starting with the simple N, anion, which

was converted into azidyl radicals in situ at the graphene
surface, our approach effectively precludes side reactions.
Consequently, well-defined, covalently bonded azido groups
were obtained at high levels in minutes.

The monolayer azido groups bond to the graphene surface
next uniquely offered a valuable handle for expanding surface
functions. Whereas here we have already demonstrated both
CuAAC and copper-free click chemistry, as well as subsequent
biotin—stre4ptavidin bioconjugation, azides are notably multi-
functional:*” other rich chemistry remains to be explored. In
this work, we further found that graphene maintained excellent
conductivity and carrier mobility as the different surface
functions substantially shifted the doping level. This finding
bodes well for the potential application of these and related
new materials for electronics and biosensing applications.
Finally, by next demonstrating the possibility to bulk-produce
azidated graphene flakes directly from natural graphite, we
pointed to a new pathway to the high-throughput preparation
of diverse graphene derivatives. We thus opened a new door to
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the facile, versatile covalent functionalization of graphene
under ambient conditions.
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