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Abstract 

 

High Resolution Optical Characterization of Graphene Functionalization 

 

by 

 

Yunqi Li 

 

Doctor of Philosophy in Chemistry 

 

University of California, Berkeley 

 

Professor Ke Xu, Chair 

 

The past decades have witnessed the exponential growth of studies utilizing optical techniques to 

characterize graphene functionalization. The promise and potential application of graphene and 

related materials are substantially expanded through chemical functionalization. However, due to 

the fact that graphene is a single layer of carbon atoms, it is difficult to study the in situ dynamics 

of graphene chemistry. Moreover, the inertness of the graphene basal plane has notably limited its 

viable chemical modification pathways. This dissertation describes efforts by the author and 

colleagues to overcome these limitations. Part I of this dissertation demonstrates the direct optical 

visualization of in situ dynamics of graphene chemistry through interference reflection microscopy. 

Specifically, we uncover the unique dynamics of the redox reaction, diazonium reaction and 

solution-enclosing blister generation process of substrate-supported graphene at high 

spatiotemporal resolution. Part II of this dissertation reports facile approaches to the chemical 

modifications of the inert graphene basal plane under ambient conditions. Optical characterizations 

techniques including interference reflection microscopy, transmission microscopy, fluorescence 

microscopy, and Raman spectroscopy are utilized here to help establish the successful 

modifications of graphene through our facile approaches. These approaches include direct 

azidation and chlorination of the graphene basal plane through the electrochemical oxidation of an 

aqueous sodium azide and sodium chloride solution as well as a photocatalytic approach for the 

facile azidation and chemical patterning of graphene surface. 
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Introduction 
 

In 2004, two physics, Andre Geim and Konstantin Novoselov first extracted graphene from a 

piece of graphite. Using regular adhesive tape they managed to obtain a flake of one atom thick 

graphene, for which they received the Nobel Prize in 2010. In simple terms, graphene is a sheet 

of a single layer of carbon atoms, tightly bound in a hexagonal honeycomb lattice. Graphene is 

the strongest compound discovered, the best conductor of heat at room temperature, and also the 

best conductor of electricity known. Graphene’s outstanding electrical, optical, and mechanical 

properties makes it a potential candidate in application areas including electronics and 

biosensors. The potential of graphene can be substantially expanded through chemistry. 

However, the facts that graphene is a single layer of atom and graphene uniformly absorbs 2.3% 

of light across the visible and near-infrared parts of the spectrum create difficulty for its in situ 

studies. Existing techniques offer limited signal contrast and/or spatial-temporal resolution, and 

are difficult to apply to in situ studies. 

 

In part I of this dissertation, we demonstrate the direct optical visualization of in situ dynamics of 

graphene chemistry through interference reflection microscopy (IRM). IRM is a facile, label-free 

optical microscopy method originated in cell biology. By repurposing IRM for imaging 

graphene, we experimentally achieved excellent contrast. IRM was performed on a standard 

inverted fluorescence microscope equipped with a standard lamp, a field diaphragm, a bandpass 

filter and a 50/50 beam splitter. The incident single color light enters the sample from the 

substrate side and encounters the graphene and top medium. The IRM signal is based on the 

absorption and interference of light at the sample.  

 

By employing IRM, we first quantitatively monitor the redox reaction dynamics of graphene and 

graphene oxide (GO) in situ with diffraction-limited (~300 nm) spatial resolution and video-rate 

time resolution. Remarkably, we found that the oxidation kinetics of graphene are characterized 

by a seeded, autocatalytic process that gives rise to unique, wave-like propagation of the reaction 

in two dimensions. The reaction is initially slow and confined to highly localized, nanoscale hot 

spots associated with structural defects, but then self-accelerates while propagating outwards, 

hence flower-like, micrometer-sized reaction patterns over the entire sample. In contrast, the 

reduction of GO is spatially homogeneous and temporally pseudo-first-order, and through in situ 

data we further identify pH as a key reaction parameter.  

 

We next apply IRM to study the in situ reaction dynamics of the representative diazonium 

reaction of graphene with 4-nitrobenzenediazonium tetrafluoroborate (4-NBD) at high 

spatiotemporal resolution, and further correlate results with atomic force microscopy, Raman 

spectroscopy, and infrared scattering scanning near-field optical microscopy. Interestingly, we 

find the reaction to be significantly promoted by a low (0.5 W/cm2) level of blue visible light, 

whereas at the same intensity level, red light has negligible effects on reaction rate. We further 

report rich spatial heterogeneities for the reaction, including enhanced reactivity at graphene 

edges and an unexpected flake-to-flake variation in reaction rate. Moreover, we demonstrate 

direct photo-patterning for the 4-NBD functionalization, achieving 400 nm patterning resolution. 

 

The fast, spontaneous generation of solution-enclosing blisters/bubbles for monolayer and few-

layer graphene on common silicon and glass substrates in acidic solutions is another system 

https://www.nobelprize.org/prizes/physics/2010/press-release/
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illustrating that IRM is a powerful tool for direct optical visualization of in situ dynamics of 

graphene chemistry. Using IRM, we monitor the blister-generating process in situ, and show that 

at pH<~2, nanoscale to micrometer-sized graphene blisters, up to ~100 nm in height, are 

universally generated with high surface coverages on hydrophilic, but not hydrophobic, surfaces. 

The spontaneously generated blisters are highly dynamic, with growth, merging, and 

reconfiguration occurring at second-to-minute time scales. Moreover, we show that in this 

dynamic system, graphene behaves as a semipermeable membrane that allows the relatively free 

passing of water, impeded passing of the NaCl solute, and no passing of large dye molecules. 

Consequently, the blister volumes can be fast and reversibly modulated by the solution osmotic 

pressure. 

 

In part II of this dissertation, we shift the focus from direct optical visualization and in situ 

dynamics to discussions of facile chemical modifications of graphene under ambient conditions. 

It has become clear over the past decade that the full potential of graphene and related materials 

can only be released through chemical functionalization and modification. However, the basal 

plane of graphene is notoriously inert; limited approaches are available for its covalent 

chemistry, and they often cannot be done in a controlled fashion. In this section, we report facile 

approaches of covalent functionalization of graphene basal plane, which are successfully 

characterized by several optical methods including IRM, transmission microscopy, fluorescence 

microscopy, and Raman spectroscopy and X-ray photoelectron spectrum. 

 

We first report direct azidation and subsequent click chemistry of the graphene basal plane through 

the electrochemical oxidation of an aqueous sodium azide solution at the graphene surface. A ~20% 

nitrogen-to-carbon ratio is achieved for monolayer graphene under ambient conditions and neutral 

pH, and the degree of functionalization is tunable through the applied voltage. The functionalized 

azide groups enable both copper-catalyzed and copper-free alkyne cycloaddition click chemistry, 

as well as 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. 

 

In contrast to the traditional toxic and corrosive methods to graphene chlorination, we report a facile 

approach to directly chlorinate graphene from an aqueous sodium chloride solution under ambient 

conditions. By applying a moderate anodic voltage to substrate-supported monolayer graphene, 

the resultant chlorine radicals generated at the graphene surface enable efficient chlorination: the 

X-ray photoelectron spectrum confirms the formation of C-Cl bonds, and reaction voltage-tunable 

Cl:C atomic ratios of up to 17% are achieved. In comparison, we find the corresponding 

electrochemical graphene bromination and iodination reactions much less viable. Electrical and 

Raman characterizations show substantial p-doping for the chlorinated graphene, yet good basal-

plane integrity and electrical properties are maintained. Interference reflection microscopy and 

pH-dependent experiments next help elucidate the competition between the radical-mediated 

electrochemical chlorination and oxidation in the process, and rationalize acidic conditions for 

optimal chlorination. Reaction in a mixed NaCl-NaN3 solution shows the electrochemical 
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chlorination to be fully suppressed by azidation, yet a sequential, two-step chlorination-azidation 

approach permits facile bi-functionalization. 

The past few years have seen focused interest in the chemical patterning of graphene. However, 

tightly focused laser beams are used to achieve the required high local light intensity, and spatial 

patterning was then performed by scanning the focused beam. Such approaches are both 

technically challenging and of very low throughput. To overcome these limitations, we report a 

photocatalytic approach for the facile azidation and chemical patterning of graphene. Employing 

the classic photoredox catalysis tris(bipyridine)ruthenium(II) chloride [Ru(bpy)3]Cl2, azidyl 

radicals are generated in an aqueous solution of sodium azide under low illumination of blue light, 

e.g., filtered out from a white lamp. The photogenerated azidyl radicals efficiently azidate 

monolayer graphene, and the resultant azidated graphene further enables chemically defined 

derivations through click chemistry and subsequent bioconjugation. By controlling the 

illumination pattern in the wide field, we further demonstrate the direct photopatterning of 

graphene functionalization with low light, removing the need to focus an intense laser beam into 

a tight spot. 

 

Publications reproduced in this dissertation are listed below. Permission has been granted by all 

critical co-authors for the reproduction of the work in this dissertation. 

 

M. Wojcik||, Y. Li||, W. Li, K. Xu, "Spatially resolved in situ reaction dynamics of graphene via 

optical microscopy," J. Am. Chem. Soc., 139, 5836-5841, 2017. 

 

Y. Li, W. Li, M. Wojcik, B. Wang, L.-C. Lin, M. B. Raschke, K. Xu, "Light-assisted diazonium 

functionalization of graphene and spatial heterogeneities in reactivity," J. Phys. Chem. Lett., 10, 

4788-4793, 2019. 

 

Y. Li, B. Wang, W. Li, K. Xu, "Dynamic, spontaneous blistering of substrate-supported graphene 

in acidic solutions," ACS Nano, 16, 6145-6152, 2022. 

 

W. Li, Y. Li, K. Xu, "Azidated graphene: direct azidation from monolayers, click chemistry, and 

bulk production from graphite," Nano Lett., 20, 534-539, 2020. 

 

W. Li, Y. Li, K. Xu, "Facile, electrochemical chlorination of graphene from an aqueous NaCl 

solution," Nano Lett., 21, 1150-1155, 2021. 

 

W. Li||, Y. Li||, B. Wang, K. Xu, "Visible-Light Azidation and Chemical Patterning of Graphene 

via Photoredox Catalysis," J. Phys. Chem. (in press), 2022. 

 
|| denotes equal contribution. 
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Part I: Direct optical visualization of in situ dynamics of graphene chemistry 

via interference reflection microscopy 
 

In this section, we demonstrate the direct optical visualization of in situ dynamics of graphene 

chemistry through interference reflection microscopy (IRM),1-4 a label-free optical technique. 

We start with utilizing IRM to uncover the unique, spatially and temporally highly 

heterogeneous redox reaction dynamics of graphene and GO since the IRM signal heavily 

depends on the complex index of refraction of the sample. As this method is also sensitive to the 

thickness of the thin film material, we then apply IRM to study the in situ dynamics of the 

representative diazonium reaction of graphene with 4-nitrobenzenediazonium tetrafluoroborate 

(4-NBD) 5-13 at high spatiotemporal resolution. The fast, spontaneous blister-generating process 

of substrate-supported graphene in acidic solutions of pH<~2 is another system that elucidates 

IRM as a strong tool for in situ imaging and dynamic measurements.    

 

Chapter 1: Spatially resolved in situ reaction dynamics of graphene oxidation 

and GO reduction 
 

The work in this chapter was conducted in collaboration with Michal Wojcik, Wan Li and Ke 

Xu. It is reproduced in part here from ref14 with permission from all co-authors.  

 

1.1  Introduction 
 

Graphene and its derivatives have attracted broad research and commercial interests over the past 

decade for their exceptional electrical, optical, and mechanical properties.16,17 The promise of 

graphene can be substantially expanded through chemistry: chemical modifications provide 

pathways to the fine-tuning of bandgaps, and chemical functionalization enables new 

applications.18-25 Meanwhile, chemical reduction of graphene oxide (GO) provides a promising 

route to graphene mass production.18,26,27 Moreover, understanding the chemical reactivity of 

graphene on substrates is critical to establishing the performance limitations of graphene-based 

devices. 

 

The fact that graphene is a single layer of carbon atoms creates challenges for studying its reaction 

dynamics. X-ray photoelectron spectroscopy (XPS) provides elemental compositions and 

chemical states,28-30 but offers no spatial information and is limited by ultrahigh vacuum operating 

conditions. Raman spectroscopy provides an accessible means to study the doping and defect 

levels of the graphene lattice,31 and thus an indirect way to probe reaction progress.8,10,29,30,32-35 

However, the absolute progression of reaction is difficult to quantify, limited spatial and temporal 

resolutions are achieved, and in situ application to solution-phase reactions34 is difficult. Scanning 

electrochemical microscopy maps out local reactivity in solutions,36-38 but reports on the reactions 

of solute molecules at the graphene surface as opposed to the reactions of graphene per se.  

 

In this chapter, we attained spatially resolved, in situ redox reaction dynamics of graphene and 

GO on common glass substrates through IRM.  
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1.2  Results and discussion 
 

IRM signal is based on the interference of light at the sample4 (Figure 1a), which depends strongly 

on the complex index of refraction of the sample, n2 (Figure 1b). Consequently, IRM should be 

sensitive to changes in local chemical compositions, as long as associated changes in index of 

refraction exist. Specifically, for the chemical conversion between monolayer graphene (n2 = 

2.65+1.27i)39,40 and GO (n2 = 1.75+0.17i),41 the theoretical contrast I/I0 (I and I0 being the IRM 

signal at the sample vs. at a bare substrate, respectively) is 0.70−0.73 for the former and 0.97 for 

the latter (Figure 1b) when the top medium is an aqueous solution (n3 = 1.355−1.330). This ~30% 

signal difference is readily detectable. By performing video-rate IRM recording of graphene and 

GO under the immersion of a solution-phase oxidizing/reducing agent, we thus achieved 

quantitative, spatially resolved recording of the dynamics of graphene redox reactions in situ. 

 
Figure 1. IRM reveals spatially inhomogeneous oxidation of graphene. (a) Schematic of IRM. 

The complex indices of refraction are denoted as n1, n2, and n3 for the substrate, graphene 

sample, and reactant solution, respectively. (b) Theoretical IRM signal (I/I0) for monolayers of 

different complex n2 values. Circles mark values corresponding to pristine graphene (Gr) and 

GO. (c) Raman spectroscopy of graphene after 1 h oxidation in Clorox, taken close to (Spot A) 

and far away from (Spot B) centers of the flower-like patterns visualized by IRM (inset), 

respectively. (d,e) IRM images of graphene on glass, before (d) and after (e) 1 h oxidation in 

Clorox. “0”s mark areas with no graphene. (f) Result of (e) converted to oxidation progress 

map (color-scale bar below). (g,h) Conventional transmission light microscopy of the bottom 

half of the same areas as (d,e), with 2x artificial enhancement of image contrast. Scale bars: 5 

µm. 
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We first examined the oxidation of copper-grown graphene42 that was wet-transferred42,43 onto 

glass, using household bleach Clorox as the oxidant. Experimental IRM signal of the starting 

graphene monolayer (Figure 1d) gave I/I0 = 0.71, in agreement with theory. After 1 h of oxidation, 

micrometer-sized flower-like patterns appeared with significantly increased local intensity in IRM 

signal (Figure 1e), consistent with the predicted signal change for GO (Figure 1b). In comparison, 

conventional transmission light microscopy achieved only 2% contrast for graphene44-46 (Figure 

1g), and after reaction barely discerned the flower-like patterns as brighter areas (Figure 1h), 

attributable to the much lower light absorption of GO when compared to graphene.41 Raman 

spectroscopy showed a stronger D peak, the appearance of a D’ peak, and a reduced 2D peak for 

areas close to the flower-like patterns (Figures 1c and 2), indicating greater local reaction 

progresses.8,10,32-35 XPS results showed ~20% graphene oxidation for samples similarly prepared 

on a silicon substrate (Figure 2), consistent with the observed reaction patterns. 

 

 
Figure 2. Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) of graphene samples 

before (black) and after (red) 1 h oxidation in Clorox. (a) Raman spectroscopy: a significant 

increase in D peak and a decrease in 2D peak were observed after reaction. Here spectra were 

averaged from eight random locations of the sample, thus included areas close to and far away 

from reaction centers (Figure 1c). (b) XPS data show the appearance of a significant peak at ~289 

eV, an increase in the shoulder peak at ~286 eV, and a decrease in the original peak at ~285 eV 

after reaction. These results are in general agreement with previous results on partial oxidation of 

graphene,15 and we estimate ~20% of the graphene surface to be oxidized, consistent with the 

reaction patterns observed by IRM. Note that for the XPS experiments, conductive silicon 

substrates were used in lieu of the glass substrates used in all other experiments, so as to eliminate 

sample charging. 

 

The excellent IRM contrast offers a possibility to quantify local reaction progress. As IRM 

achieves diffraction-limited spatial resolution of ~300 nm,4 its signal is the local average of the 

contrast from graphene and GO within the diffraction-limited spot, and so is linearly dependent on 

the local fraction of GO. We thus directly converted the measured I/I0 into a map of the local GO 

percentage and thus the oxidation progress (Figure 1f). As shown below, this treatment allows for 

good descriptions of both reaction progress and dynamics. 
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The reaction progress map (Figure 1f) revealed notable spatial heterogeneity. The reaction progress 

was near 100% in the central areas of each flower-like pattern, but gradually decreased to a lower 

extent towards the outer areas, with areas far away from the flower-like patterns remaining largely 

unreacted. This result suggests that the oxidation initiates from certain locations and propagates in 

the two-dimensional system.  

 

The high sensitivity of IRM for nanoscale defects4 enabled us to identify the reaction-initiation 

centers as nanoscale bilayers formed during graphene growth (red arrows in Figure 1e). Stacked 

bilayers, e.g., those formed due to local tearing and folding-over of monolayers (yellow arrows in 

Figure 1e), were not reaction centers, suggesting that it is not the presence of bilayers, but rather 

local defects that seeds the reaction hot spots: It is likely that these local defects also initiated the 

growth of the second layer in the first place. Edges of graphene were generally not reaction-

initiation centers, an observation in line with earlier results on gas-phase oxidation of graphene.32  

 

This result suggests that the oxidation of graphene is guided by different dynamics compared to 

electrochemical reactions of solute molecules at the graphene surface.36-38 Wrinkles in graphene 

were also not reaction-initiation centers. Remarkably, the more prominent wrinkles apparently 

blocked the propagation of reaction in the two-dimensional graphene sheet (solid cyan arrows in 

Figure 1e), whereas the lesser wrinkles were less effective in blocking reaction propagation 

(dashed cyan arrows). AFM results indicate that the more prominent wrinkles are ~1 nm in height, 

whereas the lesser wrinkles visualized by IRM are difficult to probe with AFM due to surface 

roughness.4 

 

 
Figure 3. In situ recording of the oxidation kinetics of graphene. (a) IRM image of the starting 

monolayer graphene. “0” marks an area with no graphene coverage. (b,c) IRM-derived oxidation 

progress map of the same area after 10 min (b) and 38 min (c) reaction with Clorox. (d) IRM signal 

(left axis) and the converted oxidation progress (right axis) as a function of time for the four pixels 

marked as 1−4 in (a-c, e-h). (e-h) Map of local reaction rates, obtained by calculating the slopes 

of reaction progress of every pixel during the time frame indicated in each figure. Red arrows in 

(a,b,e) point to reaction-initiation centers. Scale bars: 5 µm. 
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Figure 4. Additional IRM images (top two rows) and corresponding converted oxidation progress 

maps (bottom two rows) for the sample shown in Figure 3 at different time points. Color scale for 

oxidation progress is the same as Figure 3bc. Scale bars: 5 µm. Red arrows point to microscopic 

tears/cracks generated during the reaction. Most tears/cracks are formed along preexisting wrinkles, 

attributable to local mechanical instability.29 

 

To understand the kinetics of how the reaction propagates in this unique two-dimensional system, 

we performed in situ IRM recording of the reaction in real time (Figures 3 and 4). After 10 min of 

reaction, notable local oxidation was apparent close to hot spots surrounding nanoscale bilayers 

(Figure 3ab). The reaction continued at these initiation centers while propagating in two 

dimensions, thus forming flower-like patterns with greater reaction progress at the center (Figure 

3c). The formation of microscopic tears/cracks was also occasionally observed (Figure 4), 

attributable to tension/strain generated from the reaction. Plotting the reaction progress for 

different positions as a function of time (Figure 3d for Pixels 1-4 marked in Figure 3a-c) showed 



6 

 

sigmoidal dependence with initially low reaction rates, acceleration at different time points, and 

reduced rate as the reaction approaches completion.  

 

To visualize the apparent heterogeneity in reaction rate over both space and time, we calculated 

and color-mapped the local reaction rate at every pixel of the image from the slopes of single-pixel 

reaction progress curves (e.g., Figure 3d) at different time points (Figure 3e-h). Remarkably, at the 

onset of the reaction, finite (~2%/min) reaction rates were observed at highly confined local hot 

spots in the vicinity of local bilayers (red arrows in Figure 3e; also Curve 1 in Figure 3d). The 

initial reaction quickly propagated in the two-dimensional system (Figure 3f); meanwhile, the 

reaction rates at the initiation centers accelerated and reached maxima of ~6%/min at 6-8 minutes 

(Figure 3g).  

 

The initially slow, but later accelerating reactions at the initiation centers are characteristic of 

autocatalytic reactions. Defects at bilayers apparently act as initial seeds of reaction; as the reaction 

progresses, more defects are locally created to promote further reaction. Areas surrounding these 

initiation centers initially lack defects to start the reaction, and so “wait” for periods of varied 

lengths (Curves 2, 3 in Figure 3d; Figure 3e-h) for the reaction-induced defects to propagate to 

their locations to seed the reaction. As the locally available reaction sites are consumed, reaction 

rates start to drop, hence the sigmoidal local reaction progress curves and a peculiar “wavefront” 

of reaction rate at the edges of the flower patterns at later time points (Figure 3h). This unique 

reaction propagation mechanism of the two-dimensional graphene system is reminiscent of two-

dimensional crystal growth at nucleation sites, although our mechanism involves a gradual 

progression of local reactions and defects as opposed to rapid crystallization.  

 

 
Figure 5. Reaction kinetics with a diluted oxidant. (a) IRM image of monolayer graphene after 2 

h oxidation by 10% Clorox. (b) IRM-monitored oxidation progression as a function of time for the 

four pixels marked as 1−4 in (a). (c,d), Map of local reaction rate for 24-28 min (c) and 116-120 

min (d), respectively. Red arrows in (a,c) point to reaction-initiation centers. Scale bars: 5 µm. 

 

We observed similar reaction mechanisms for diluted (10%) Clorox, but noting significantly lower 

reaction rates (Figure 5). Finite reaction rates were only detected after ~20 min, again first at highly 
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confined local hot spots in the vicinity of bilayers (Figure 5c), indicating a much slower 

autocatalytic process. Slower propagation and prolonged delay time were observed across the 

sample (Figure 5b-d). 

 

Together, these results show that the oxidation kinetics of graphene is characterized by an oxidant 

concentration-dependent autocatalytic process that results in wave-like propagation of reaction in 

two dimensions. 

Figure 6. In situ recording of the reduction kinetics of GO. (a) IRM signal (left axis) and the 

converted reaction progress (right axis) for the reduction of GO with a 1% solution of ascorbic 

acid and 0.1% and 1% solutions of Na2S2O4. Result in water is shown for comparison. The 0.1% 

Na2S2O4 data (red and blue) were drawn for two different pixels marked in (b). Other time traces 

are given as local (~0.1 µm2) averages. Cyan line is fit to the 0.1% Na2S2O4 data to a simple 

exponential decay. Insets: IRM images of a GO flake before and after 40 min reduction in 1% 

ascorbic acid. (b) IRM images of a GO flake before (left) and after (center) 30 min reduction in 

0.1% Na2S2O4, together with the converted map of remaining GO at 30 min (right). (c) Maps of 

local reaction rates of the same sample at 0−2, 2−4, 4−6, 6−8, and 8−10 min, respectively. (d) 

Maps of the local first-order reaction rate constant k in 0.1% (left) and 1% (right) Na2S2O4, 

respectively, obtained by fitting the reaction time trace of each pixel to a simple exponential decay. 

(e) Distribution of the fitted k values for reduction in 0.1% Na2S2O4. Scale bars: 1 µm. 

 

The flower-like (as opposed to radially symmetric) patterns we observed suggest strong 

anisotropy: the autocatalytic nature of the reaction amplifies differences in local reaction rate 

during radial propagation. In our IRM results we occasionally noticed point-like nanoscale defects 

(white arrows in Figures 1ef and 3a-c) and wrinkles (solid cyan arrows in Figure 1e) that blocked 

the propagation of reaction and so contributed to the flower-like patterns. Other factors, including 

graphene crystallographic orientations and atomic structural defects47 may also lead to anisotropic 

increases or decreases in local reaction rate. 

 

From a different perspective, our observed wave-like, two-dimensional propagation of reaction in 

graphene also bears a striking resemblance to chemical waves in reaction–diffusion systems:48 The 

autocatalytic oxidation mechanism makes graphene an excitable media, but here propagation of 

reaction is through the generation of new defects at the wavefront within the two-dimensional 

material as opposed to the diffusion of chemicals. Consequently, the spatial dimensions of our 

reaction patterns are orders of magnitude smaller.48 

 

 
0 10 20 30 40

0.80

0.85

0.90

0.95

1% Na
2
S

2
O

4

0.1% Na
2
S

2
O

4

1% ascorbic acid

I 
/ 

I 0

Time (min)

Water

40

60

80

100

 R
e
m

a
in

in
g
 G

O
 (

%
)

+a b +

c

d

0.20 0.22 0.24 0.26
0

100

200

C
o

u
n

t

k (min
-1
)

0.40
e

0-2 m 4-6 m

6-8 m 8-10 m

2-4 m

+

+++

0 m

k (min-1)

0.2

160

rate (%/min)

8

30 m
0% GO 100%



8 

 

We next examined the reduction kinetics of GO. Starting monolayer GO flakes, as produced by 

the conventional Hummers’ method,49 exhibited typical IRM signal of I/I0 = 0.96−0.98, in 

agreement with theory (Figure 1b). A steady decrease in I/I0 was observed as GO was reduced, 

whereas no change in I/I0 was found when the top medium was water (Figure 6a). For 

quantification, we again converted I/I0 to reaction progress, here as the local percentage of 

remaining GO (right-side y-axis of Figure 6a).  

 

A 1% solution of ascorbic acid (vitamin C)50 exhibited a modest reaction rate that gradually 

decreased from 1%/min to 0.4%/min to reach ~20% reduction progress (~80% remaining GO) at 

40 min. Spatially uniform reduction was observed for the process (Figure 6a inset). 

 

In contrast, a solution of 0.1% sodium dithionite (Na2S2O4; also known as sodium hydrosulfite)51 

showed a much higher initial reaction rate of >15%/min, but this rate quickly slowed down as the 

reduction progressed towards a limit of ~40% remaining GO (Figure 6a). Despite this significant 

temporal variation in reaction rate, the reduction process is characterized by spatial homogeneity: 

different locations showed near-identical reaction dynamics (red and blue curves in Figure 6a), 

and maps of the time-dependent reaction progress (Figure 6b) and rates (Figure 6c) were 

homogeneous across the sample at all time.  

 

The initially fast, then quickly decelerating reaction dynamics was well fit by a simple exponential 

decay (Figure 6a), suggesting a pseudo-first-order reaction mechanism in which the reaction rate 

is directly proportional to the remaining reaction sites in the two-dimensional GO system. By 

fitting an exponential decay to the reaction time trace of every pixel, we thus mapped out local 

first-order reaction rate constant k (Figure 6d). Spatial homogeneity was again observed, with the 

distribution of k between pixels (Figure 4e) within a few percent (0.233±0.005 min-1). Reduction 

with 1% Na2S2O4 showed similar, spatially homogeneous, exponential reaction dynamics with 

faster rates (Figure 4ad), and the reduction proceeded further to reach ~30% remaining GO (Figure 

6a). 

We next employed IRM to probe the effects of different reaction parameters, and in this process 

identified a strong pH-dependence for the reduction of GO. An unadjusted 1% ascorbic acid 

solution had pH~3. Increasing pH to 7 (neutral) and 14 (basic) led to significantly enhanced 

reaction rates (Figure 7a). Spatially homogeneous reaction dynamics were observed across all 

samples under different conditions (Figure 7b).  
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Figure 7. In situ recording identifies pH as a key parameter in GO reduction. (a) IRM signal (left 

axis) and the converted reaction progress (right axis) for the reduction of GO in 1% solutions of 

ascorbic acid at pH 3, 7, and 14, in comparison to results in water and a pH 14 solution with no 

reductants added. (b) IRM mapping of the local reaction progress for pH 3, 7, and 14 at ~40 min. 

Scale bars: 2 µm. (c) IRM monitoring of the reduction progress of GO in 1% ascorbic acid as pH 

is altered from ~3 (unadjusted) to 14. 

 

We further monitored the reduction of GO by 1% ascorbic acid as pH was altered in situ from 3 to 

14 (Figure 7c). A sudden jump in reaction rate was noted, thus pinpointing pH as a key parameter 

of the reaction. In comparison, Raman spectroscopy only showed minor increases in D peak for 

reduced GO (Figure 8), in agreement with previous results,28,29 and no noticeable differences were 

found for reduction at pH=3 vs. pH=14.  

 

 
Figure 8. Raman spectroscopy of graphene oxide (GO) before (black) and after 40 min reduction 

in 1% solutions of ascorbic acid at pH 3 (red) and pH 14 (blue). Results are normalized to the 

height of the G peak. 

 

Previous work reported the auto-reduction of GO under alkaline conditions.52 With IRM we found 

GO to be slowly reduced in a pH 14, NaOH-only solution to reach a reduction progress of ~12% 

at 40 min (magenta trace in Figure 7a). Our results thus suggest that alkaline conditions activate 

GO to a more reactive state, which results in both discernable auto-reduction and significantly 

faster reactions with reductants. 

 

1.3  Conclusion 
 

In summary, through IRM we have attained spatially resolved in situ reaction dynamics for the 

solution-phase oxidation of graphene and reduction of GO. Starting from a two-dimensional 

crystal with few structural defects, we found the oxidation process of graphene to be spatially and 

temporally heterogeneous. Reaction initiated at highly localized, nanoscale hotspots associated 

with structural defects, and then propagated away as new defects are locally created at the wave 
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front, thus resulting in microscopic, flower-like patterns unique to the two-dimensional system. In 

contrast, spatially homogeneous, yet pH-dependent pseudo-first-order reaction dynamics was 

found for the reduction of GO, indicating that active reaction sites exist uniformly across the 

sample at high densities, conceivably a result of the harsh oxidation reactions during GO 

preparation. While the ability to reveal these striking, spatially resolved reaction dynamics in situ 

is already fascinating, our work also opens the door to future studies of other chemical reactions 

of two-dimensional materials. 

 

1.4  Materials and methods 
 

Sample preparation. Graphene samples: graphene CVD-grown on copper foils42 was spin-coated 

with a ~200 nm layer of polymethyl methacrylate (PMMA 495 A2, MicroChem, Newton, MA). 

The copper-graphene-PMMA stack42,43 was placed in a copper etchant solution (5% HCl + 20% 

FeCl3) to remove copper, and then transferred to a fresh water bath. Water bath transfer was 

repeated three times to remove contaminants. A glass coverslip was subsequently used to pick the 

graphene-PMMA stack off of the surface of the water. The coverslip-graphene-PMMA stack was 

allowed to dry in air, and then PMMA was removed by immersion in acetone (1 hour) followed 

by a rinse in isopropanol. The sample was dried with nitrogen gas. GO samples: GO solutions, as 

prepared by the conventional Hummers’ method,49 were spin-coated onto glass coverslips. A 

droplet of diluted GO solution was placed on the surface of a coverslip and allowed to rest for 5 

minutes. The coverslip was then spun for 60 seconds with an acceleration of 50 RPM/s and a final 

rotational speed of 3000 RPM.  

 

Interference reflection microscopy (IRM). IRM was performed on an inverted wide-field 

epifluorescence microscope.4 The Olympus IX73 microscope was configured with an UplanFl 

100x oil-immersion objective (NA ~0.9 with iris diaphragm) and a standard lamp for fluorescence 

microscopy (U-HGLGPS). The filter cube contained a 50/50 beam splitter (Chroma 21000), a 

530/10 nm band-pass filter (Chroma D532/10x) as the excitation filter, and no emission filter. The 

filtered light passed through the sample and was reflected at the substrate-sample-top medium 

interfaces (Figure 1a). Interference between these interfaces led to wide-field IRM images, which 

were recorded using an Andor Zyla 4.2 sCMOS camera at 1024x1024 pixels with 16-bit depth and 

typical integration time of 20-500 ms. Effective pixel size was 65 nm. The microscope field 

diaphragm was closed down to slightly smaller than the 1024x1024 frame size to reject stray light. 

Prepared sample coverslips with either graphene films or GO flakes were placed on the 

microscope, and first overlaid with a layer of water for IRM identification of suitable imaging 

areas. Continuous IRM recording was started, and then the water layer was replaced with a reactant 

solution. The reaction process was thus recorded in situ. 

 

Data Analysis. Collected data files contained a series of raw images 1024x1024 in size that were 

captured every ~100 ms (typical file size: 20-100 gigabytes). Consecutive frames were first 

averaged to reduce file size and further enhance signal to noise, so that the effective time resolution 

of the processed data was a few seconds, more than sufficient for the reaction dynamics in this 

study. The images were background-corrected and drift-corrected. Light intensity (I) of each pixel 

was normalized to that of the blank areas of the coverslip (I0) for each frame. Measured I0/I was 

converted into reaction progress (local percentage of GO) through a comparison with the I0/I values 

of graphene and GO, as discussed in text. Local linear reaction rates (in the unit of %/min) were 



11 

 

obtained through linear fits to the reaction progress of each pixel during different time spans as 

indicated. Local first-order reaction rate constants k (in the unit of min-1) were obtained by fitting 

the full time-dependent reaction progress of each pixel with a simple exponential decay. 

 

Chapter 2: Light-assisted diazonium functionalization of graphene and spatial 

heterogeneities in reactivity 
 

The work in this chapter was conducted in collaboration with Wan Li, Michal Wojcik, Bowen 

Wang, Liang-Chun Lin, Markus. B. Raschke, and Ke Xu. It is reproduced in part here from ref53 

with permission from all co-authors.  

 

2.1 Introduction 
 

The promise of graphene, a key two-dimensional material with outstanding optical, electrical, and 

mechanical properties,16,17 is substantially expanded through chemistry, from the tuning of 

electronic properties to the addition of different functionalities towards applications.20,22,24,54 To 

overcome the low chemical reactivity of the graphene basal plane, reaction with the highly reactive 

radicals produced from aryl diazonium salts has been one of the most common approaches for the 

functionalization of graphene under ambient conditions.5-13,55 However, it has been difficult to 

monitor the reaction dynamics of this important system, given that graphene is only a single layer 

of carbon atoms. We recently developed a facile, label-free approach based on interference 

reflection microscopy (IRM) to record in situ the mechanical properties4 and reaction dynamics14,15 

of graphene with ~300 nm spatial resolution and video-rate temporal resolution. In particular, for 

the oxidation of graphene, we have visualized rich spatiotemporal heterogeneities and 

demonstrated how it could be driven reversibly through electrochemistry14,15. 

 

In this chapter, we apply IRM to study the prototype diazonium reaction of graphene with 4-

nitrobenzenediazonium tetrafluoroborate (4-NBD).5-13 Unexpectedly, we find a light-driven 

mechanism that is highly effective at low light intensities. The reaction is sensitive to the 

illumination wavelength, so that at the same intensity level, blue visible light strongly promotes 

the reaction, whereas red light has no apparent effects when compared to the dark reaction. 

Moreover, we report rich spatial heterogeneity for the reaction, including substantially faster 

reactions at graphene edges and an unexpected flake-to-flake variation in reaction rate. Finally, we 

demonstrate the direct photo-patterning of 4-NBD functionalization, achieving ~400 nm patterning 

resolution.  

 

2.2 Results and discussion 
 

Copper-grown monolayer graphene42 was transferred onto a glass coverslip substrate, which was 

then mounted onto an IRM system based on a wide-field inverted microscope.4,14 The sample was 

immersed under an aqueous solution of 4 mg/mL (16.9 mM) 4-NBD. The illumination light 

entered from the bottom through the glass substrate as a near-parallel beam, and was reflected and 

interfered with itself at the graphene sample (Figure 9a). 
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Figure 9. IRM visualization of the diazonium functionalization of graphene. (a) Schematic of the 

system. n1, n2, n3, and n4 denote the complex indices of refraction for the substrate, graphene, the 

reactant solution, and the functionalized layer on top of graphene, respectively. (b) Reaction 

scheme for the reaction of graphene with 4-NBD. (c) The predicted IRM signal at 450 nm 

wavelength for monolayer graphene as a function of the thickness of the functionalized layer, for 

layers of different refractive indices n4. 

 

According to the general mechanism of the diazonium reaction (Figure 9b),11,56 a delocalized 

electron is transferred from graphene to the aryl diazonium cation, thus generating an aryl radical 

after the release of N2. The aryl radical covalently reacts with the graphene surface, but also reacts 

with the already attached aryl molecules to form a nanometer-thick polymer layer.7,12,56 Through 

transfer-matrix analysis based on modifications to our previous model,4 the presence of a thin 

dielectric layer on top of monolayer graphene would substantially alter the local IRM signal: 
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Here II is the intensity of the incident light, r12=(n1−n2)/(n1+n2), r24=(n2−n4)/(n2+n4), and 

r43=(n4−n3)/(n4+n3), with n1, n2, n3, and n4 being the complex refractive indices of the substrate, 

graphene, reaction solution, and the functionalized layer, respectively. φ2=2πn2d2/λ and 

φ4=2πn4d4/λ correspond to phase changes, with d2 = 0.335 nm and d4 being the thickness of 

graphene and the functionalized layer, respectively, and λ being the wavelength of the incident 

light. Meanwhile, the IRM signal measured at a bare glass substrate (an n1-n3 interface) is:4 
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Plotting the normalized IRM signal (I/I0) as predicted by Eqns. 1 and 2 as a function of d4 (Figure 

9c) suggests monotonic changes in the IRM signal for increased thickness of the functionalized 

layer, with particularly high sensitivities for n4 > ~1.6. 
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Figure 10. IRM unveils a strong light dependence of the diazonium reaction. (a-b) IRM images of 

monolayer graphene, before (a) and after (b) 220 s of reaction in the 4-NBD solution under 

continuous illumination of 0.5 W/cm2 at 450 nm. Note that in (a), a field diaphragm aperture 

(marked as “FD” in the image) confined the illumination area, whereas in (b), this confinement 

was removed to image the full view. “0” points to exposed glass surface due to a local tear in 

graphene. (c-d) Transmission light microscopy (c) and AFM (d) images of the same region as (b) 

after the reaction. White arrows in (a-d) point to debris that were observed across different 

microscopy modes, which aided alignment. (e) Local IRM contrast vs. the AFM-determined height 

of the functionalized layer, for different parts of the sample marked by the colored crosses in (b,d). 

Orange curve: fit to Eqn. 1, yielding n4 = 1.620. (f) Raman spectra after the reaction, for regions 

inside (red line) and outside (blue line) the optical aperture, compared to pristine graphene (black 

line). (g) A possible hot electron transfer mechanism for the reaction. 

 

We started by monitoring the reaction using 450 nm illumination obtained by applying a 10 nm-

bandwidth bandpass filter on a lamp, thus achieving a relatively low illumination intensity of ~0.5 

W/cm2 in the wide field. A rapid increase in the IRM signal (I/I0) was observed (Figure 10ab and 

Figure 11), suggesting reaction at the graphene surface. Unexpected, after 220 s of reaction, we 

observed a sharp contrast in IRM signal between regions inside and outside the 450 nm-illuminated 

area, hence a clear boundary defined by the illumination aperture (field diaphragm) (Figure 10b). 

Meanwhile, conventional transmission microscopy showed limited contrast (Figure 10c); detailed 

analysis indicated that graphene absorbed ~2% of the transmitted light,44 which did not change 

significantly before and after the reaction.  
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Figure 11. A sequence of IRM images from the in situ data, for the diazonium functionalization 

of graphene under 0.5 W/cm2 of 450 nm illumination, shown in 30 s increments. “FD”: field 

diaphragm aperture. Scale bars: 5 µm. 

 

Raman spectroscopy, carried out after rinsing and air-drying the sample, showed a strong D peak, 

the appearance of a D′ peak, and a significantly reduced 2D peak for a region inside the 

illumination aperture (Figure 10f), indicating substantial reaction. In contrast, only a small D peak 

showed up for regions outside the optical aperture (Figure 10f), consistent with the known low 

reaction rate of this system at room temperature.5,9,10 Meanwhile, atomic force microscopy (AFM) 

showed a ~10 nm height increase for the 450 nm-exposed region (Figure 10d); local variations in 

height were noted, which correlated well with the local IRM signal (Figure 10e).  Infrared 
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scattering scanning near-field optical microscopy (s-SNOM)57 further showed that such local 

variations in layer height correlated well with the strength of the local nitro (–NO2) infrared signal 

arising from the NO symmetric stretch vibrational mode (Figure 12), consistent with the expected 

surface polymerization process of 4-NBD (Figure 9b). Whereas we will discuss the local height 

variations in further detail below, here fitting the IRM signal-AFM height relationship for different 

parts of the sample to Eqn. 1 (Figure 10e) gave n4 = 1.620, a value comparable to polymers of 

related structures (e.g., 1.614 at 450 nm for polystyrene). 

 

 
Figure 12. Infrared s-SNOM results. (a,b) IRM images for a monolayer graphene sample before 

and after diazonium functionalization under 450 nm illumination. (c) AFM image after the 

reaction, corresponding to the yellow boxes in (a,b). Color dots mark points along a line [red 

dashed lines in (a,b)] where local infrared s-SNOM spectra were measured, with the color 

presenting the locally measured peak area for the nitro (–NO2) peak at ~1350 cm-1. (d) Height 

profile along the line. (e) Local infrared s-SNOM spectra for the representative spots A-E marked 

in (b) and (c), showing reduced local nitro (–NO2) signal for graphene flakes with thinner reacted 

layers (C,D). 

 

1320 1340 1360 1380 1400

0

5

10

15  A

 B

 C

 D

 E

N
e
a

r-
fi
e

ld
 p

h
a

s
e

 (
D

e
g

re
e

)

Wavenumber (cm
-1
)

a b

c e

I / I0
1.7

0.5

5 µm 5 µm

d

A B C D E



16 

 

Together, our results indicate that the diazonium functionalization of graphene is strongly 

promoted by 450 nm illumination. The photochemical addition reaction of graphene has been 

previously examined for peroxides and halogens for its potential controllability and patterning 

capability.58-62 In our case, since 4-NBD is transparent over the visible range, similar to the case 

of benzoyl peroxide (BPO), a similar hot electron transfer mechanism58,62 may be invoked, in 

which the photoexcited graphene transfers a hot electron to the unoccupied states in aryl diazonium 

cations (Figure 10g) to facilitate the radical generation and subsequent reaction with graphene 

(Figure 9b). Although the Fermi energy of undoped graphene is comparable to that of the 

unoccupied states in 4-NBD,11 the dark reaction is slow at room temperature,5,9,10 possibly due to 

an energy barrier that needs to be overcome for the electron transfer process (Figure 10g), as 

discussed previously for the BPO system.62 However, we note that the light intensity in our work 

(~0.5 W/cm2) is five orders of magnitude lower than previously used for BPO (~105 W/cm2 by 

focusing a ~1 mW laser into a ~1 µm spot).58,62 This substantial difference may be related to a 

higher reactivity of 4-NBD, and/or the ease of transferring electrons to diazonium cations in the 

aqueous solution when compared to BPO in organic solutions. A comparison of the reaction rate 

and the amount of light absorbed by graphene (~2.3%44) gave an apparent quantum yield of ~1×10-

3, reasonably high for the electron transfer mechanism. 

 

We next found the reaction kinetics to be highly dependent on the illumination light wavelength. 

At a comparable intensity level, illumination with a 532 nm green light for 1 h (Figure 13a) led to 

substantially less reaction when compared to that achieved within 220 s under the 450 nm blue 

illumination (Figure 10b). Plotting the layer thickness, as converted from the in situ IRM data 

(Figure 11 and Figure 14), against the reaction time (Figure 13d) showed a ~7-fold difference in 

reaction rate for the initial reaction, with the reaction rate under the 532 nm illumination further 

dropping by more than one-half after the first ~0.6 nm. Even lower reactivity was observed for the 

610 nm red light (Figure 13b and Figure 15), under which condition the reaction kinetics was 

similar to that in the dark (Figure 13cd).  

 

 
Figure 13. IRM unveils a marked dependence of reaction rate on illumination wavelength. (a-c) 

IRM images of monolayer graphene before (top panels) and after (bottom panels) 1 h reaction with 

4-NBD under 532 nm (a) and 610 nm (b) illuminations at 0.6 W/cm2, and under dark (c). Scale 

bars: 5 µm. Note that when compared to Figure 2ab, here a narrower range of I/I0 is chosen to 

better present the lower levels of reaction. “0”s in (a,c) mark areas with no graphene coverage. (d) 
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(blue), 532 nm (green), and 610 nm (red) and in the dark (black). For the “dark” sample, short 

(~10 s) exposures at 610 nm were intermittently applied to inspect the reaction for just a few time 

points, whereas continuous illumination was used for the other conditions. Inset: zoom-in for the 

first 1000 s. 

 

 
Figure 14. A sequence of IRM images from the in situ data, for the diazonium functionalization 

of graphene under 0.6 W/cm2 of 532 nm illumination, shown in 600 s increments. Scale bars: 5 

µm. 
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Figure 15. A sequence of IRM images from the in situ data, for the diazonium functionalization 

of graphene under 0.6 W/cm2 of 610 nm illumination, shown in 600 s increments. Scale bars: 5 

µm. 

 

The observed strong dependence on illumination wavelength is consistent with the above hot 

electron transfer mechanism (Figure 10g): whereas graphene uniformly absorb ~2.3% of incident 

light over the visible spectrum,44 shorter wavelengths generate photoexcited electrons of higher 

energy, which better overcome the reaction barrier. Indeed, previous work on the photochemical 

reaction of graphene with BPO has found that when compared to the 514 nm illumination, 

reactions under 458 nm and 633 nm illuminations are ~5 times faster and ~10 times slower, 

respectively.58 Our results followed a similar trend, albeit that the light intensity involved was ~105 

0 s 600 s 1200 s

1800 s 2400 s 3000 s

3600 s

1.0

0.7

I / I0



19 

 

lower, and that the long-wavelength reaction was competed by dark reactions, both effects possibly 

related to the higher reactivity of 4-NBD. 

 

 
Figure 16. In situ IRM results of the layer thickness as a function of reaction time under 450 nm 

illumination, for different locations of the same sample. Inset: a color map of layer thickness, for 

a region shown in Figure 10b. The red curve in the main figure corresponds to a spot at the 

graphene edge marked by the red cross in the inset, whereas the violet, magenta, green, and cyan 

curves correspond to four different areas marked by the boxes of corresponding colors in the color 

map inset. Arrow: artifact due to the adjustment of microscope focus. 

 

We next turn to the rich spatial heterogeneity visualized by IRM. One marked feature we found 

was the bright-up of IRM signals at graphene edges during the reactions (Figure 10b and Figure 

13), indicating a higher local reactivity. Correlated AFM images verified that these higher local 

IRM signals indeed corresponded to taller local layers (Figure 10d). Examining the in situ IRM 

data over time (Figure 16 and Figure 11) showed that the reaction rate at the graphene edges to be 

consistently faster than the basal plane throughout the reaction. This result may be interpreted as 

that the graphene edges contained a higher level of structural defects, and so are chemically more 

reactive.9,55 Interestingly, our previous IRM work found no reaction enhancement for graphene 

edges during chemical and electrochemical oxidation processes,14,15 thus indicating that this 

difference in edge reactivity is reaction-type dependent.  

 

Another remarkable IRM observation, corroborated by both AFM and infrared s-SNOM results, 

is an unexpected variation of reactivity between different graphene flakes, even though the 

reactivity within each continuous flake appeared relatively uniform (Figure 16 and inset). Close 

examination of the IRM images before reaction (Figure 10a) indicated that these flakes were 

electrically isolated by nanoscale cracks. Thus, even though they were fragmented from the same 

initial graphene sheet, they were possibly inadvertently doped to different levels on the glass 

surface,10 and so shifted to different electrochemical potentials that affected reactivity. For 

comparison, graphene that contained cracks yet still stayed electrically connected did not exhibit 

such local variations in reactivity (Figure 17).  

0 50 100 150 200
0

4

8

12

16

L
a
y
e
r 

th
ic

k
n
e
s
s
 (

n
m

)

Time (s)

20 nm

0 nm

+



20 

 

 
Figure 17. Graphene that contained cracks yet still stayed electrically connected did not exhibit 

strong local variations in reactivity. (a-b) IRM images of monolayer graphene with cracks that did 

not separate the graphene sheet into electrically isolated flakes, before (a) and after (b) 220 s of 

reaction in the 4-NBD solution under continuous illumination of 0.5 W/cm2 at 450 nm. Scale bars: 

5 µm. (c) In situ IRM results of the layer thickness as a function of reaction time for the different 

regions marked in (b), showing near-identical results.  

 

 
Figure 18. Photo-patterning of the graphene surface through light-assisted diazonium reaction. (a) 

IRM image of a monolayer graphene sample that was exposed with a photomask under 488 nm 

illumination in a 4-NBD solution, yielding the pattern “300”. (b) AFM image of the same region. 

Scale bars: 2 µm. (c) Height profile along the green line in (b). Full width at half maximum 

(FWHM) of the three peaks were 371, 419, and 408 nm, respectively.  

 

Finally, as a possible application for the light-assisted diazonium functionalization discussed 

above, we examined whether it would be possible to achieve direct photo-patterning using this 

process. To this end, we inserted a photomask into the collimated 488 nm beam path in a home-

built wide-field laser microscope,63 which effectively functioned as a 200x photolithography 
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stepper for samples at the microscope image plane. Thus exposing a monolayer graphene sample 

for 120 s under the immersion of a 4-NBD solution led to good photo-patterning results, with well-

defined fine features down to ~400 nm in size readily obtained (Figure 18 and Figure 19). 

 

 
Figure 19. Zoom-out views for the photo-patterning of the graphene surface through light-assisted 

diazonium reaction. (a) Zoom-out view of the IRM image shown in Figure 5a. (b) Zoom-out view 

of the AFM image shown in Figure 5b. The “300” patterns correspond to those shown in Figure 

5ab. Scale bars: 5 µm. Green arrows point to wrinkles in the monolayer graphene, which are 

visualized in both IRM and AFM images. The white arrow points to a bilayer island in the 

otherwise dominantly monolayer graphene. 

 

2.3 Conclusion 
 

In conclusion, through IRM and correlated AFM, Raman, and infrared s-SNOM experiments, we 

have shown that the diazonium functionalization of graphene to be significantly promoted by blue 

light at low levels. Green light was much less effective in promoting the reaction, whereas red light 

exhibited negligible effects when compared to the dark reaction. While these results are consistent 

with the hot electron transfer mechanism previously proposed for the reaction of BPO, the light 

intensity here for 4-NBD was orders of magnitude lower. We thus demonstrated facile photo-

patterning in the wide-field at similarly low light intensities, achieving ~400 nm patterning 

resolution. Together with the rich spatial heterogeneities we further visualized for the reaction, 

including enhanced reaction at edges and the unique flake-to-flake variations in reaction rate, we 

thus shed new light on one of the most popular approaches for the functionalization of graphene 

under ambient conditions. 

 

2.4 Materials and methods 
 

a b
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Graphene sample preparation. CVD graphene on copper foils (ACS Material) was spin-coated 

with poly (methyl methacrylate) (PMMA) and wet-transferred42 onto #1.5 glass coverslips (VWR, 

16004-322). The coverslip-graphene-PMMA stack was dried in air overnight, and PMMA was 

removed by immersion in acetone and isopropanol. The sample was then dried in air. 

 

IRM monitoring of diazonium functionalization. 4 mg of 4-nitrobenzenediazonium 

tetrafluoroborate (Sigma-Aldrich, 294438) was dissolved in 1 mL Milli-Q water to form a 4 

mg/mL (16.9 mM) solution. ~300 µL of the solution was dropped on top of the above graphene 

sample. IRM was performed on an Olympus IX73 inverted epifluorescence microscope with an 

Olympus UplanFl 100× oil-immersion objective with an adjustable iris (numerical aperture 

adjusted to ~0.9) and a standard lamp for fluorescence microscopy (U-HGLGPS). The filter cube 

contained a 50/50 beam splitter (Chroma 21000), no emission filter, and a narrow bandwidth (~10 

nm) band-pass filter at 450 nm (Thorlabs FB450-10), 532 nm (Chroma D532/10x), or 610 nm 

(Semrock FF01-610/5) at the position of excitation filter. By adjusting the lamp intensity level and 

the numerical aperture of the objective lens, the light intensity at the sample was 0.5, 0.6, and 0.6 

W/cm2 for the 450, 532, and 610 nm illuminations, respectively. Wide-field IRM images were 

recorded using an Andor Zyla 4.2 sCMOS camera at ∼50 ms frame time. Consecutive frames were 

averaged to reduce the file size and further enhance signal-to-noise, so that the effective time 

resolution of the processed data was ~1 s, sufficient for the reaction time scales in this work. Light 

intensity (I) of each pixel was normalized to that of the blank areas of the coverslip (I0) for each 

frame.  

 

Photopatterning through the light-assisted diazonium reaction. The graphene sample on the 

glass coverslip was mounted onto a homebuilt microscope previously constructed for the purpose 

of super-resolution microscopy in the wide field.63 A photomask was placed at the expanded, 

collimated light beam path before the microscope. As the light beam was focused to the back focal 

plane of the objective lens (Nikon CFI Plan Apochromat λ 100×), the emitted light was parallel at 

the image plane, and carried the patterns defined by the photomask. The system thus effectively 

functioned as a 200x stepper for photolithography. 500 µL of 4 mg/mL aqueous 4-NBD solution 

was dropped on top of the sample, and illumination at 488 nm was immediately applied at ~6 

W/cm2 for 120 s. The sample was then rinsed with water and analyzed by IRM and AFM.  

 

Raman spectroscopy, AFM, and infrared s-SNOM characterizations. Raman spectroscopy, 

AFM, and infrared s-SNOM characterizations were carried out after rinsing the sample with 

water and air-drying. Raman spectra were taken using a Witec Alpha300 (RAS model) Raman 

spectrometer. Measurements were taken with 532 nm laser excitation with P = 10 mW and 

acquisition time = 10 s. AFM images were taken on an Asylum MFP-3D system in tapping mode 

using aluminum-coated probes (Tap300Al-G; BudgetSensors). Nominal values of the force 

constant, resonance frequency, and tip radius were 40 N/m, 300 kHz, and <10 nm, respectively. 

AFM data were processed using WsXM.64 For infrared s-SNOM, tunable mid-infrared light was 

generated by difference frequency generation of signal and idler beams (Harmonixx DFG, APE) 

from a femtosecond optical parametric oscillator (Levante OPO, APE) with a bandwidth of 150 

cm−1 centered at 1350 cm-1 and with ≤4 mW focused via a parabolic mirror (NA = 0.45, f = 25.4 

mm) onto the metallized tip (160AC-GG OPUS, MikroMasch) of an AFM (modified Anasys 

Nano-IR2S prototype) operating in tapping mode. The near-field tip-scattered signal was 

detected interferometrically in backscattering by an HgCdTe detector (MCT KLD-0.5-J1/DC/11, 
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Kolmar Technologies) using lock-in demodulation at the second harmonic of the cantilever 

motion. Near-field phase response was extracted through complex-valued Fourier transform, 

which contained absorptive information of the IR response. IR s-SNOM spectra were collected 

with 2–4 cm−1 spectral resolution using rapid-scan detection and averaging times of 1–4 min. 

 

Chapter 3: Dynamic, spontaneous blistering of substrate-supported graphene 

in acidic solutions 
 

The work in this chapter was conducted in collaboration with Bowen Wang, Wan Li, and Ke Xu. 

It is reproduced in part here from ref65 with permission from all co-authors.  

 

3.1 Introduction 
 

The outstanding electrical and optical properties of graphene are intricately linked to its 

extraordinary mechanical behaviors.66-68 In particular, for substrate-supported graphene, a 

common device geometry, the formation of gas- or liquid-enclosing bubbles/blisters69 have in 

recent years attracted substantial research interest70-78 for understanding the properties of graphene 

itself and graphene-substrate interactions, the confinement of molecules,79-83 as well as for 

potential applications. Whereas the controlled formation and modulation of bubbles are attainable 

with carefully engineered substrate geometries,70,72-74 less control has been achieved for the 

generation of bubbles/blisters for graphene deposited on common, unpatterned substrates,69,71,75-78 

and when formed, the structures are often static at the hour timescales. Separately, the notion that 

graphene, after proper processing, may behave as a semipermeable membrane for the selective 

passing of molecules has garnered focused attention over the past decade.73,84-90 

 

In this chapter, we report the unexpected discovery that for graphene deposited on common silicon 

and glass substrates, the application of acidic solutions of pH<~2 leads to the fast, spontaneous 

generation of solution-enclosing blisters with high surface coverages. Initially appearing as 

nanoscale bubbles across the substrate at high densities, within minutes the blisters dynamically 

coalesce to several micrometers in size and ~100 nm in height. Intriguingly, we further show that 

in this dynamic system, graphene behaves as a semipermeable membrane, so that the blister 

volumes can be fast modulated by the solution osmotic pressure in a reversible fashion. 

 

3.2 Results and discussion 
 

3.2.1 IRM unveils dynamic, spontaneous blistering of graphene on the glass surface 

 

Figure 20a presents the typical sample geometry for our in situ monitoring of graphene 

morphology. Monolayer graphene was deposited on a transparent substrate, and then submerged 

in an aqueous top medium that was readily exchanged during the experiment. An index-matched 

oil-immersion objective lens imaged through the substrate in the mode of interference reflection 

microscopy (IRM). While originally developed for cell imaging,1,2 we recently established IRM 

as a powerful tool for the quantitative, in situ imaging of graphene structures, defects, and 

reactions.4,14,15,53,91  
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Unexpectedly, for graphene deposited on common glass coverslips, as we replaced the top medium 

from water to 0.1 M HCl, within minutes, we observed the generation of numerous nanoscale 

features of varying IRM contrasts that distributed across the sample at high densities (Figure 20d). 

While generally growing bigger with increased IRM contrasts at the ~10 min time scale, these 

nanoscale structures also showed dynamic merging and reconfigurations, so that they gradually 

coalesced into micrometer-sized islands (Figure 20d, and Figure 21). As we examined similarly 

treated samples on different days, we consistently observed the high coverage of comparable 

islands (Figure 21). 

 

 
Figure 20. IRM unveils dynamic, spontaneous blistering of graphene on the glass surface. (a) 

Schematic of the system. (b) Predicted IRM signal (light intensity I normalized by the intensity at 

the bare substrate I0) for monolayer graphene on glass, as a function of the local blister height h, 

for blisters enclosing an aqueous solution (back line) vs. gas (blue dashed line). (c) Simulated IRM 

images of solution-enclosed graphene blisters of varying maximal heights hm. (d) Experimental in 

situ IRM images for monolayer graphene on a glass surface, in 0.1 M HCl for different amounts 

of time. “0” marks locally exposed glass surface. (e) Converted blister height maps. Colored 

crosses (for final time point) and circles (for different time points): locations for which the IRM 

signal in (d) is plotted in (b) against the inferred height in (e). Slight value shifts are due to 

smoothing of the spatiotemporal signals in data processing. (f) Simulated IRM image for a blister 

of hm = 188 nm, which matched well to the experimental data for the blister crossed by the red line 

in the last time point in (d). (g) Overlay of the simulated and measured IRM signals along the blue 

and red lines in (f) and (d), respectively. (h) Heightmap of the simulated data in (f). (i) Height 

profile along the magenta line in (h), shown at a 1:1 scale for width w and height h. 
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Figure 21. Additional examples for monolayer graphene sample on glass in 0.1 M HCl. (a) 

Experimental in situ IRM image series for the blistering process of another sample. (b) Converted 

blister height map. (c) Representative IRM images for samples after the same ~40 min 0.1 M HCl 

treatment on different days. (d) Summary of height-radius relationship for different blisters across 

three samples. Radii were calculated from the mean dimensions at the blister bases. Red dash line: 

slope of 0.09. Scale bars (a-c): 5 µm.  

 

As the system involved only an HCl solution and that the island edges exhibited gradual changes 

in IRM signal, we reasoned that the islands were graphene blisters/bubbles69 that locally 

delaminated from the glass surface (schematic in Figure 20a) and hence altered the IRM signal, 

rather than surface depositions as we previously examined for other systems.53 Yet, the 

spontaneous formation of these blisters on the flat glass surface differs from previous experiments 

in which engineered substrate geometries are employed to induce bubbles.70,72-74 Meanwhile, the 
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dynamic nature of these blisters further contrasts with the relatively static bubbles and surface 

adlayers trapped between graphene and substrates reported in previous studies.69,71,75-83,92-94 

Instead, here graphene started as a regular, flat layer stable on the glass surface, yet the introduction 

of 0.1 M HCl induced the fast, spontaneous generation of blisters, and such blisters rearranged 

dynamically over time. 

 

Theoretical modeling (Materials and methods) showed that if we assumed that the blisters enclosed 

aqueous solutions, the IRM readout, as presented as local light intensity I divided by the intensity 

at a direct substrate-solution interface I0 (I/I0), would initially drop from ~0.75 to 0.69 as the blister 

height increases to ~15 nm (Figure 20b). Subsequently, the signal would rapidly rise to ~1.37 as 

the blister height increases to ~115 nm, when the signal would drop again with further blister 

growth (Figure 20b). As we examined the IRM signal time traces of different growing blisters, we 

observed trends consistent with the above-predicted bounds (Figure 22). In contrast, if the blisters 

enclosed gas, theory predicts that the IRM signal I/I0 would rise dramatically, reaching ~28 at a 

blister height of ~130 nm before the signal bounces back (Figure 22), drastically different from 

our experimental observations. Simulated IRM images of solution-enclosed graphene blisters of 

varying maximal heights, accounting for the diffraction-limited optical resolution, further showed 

good agreement with the experimental data (Figure 20c,f-h, and Figure 23). 

 

 
Figure 22. (a) IRM signal time traces for 4 representative blisters in Figure 20. (b) Comparison of 

the theoretical predicted IRM signals for blisters enclosing solution (black; y-scale on the left) or 

gas (blue dashed line; y-scale on the right for the much larger values). 
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Figure 23. Simulated IRM images. (a) Simulated IRM images of solution-enclosed monolayer 

graphene blisters with maximal heights hm of 0-240 nm, presented on the same contrast scale as 

the experimental data in Figure 1d. (b) The simulated height maps. Scale bars: 1 µm. 

 

Thus, our IRM data indicate the spontaneous generation of blisters enclosing aqueous solutions 

between the graphene monolayer and the substrate. To further examine this possibility, we 

removed the top solution as we continued recording IRM images (Figure 24). The originally bright 

blister features turned dark with low I/I0 values, as expected for solution-enclosed graphene 

exposed to air (Figure 24). The blisters quickly shrank and disappeared within seconds, indicating 

fast evaporation of the nanoscopic water. This dynamic behavior again contrasts with the relative 

static graphene-trapped bubbles and surface adlayers noted in previous studies.69,71,75-83,92-94 We 

further found that after the blisters were equilibrated with a NaCl solution, they shrank much 

slower in the air and maintained finite volumes over 30 min (Figure 24). This observation suggests 

that when the solute cannot evaporate, the blisters retain a concentrated solution in equilibrium 

with the ambient water vapor. Together, our results indicated that the blisters enclosed the applied 

solutions in the experiment. 
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Figure 24. IRM monitoring of the evaporation of blister-enclosed liquids in the air. (a) IRM image 

of a monolayer graphene sample on glass in 0.1 M HCl, showing the generation of blisters after 

~30 min. (b) IRM images of the same sample, after removing the top solution to expose the 

graphene surface to the air, at 3, 11, and 17 s. The blisters quickly shrank and disappeared. (c) 

Theoretically predicted IRM contrast (λ = 532 nm) versus local blister heights for solution-

containing monolayer graphene blisters exposed to the air. Inset: schematic of the imaging 

geometry. (d) Simulated IRM images based on (c) for air-exposed graphene blisters of different 

heights, presented on the same contrast scales as the experimental data in (b,e). (e) IRM image 

sequence for a sample in which blisters were generated with a solution containing 0.8 M HCl and 

0.2 M NaCl. The sample was equilibrated with a 1 M NaCl solution for ~1 h, and then exposed to 

the air. The blisters only shrank moderately after 30 s, and retained finite volumes after 30 min. 

Comparing (e) with the simulated images in (d) suggests that blisters of ~150 nm initial height 

shrank to ~40 nm height over the 30 min period. 

 

By following the time traces and comparing them with our prediction in Figure 20b, we converted 

the IRM data into local height maps of the blisters (Figure 20e and Figure 21). This showed that 

the blisters grew to heights of ~50 nm in 15 min, ~100 nm at 30 min, and up to ~200 nm at 60 min. 

The bases of the blisters also grew wider over time to up to a few micrometers. Thus, the blisters 
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were still quite flat, as illustrated by the cross section in Figure 20i. Plotting the height versus 

radius of different blisters showed a positive correlation with a slope of ~0.09 (Figure 21). This 

aspect ratio is comparable to previous liquid-trapped graphene bubbles/blisters on substrates.75,77 

 

We further examined the behavior of few-layer graphene, utilizing the occasionally found 

multilayer islands in our dominantly monolayer samples (Figure 25). Interestingly, upon acid 

treatments, blisters were also generated between the multilayers and the substrate, and they were 

often larger than those at monolayers. This result may be linked to previous findings that the 

substrate adhesion energy of graphene is ~50% stronger for the monolayer than multilayers.72 

 

 

Figure 25. IRM monitoring of acid-induced blisters for multilayer graphene on glass. (a) 

Representative IRM image sequence for a sample immersed in 1 M HCl. Red “1”, “2”, and “3” 

mark the local number of graphene layers. (b) IRM signal time traces for three bilayer regions 

marked by the color boxes in the last panel of (a). (c) Theoretically predicted IRM signal for bilayer 

graphene on glass as a function of the local blister height h, for solutions being trapped between 

the glass substrate and the bilayer (black line) vs. between the two graphene layers (blue dashed 

line). The experimental IRM signals are consistent with blisters >100 nm in height that trapped the 

solution between the bilayer and the glass substrate. (d) Results from another sample under 

identical conditions. (e) Results from another sample immersed in a 0.01 M HCl solution. Scale 

bars (a,d,e) : 5 µm. 
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3.2.2 Spontaneous graphene blistering occurs under acidic conditions 

 

To understand what factors led to the above fast spontaneous generation of blisters, we examined 

graphene samples in HCl solutions of different concentrations (Figure 26, and Figure 27). We thus 

found that when compared to the above-discussed blister dynamics in the 0.1 M HCl (pH = 1) 

solution at the ~10 min time scales, 1 M HCl (pH = 0) led to the instantaneous generation of 

nanoscale blisters at high densities in seconds, which grew rapidly and coalesced with each other 

in ~1 min, so that at 5 min, the system stabilized toward big blisters a few micrometers in lateral 

size and ~200 nm in height (Figure 26a). In contrast, in the 0.01 M HCl (pH = 2) solution, the 

generation of blisters was substantially slower and less abundant (Figure 26a). The pH = 3 and 5 

solutions generated no blisters over 40 min (Figure 26b). We also compared results with pH<1 

H2SO4 and p-toluenesulfonic acid solutions, and similarly observed blister generation (Figure 28). 

Meanwhile, a pH~5 solution of Na2SO4 and basic conditions with 0.1 M (pH = 13) and 1 M (pH 

= 14) NaOH solutions did not produce graphene blisters (Figure 26b and Figure 28). Thus, 

graphene blisters are induced under acidic conditions of pH<~2. 

 

 
Figure 26. pH dependence of blister generation for graphene on the glass surface. (a) In situ IRM 

images of monolayer graphene on glass submerged in pH = 0, pH = 1, and pH = 2 HCl solutions, 

at different time points. (b) IRM images for similar samples after 40 min immersion in a pH = 3 

HCl solution, pH ~5 MilliQ water, and a pH=14 NaOH solution. Scale bars: 5 µm. 
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Figure 27. Additional in situ IRM image sequences of monolayer graphene on glass in pH = 0, 

pH = 1, pH = 2, and pH = 3 HCl solutions for different amounts of time. Scale bars: 5 µm. 
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Figure 28. IRM images of monolayer graphene on glass after different chemical treatments 

besides HCl. (a-e) Before (top row) and after (bottom row) 40 min immersion in pH=0 H2SO4 (a), 

pH=1 H2SO4 (b), pH~5 Na2SO4 (c), pH=13 NaOH (d), and pH=14 NaOH (e) solutions. (f) Time 

sequence after immersion in a 1 M solution of p-toluenesulfonic acid: blister growth appeared 

slower than with HCl and H2SO4, possibly due to the larger size of the p-toluenesulfonic acid 

molecule. Scale bars: 5 µm. 

 

3.2.3 Spontaneous graphene blistering occurs on hydrophilic, but not hydrophobic, substrates 

 

We next investigated the effects of the substrate. The as-received glass coverslips, which we used 

above after sonication in isopropanol and water, were hydrophilic. After treating the coverslips 

with a piranha solution (1:3 H2O2:H2SO4), the surface became highly hydrophilic, and we observed 

a similar fast generation of graphene blisters on this substrate in 0.1 M HCl (Figure 29a). 

Functionalizing the glass surface with (3-aminopropyl)triethoxysilane (APTES), which altered the 

hydrophilic glass surface from negatively charged to positively charged, did not affect the blister-

generating capability (Figure 29a). In contrast, functionalizing the glass surface with 

chlorotrimethylsilane (TMCS), which yielded a hydrophobic surface, led to the full suppression of 

blisters in 0.1 M HCl (Figure 29a). Similarly, we found that for graphene deposited on the 

hydrophobic surface of polychlorotrifluoroethylene (PCTFE; Aclar) films, no blisters were 

generated (Figure 29a). Thus, blisters are generated for graphene deposited on hydrophilic but not 

hydrophobic surfaces. We also examined glass coverslips functionalized with 
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trichloro(1H,1H,2H,2H-perfluorooctyl)silane: the surface was both hydrophobic and oleophobic, 

onto which graphene did not adhere adequately but crumbled into sub-micrometer pieces (Figure 

30). 

 

 
Figure 29. Spontaneous graphene blistering on different substrates. Monolayer graphene was 

deposited on different substrates and then immersed in 0.1 M HCl for ~1 h. (a) IRM images for 

graphene on piranha-treated glass, APTES-treated glass, TMCS-treated glass, and Aclar (PCTFE) 

film. (b) Reflected light microscopy images of graphene on a Si wafer coated with a ~290 nm layer 

of thermally grown oxide, under 610, 532, and 450 nm illuminations. For both imaging modes, 

signals are presented as the local light intensity I divided by the intensity at the direct substrate-

solution interfaces I0. (c) Sample geometry for the reflected light microscopy of graphene on 

Si/SiO2. (d) Predicted image signals at the three wavelengths as a function of the water-enclosed 

blister height h. (e) Blister height map converted from the images in (b). Scale bars: 5 µm. 

 

 
Figure 30. Typical IRM images for graphene deposited on glass surfaces functionalized with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane, which were both hydrophobic and oleophobic due 

to the low surface energy of the fluorocarbon. Graphene did not adhere adequately but crumbled 

into sub-micrometer fragments. Scale bars: 5 µm. 
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We next examined the hydrophilic substrate of thermal oxide-coated silicon (Si/SiO2) wafers, an 

often-used device substrate. As the substrate is opaque, we changed our imaging strategy, so that 

the sample was immersed in a 0.1 M HCl solution for ~1 h, rinsed with water, and then mounted 

upside-down for imagining with a water-immersion objective lens (Figure 29c). The resultant 

reflected light microscopy images visualized numerous blisters. Here, as the ~290 nm SiO2 layer 

differently interfered with light of different wavelengths, we illuminated the sample at 610, 532, 

and 450 nm, respectively, and obtained images of varying contrasts (Figure 29b). Theory predicted 

different blister height-dependent signal evolution trends under the three wavelengths (Figure 29d). 

These predictions, as well as simulated blister images (Figure 31), matched well with our 

experimental observations (Figure 29b and Figure 31). We hence converted the triplex reflected-

light micrograph into a heightmap, showing blisters up to ~200 nm in height (Figure 29e). Thus, 

comparable blisters were generated for graphene on the commonly used Si/SiO2 substrate, albeit 

the dynamics are difficult to monitor in situ on this opaque substrate. 

 

 
Figure 31. Reflected light microscopy of graphene blisters on Si/SiO2. (a) A larger view of the 

sample shown in Figure 3b, under 610, 532, and 450 nm illuminations. (b) Simulated images at 

the three wavelengths for blisters of different maximal heights. 

 

3.2.4 Graphene blisters are fast modulated by the solution osmotic pressure as graphene acts as a 

semipermeable membrane 
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As we next examined the stability of the graphene blisters in different solutions, we found that the 

blisters expanded and shrank reversibly under different solute concentrations, and the behavior 

followed the osmotic pressure of the solution. Starting with blisters generated with 1 M HCl 

(Figure 32ab), we found that as we replaced the sample solution with water, the blisters quickly 

expanded in volume at ~10 s time scales, so that the expanded blisters gradually merged with each 

other (arrowheads in Figure 32cd). 

 

 
Figure 32. Fast expansion of blister volumes after changing the acid solution to water. (a,b) IRM 

images of monolayer graphene on glass, before (a) and after (b) immersed in 1M HCl for 1 h. (c) 

The top solution was changed to MilliQ water. (d) In situ IRM image sequences after different 

amounts of time, showing notable swelling of blisters. Color arrowheads point to blister-merging 

events between the shown image sequences. Scale bars: 5 µm. 

 

To examine whether this dynamic behavior could be driven by changes in solute concentration 

and thus osmotic pressure, we examined a sample in which blisters were generated with a solution 

containing 0.8 M HCl and 0.2 M NaCl (Figure 33a). Replacing the top medium with an isotonic 

solution of 1 M NaCl did not notably alter the blisters over 17 min (Figure 33b). Next changing 

the medium to 6 M NaCl led to an initial flash of high IRM signal due to the high refractive index 

of the 6 M NaCl solution, yet the IRM signal then plummeted as the blister volumes shrank 

drastically in ~30 s (Figure 33c). Reverting the medium to 1 M NaCl led to rapid regrowth of the 

blisters, so that the system largely recovered the original blister volumes in ~3 min (Figure 33d). 
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Figure 33. Reversible fast modulation of graphene blisters via solution osmotic pressure. (a) IRM 

images of monolayer graphene on glass, before (a) and after (b) immersed in a solution of 0.8 M 

HCl + 0.2 M NaCl for 16 min. (b) The top medium was changed to 1 M NaCl, with little changes 

in blister shapes observed over 17 min. (c) The top medium was next changed to 6 M NaCl, and 

IRM recorded a fast shrinkage of blister volumes. (d) The top medium was next reverted to 1 M 

NaCl, and IRM recorded a fast recovery of blister volumes. Scale bars: 5 µm. 

 

The above results suggest that in our system, the acid-treated graphene behaved as a 

semipermeable membrane73,84-90 that more readily passed water molecules than the solute ions. 

Consequently, increased solute concentration and hence osmotic pressure of the solution withdrew 

water from the blisters to shrink their volumes, whereas decreased osmotic pressure of the solution 

drove more water into the blisters and induced blister expansion.  

 

To further probe the semipermeable properties of the blisters, we next examined osmotic effects 

over longer timescales. Interestingly, as we applied 1 M NaCl to graphene blisters generated with 

0.1 M HCl, whereas rapid shrinkage occurred at the second-to-minute timescale as water flew out 

under the higher osmotic pressure, the blisters gradually grew back after ~30 min (Figure 34). This 

result suggests the gradual diffusion of the NaCl solute into the blisters over the longer timescale. 

In contrast, as we added into the top medium the fluorescent dye Sulforhodamine 101, fluorescence 

microscopy showed reduced Sulforhodamine 101 signal at the graphene blisters, and this dye-

exclusion effect was well maintained over 2 h (Figure 35). Together, our results indicated that the 

blisters allowed relatively free passing of water (~10 s timescales) and impeded passing of the 

NaCl solute (~10 min timescales), but effectively blocked the passing of the larger Sulforhodamine 

101 molecule. 

 

b 17 min

30 s 8 min

1 min 3 min

c

a

0.8 M 

HCl +

0.2 M 

NaCl

2 min0 min 5 min

20 s0 s 1 min

0 min

d

I / I0
1.5

0.25

1 M 

NaCl

6 M 

NaCl

1 M 

NaCl

16 min



37 

 

 
Figure 34. IRM images suggest the slow passing of NaCl through the graphene blisters. (a) Blisters 

were induced with 0.1 M HCl over 60 min. (b) Changing the top medium to 1 M NaCl led to fast 

shrinkage of blisters in seconds as water flew out under the higher osmotic pressure. (c) After 

reaching the lowest volumes at ~5 min, the blisters gradually grew back after ~30 min, suggesting 

gradual diffusion of the NaCl solute into the blisters over the long timescale. Scale bars: 5 µm. 

 

 
Figure 35. IRM (a) and fluorescence microscopy (b) images for graphene blisters (generated 

through 1 M HCl treatment for 1 h, and then rinsed with water) in a 10 µM solution of the 

fluorescent dye Sulforhodamine 101, ~3 min and 2 h after adding the dye. Scale bars: 5 µm. 
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3.3 Conclusion 
 

In summary, with the exceptional contrast and in situ imaging capabilities offered by IRM, we 

discovered the fast, spontaneous generation of solution-enclosed blisters for graphene on common 

substrates. We thus showed that at pH<~2, nanoscale to micrometer-sized graphene blisters, up to 

~100 nm in height, were universally generated on hydrophilic surfaces, including the popular 

Si/SiO2 substrates, but not on hydrophobic substrates. The blister-generation process was highly 

dynamic, with IRM-visualized growth, merging, and reconfiguration occurring at second-to-

minute time scales, and we further showed that in such processes, graphene behaved as a 

semipermeable membrane so that the blister volumes were readily modulated by the osmotic 

pressure of the solution. 

 

Our intriguing observations may be explained below. Acidic conditions create atomic defects in 

graphene.95,96 Raman spectroscopy (Figure 36) showed no noticeable generation of D peaks but 

enhanced hole doping after acid treatments, consistent with that expected from acid-induced 

defects and trapped water.97-99 Thus, a moderate level of atomic defects creates a semipermeable 

membrane. Subsequently, if the substrate is hydrophilic, capillary action draws the aqueous 

solution into the narrow space between the graphene and substrate surfaces, hence initiating local 

delamination and dynamic reconfiguration of the inserted liquid to form blisters. The resultant 

blisters followed a height-to-radius aspect ratio of ~0.09, comparable to previous liquid-trapped 

graphene bubbles/blisters.75,77 We further found the blisters to be larger at multilayers, a result 

attributable to the lower substrate adhesion of graphene multilayers than monolayers,72 which 

likely facilitates local delamination. In contrast, a hydrophobic substrate disfavors water insertion 

and may more strongly bond the (relatively hydrophobic) graphene surface to prevent 

delamination, so blisters are not formed. Interestingly, we found that on the hydrophilic glass 

surface, chemical oxidated graphene no longer formed blisters (Figure 37), possibly because the 

oxidized graphene was more hydrophilic and thus adhered more strongly to the hydrophilic 

substrate. 
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Figure 36. Raman spectra of typical graphene samples in this work before (black) and after (red) 

treatment with 1 M HCl for 1 h. (a) Full spectra, showing no noticeable generation of the D peak 

but a reduced 2D/G peak-height ratio after the acid treatment. (b,c) Zoom-ins of the G and 2D 

bands, showing substantial blueshifts after the acid treatment. Together, these results are consistent 

with enhanced hole doping owing to the formation of a low level of acid-induced atomic defects. 
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Figure 37. IRM images of regular graphene (a) and oxidized graphene (b; produced by 1-h Clorox 

treatment14) on glass surfaces before (top panel) and after (bottom panel) 40 min immersion in 1 

M HCl. Scale bars: 5 µm.  

 

As yet another demonstration of the power of IRM for in situ graphene characterization, our work 

thus sheds new light on graphene properties, both in terms of its blister-forming capabilities and 

its semipermeable behavior. The observed spontaneous formation of blisters in acidic solutions 

further carries practical implications for understanding the stability of graphene devices under 

different operational conditions. 

 

3.4 Materials and methods 
 

Graphene sample preparation. For most samples, glass coverslips (#1.5, 50×24 mm, VWR, 

16004-322) were cleaned by sonication in isopropanol for 10 min, followed by sonication in 

MilliQ water for 10 min. For evaluating the behavior of different substrates (Figure 29): For 

piranha treatment, coverslips were heated in a 1:3 H2O2:H2SO4 solution for 20 min, and thoroughly 

rinsed with MilliQ water. For APTES functionalization, the piranha-treated coverslips were 

immersed in a 10% (v/v) (3-aminopropyl)triethoxysilane (Sigma 440140) ethanol solution for 1 h. 

After that, the coverslips were rinsed with ethanol and MilliQ water. For TMCS functionalization, 

the piranha-treated coverslips were placed in a chamber with chlorotrimethylsilane (Sigma 92361) 

vapor for 5 min. For trichloro(1H,1H,2H,2H-perfluorooctyl)silane functionalization, the piranha-

treated coverslips were incubated in a chamber with trichloro(1H,1H,2H,2H-perfluorooctyl)silane 

(Fisher Scientific AAL1660609) vapor at 55 °C for 10 min. Aclar 33C (polychlorotrifluoroethylene) 

film of 0.2 mm thickness (Ted Pella) was cleaned by sonication in isopropanol for 10 min, followed 

by sonication in MilliQ water for 10 min. Single-side-polished silicon wafers with a ~290 nm 

thermal oxide layer (Si/SiO2; University Wafer) was piranha-treated and water-rinsed as above. 

CVD-grown graphene on copper foils (ACS Material or Graphene Supermarket) was spin-coated 

with a ~150 nm layer of poly (methyl methacrylate) (PMMA), and wet-transferred with a modified 

RCA cleaning process100 onto the above substrates. PMMA was removed by immersion in acetone 
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and isopropanol. Raman spectroscopy was performed with a Horiba LabRAM HR Evolution 

Spectrometer with a 100x objective lens using 532-nm laser excitation and an 1800 lines/mm 

grating. 

 

Optical microscopy characterizations. IRM, reflected light microscopy, and fluorescence 

microscopy were performed on an Olympus IX73 inverted epifluorescence microscope with a 

white light source (Olympus U-HGLGPS), as described previously.4,101 IRM and fluorescence 

microscopy were performed using an UplanFl 100× oil-immersion objective (numerical aperture 

~0.9 with iris diaphragm). Reflected light microscopy was performed using a UplanSapo 60× 

water-immersion objective (numerical aperture 1.2). For IRM and reflected light microscopy, the 

dichroic mirror position was mounted with a 50/50 beam splitter (Chroma 21000), and the 

emission filter position was left empty. For IRM, the excitation filter was D532/10x (Chroma). 

For reflected light microscopy, the excitation filter was FF01-610/5-25 (Semrock), D532/10x 

(Chroma), or FB450-10 (Thorlabs). For fluorescence microscopy, the excitation filter, dichroic 

mirror, and emission filter were ET545/25x (Chroma), zt561rdc-UF1 (Chroma), and ET605/70m 

(Chroma), respectively. For all microscopy modes, wide-field images were recorded using an 

Andor Zyla 4.2 sCMOS camera at ~10 frames per second with effective pixel sizes of 65 and 108 

nm for the 100× and 60× objective lenses, respectively. 

 

Theoretical modeling of IRM and reflected light microscopy signals. Theoretical modeling of 

IRM signal on transparent substrates, as well as reflected light microscopy signal on Si/SiO2 

substrates, were performed using the transfer-matrix method for thin films.4,102  

 

For IRM signal on transparent substrates, layer configuration is shown in Figure 1a. Incident light 

of wavelength λ and intensity II enters the sample from the substrate side, successively encounters 

the blister, graphene, and top solution, and leaves as reflected (R) and transmitted (T) light. The 

refractive indices of the substrate, blister-enclosed content, graphene, and top solution are 

respectively denoted as n1, ni, n2, and n3. Here, the complex refractive index of graphene is taken 

as n2 = 2.65−1.27i.39,40 The local height of the blister is di. Graphene thickness is d2 = 0.335m nm 

for m-layers. 

 

The Fresnel coefficients at the substrate-blister, blister-graphene, and graphene-top solution 

interfaces are respectively: 𝑟1𝑖 =
𝑛1−𝑛𝑖

𝑛1+𝑛𝑖
, 𝑡1𝑖 =

2𝑛1

𝑛1+𝑛𝑖
,  𝑟𝑖2 =

𝑛𝑖−𝑛2

𝑛𝑖+𝑛2
, 𝑡𝑖2 =

2𝑛𝑖

𝑛𝑖+𝑛2
,  𝑟23 =

𝑛2−𝑛3

𝑛2+𝑛3
, 𝑡23 =

2𝑛2

𝑛2+𝑛3
.  

 

The transfer matrices at the three interfaces are 𝑇1𝑖 =
1

𝑡1𝑖
[

1 𝑟1𝑖

𝑟1𝑖 1
] , 𝑇𝑖2 =

1

𝑡𝑖2
[

1 𝑟𝑖2

𝑟𝑖2 1
] , and 

𝑇23 =
1

𝑡23
[

1 𝑟23

𝑟23 1
].  

 

The transfer matrix in the blister is 𝑇𝑖 = [𝑒𝑖𝛼 0
0 𝑒−𝑖𝛼

], where 𝛼 =
2𝜋

𝜆
𝑛𝑖𝑑𝑖. 

 

The transfer matrix in graphene is 𝑇2 = [𝑒𝑖𝛽 0
0 𝑒−𝑖𝛽

], where 𝛽 =
2𝜋

𝜆
𝑛2𝑑2. 
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The transfer matrix for the system is: 

𝑇13 = 𝑇1𝑖𝑇𝑖𝑇𝑖2𝑇2𝑇23 =
1

𝑡1𝑖
[

1 𝑟1𝑖

𝑟1𝑖 1
] [𝑒𝑖𝛼 0

0 𝑒−𝑖𝛼
]

1

𝑡𝑖2
[

1 𝑟𝑖2

𝑟𝑖2 1
] [𝑒𝑖𝛽 0

0 𝑒−𝑖𝛽
]

1

𝑡23
[

1 𝑟23

𝑟23 1
] =

1

𝑡1𝑖𝑡𝑖2𝑡23
 

[
𝑒𝑖(𝛼+𝛽) + 𝑟1𝑖𝑟𝑖2𝑒𝑖(𝛽−𝛼) + 𝑟𝑖2𝑟23𝑒𝑖(𝛼−𝛽) + 𝑟1𝑖𝑟23𝑒−𝑖(𝛽+𝛼) 𝑟23𝑒𝑖(𝛼+𝛽) + 𝑟𝑖2𝑒𝑖(𝛼−𝛽) + 𝑟1𝑖𝑒

−𝑖(𝛽+𝛼) + 𝑟1𝑖𝑟𝑖2𝑟23𝑒𝑖(𝛽−𝛼)

𝑟1𝑖𝑒
𝑖(𝛼+𝛽) + 𝑟𝑖2𝑒𝑖(𝛽−𝛼) + 𝑟23𝑒−𝑖(𝛽+𝛼) + 𝑟1𝑖𝑟𝑖2𝑟23𝑒𝑖(𝛼−𝛽) 𝑒−𝑖(𝛼+𝛽) + 𝑟1𝑖𝑟𝑖2𝑒𝑖(𝛼−𝛽) + 𝑟𝑖2𝑟23𝑒𝑖(𝛽−𝛼) + 𝑟1𝑖𝑟23𝑒𝑖(𝛽+𝛼)

] 

 

The reflection coefficient is 

r=
𝑇21

13

𝑇11
13 =

𝑟1𝑖𝑒
𝑖(𝛼+𝛽)+𝑟𝑖2𝑒𝑖(𝛽−𝛼)+𝑟23𝑒−𝑖(𝛽+𝛼)+𝑟1𝑖𝑟𝑖2𝑟23𝑒𝑖(𝛼−𝛽)

𝑒𝑖(𝛼+𝛽)+𝑟1𝑖𝑟𝑖2𝑒𝑖(𝛽−𝛼)+𝑟𝑖2𝑟23𝑒𝑖(𝛼−𝛽)+𝑟1𝑖𝑟23𝑒−𝑖(𝛽+𝛼)
 

 

Intensity of the reflected light, which is recorded experimentally in IRM images, is thus:  

𝐼 = |𝑟|2𝐼𝐼 = |
𝑟1𝑖𝑒𝑖(𝛼+𝛽) + 𝑟𝑖2𝑒𝑖(𝛽−𝛼) + 𝑟23𝑒−𝑖(𝛽+𝛼) + 𝑟1𝑖𝑟𝑖2𝑟23𝑒𝑖(𝛼−𝛽)

𝑒𝑖(𝛼+𝛽) + 𝑟1𝑖𝑟𝑖2𝑒𝑖(𝛽−𝛼) + 𝑟𝑖2𝑟23𝑒𝑖(𝛼−𝛽) + 𝑟1𝑖𝑟23𝑒−𝑖(𝛽+𝛼)
|

2

𝐼𝐼 

 

Intensity without blister (di = 0; substrate-graphene-solution geometry) is:4  

𝐼 = |
𝑟12𝑒𝑖𝛽+𝑟23𝑒−𝑖𝛽

𝑒𝑖𝛽+𝑟12𝑟23𝑒−𝑖𝛽|
2

𝐼𝐼, where 𝑟12 =
𝑛1−𝑛2

𝑛1+𝑛2
 

 

Intensity without blister and graphene (di = 0, d2 = 0; a direct substrate-solution interface) is:4 𝐼0 =

|
𝑛1−𝑛3

𝑛1+𝑛3
|

2
𝐼𝐼 

 

For reflected light microscopy signal on Si/SiO2 substrates, layer configuration of the system is 

given in Figure 3c. Incident light of wavelength λ and intensity II enters the sample from the water 

side, successively encounters graphene, blister, SiO2 and Si, and leaves as reflected (R) and 

transmitted (T) light. The refractive indices of water, graphene, blister, SiO2 and Si are respectively 

denoted as n1, n2, ni, n3, and n4. The local height of the blister is di. Graphene thickness is d2.  

The Fresnel coefficients at the water-graphene, graphene-blister, blister-SiO2, and SiO2-Si 

interfaces are respectively: 

𝑟12 =
𝑛1−𝑛2

𝑛1+𝑛2
, 𝑡12 =

2𝑛1

𝑛1+𝑛2
,  𝑟2𝑖 =

𝑛2−𝑛𝑖

𝑛2+𝑛𝑖
, 𝑡2𝑖 =

2𝑛2

𝑛2+𝑛𝑖
, 𝑟𝑖3 =

𝑛𝑖−𝑛3

𝑛𝑖+𝑛3
, 𝑡𝑖3 =

2𝑛𝑖

𝑛𝑖+𝑛3
, 𝑟34 =

𝑛3−𝑛4

𝑛3+𝑛4
, 𝑡34 =

2𝑛3

𝑛3+𝑛4
.  

 

The transfer matrices at the three interfaces are: 𝑇12 =
1

𝑡12
[

1 𝑟12

𝑟12 1
], 𝑇2𝑖 =

1

𝑡2𝑖
[

1 𝑟2𝑖

𝑟2𝑖 1
], 𝑇𝑖3 =

1

𝑡𝑖3
[

1 𝑟𝑖3

𝑟𝑖3 1
], and 𝑇34 =

1

𝑡34
[

1 𝑟34

𝑟34 1
].  

 

The transfer matrix in the blister is 𝑇𝑖 = [𝑒𝑖𝛼 0
0 𝑒−𝑖𝛼

], where 𝛼 =
2𝜋

𝜆
𝑛𝑖𝑑𝑖. 

 

The transfer matrix in graphene is 𝑇2 = [𝑒𝑖𝛽 0
0 𝑒−𝑖𝛽

], where 𝛽 =
2𝜋

𝜆
𝑛2𝑑2. 

 

The transfer matrix in SiO2 is 𝑇3 = [𝑒𝑖𝛾 0
0 𝑒−𝑖𝛾

], where 𝛾 =
2𝜋

𝜆
𝑛3𝑑3. 
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The transfer matrix for the system is: 

𝑇14 = 𝑇12𝑇2𝑇2𝑖𝑇𝑖𝑇𝑖3𝑇3𝑇34

=
1

𝑡12
[

1 𝑟12

𝑟12 1
] [𝑒𝑖𝛽 0

0 𝑒−𝑖𝛽
]

1

𝑡2𝑖
[

1 𝑟2𝑖

𝑟2𝑖 1
] [𝑒𝑖𝛼 0

0 𝑒−𝑖𝛼
]

1

𝑡𝑖3
[

1 𝑟𝑖3

𝑟𝑖3 1
] [𝑒𝑖𝛾 0

0 𝑒−𝑖𝛾
]

1

𝑡34
[

1 𝑟34

𝑟34 1
] 

 

𝑇11
14 =

1

𝑡12𝑡2𝑖𝑡𝑖3𝑡34
(𝑒𝑖(𝛼+𝛽+𝛾) + 𝑟12𝑟2𝑖𝑒𝑖(𝛼−𝛽+𝛾) + 𝑟2𝑖𝑟𝑖3𝑒𝑖(−𝛼+𝛽+𝛾) + 𝑟12𝑟𝑖3𝑒𝑖(−𝛼−𝛽+𝛾) +

𝑟𝑖3𝑟34𝑒𝑖(𝛼+𝛽−𝛾) + 𝑟2𝑖𝑟34𝑒𝑖(−𝛼+𝛽−𝛾) + 𝑟12𝑟34𝑒𝑖(−𝛼−𝛽−𝛾) + 𝑟12𝑟2𝑖𝑟𝑖3𝑟34𝑒𝑖(𝛼−𝛽−𝛾))  

 

𝑇21
14 =

1

𝑡12𝑡2𝑖𝑡𝑖3𝑡34
(𝑟12𝑒𝑖(𝛼+𝛽+𝛾) + 𝑟2𝑖𝑒𝑖(𝛼−𝛽+𝛾) + 𝑟𝑖3𝑒𝑖(−𝛼−𝛽+𝛾) +

𝑟34𝑒𝑖(−𝛼−𝛽−𝛾)+𝑟12𝑟2𝑖𝑟𝑖3𝑒𝑖(−𝛼+𝛽+𝛾) + 𝑟12𝑟2𝑖𝑟34𝑒𝑖(−𝛼+𝛽−𝛾) + 𝑟12𝑟𝑖3𝑟34𝑒𝑖(𝛼+𝛽−𝛾) +

𝑟2𝑖𝑟𝑖3𝑟34𝑒𝑖(𝛼−𝛽−𝛾))  

 

The reflection coefficient is: 

r =
𝑇21

14

𝑇11
14 =

𝑟12𝑒
𝑖(𝛼+𝛽+𝛾)

+𝑟2𝑖𝑒
𝑖(𝛼−𝛽+𝛾)

+𝑟𝑖3𝑒
𝑖(−𝛼−𝛽+𝛾)

+𝑟34𝑒
𝑖(−𝛼−𝛽−𝛾)

+𝑟12𝑟
2𝑖

𝑟𝑖3𝑒
𝑖(−𝛼+𝛽+𝛾)

+𝑟12𝑟2𝑖𝑟34𝑒
𝑖(−𝛼+𝛽−𝛾)

+𝑟12𝑟
𝑖3

𝑟34𝑒
𝑖(𝛼+𝛽−𝛾)

+𝑟2𝑖𝑟𝑖3𝑟34𝑒
𝑖(𝛼−𝛽−𝛾)

𝑒
𝑖(𝛼+𝛽+𝛾)

+𝑟12𝑟2𝑖𝑒
𝑖(𝛼−𝛽+𝛾)

+𝑟2𝑖𝑟𝑖3𝑒
𝑖(−𝛼+𝛽+𝛾)

+𝑟12𝑟𝑖3𝑒
𝑖(−𝛼−𝛽+𝛾)

+𝑟𝑖3𝑟34𝑒
𝑖(𝛼+𝛽−𝛾)

+𝑟2𝑖𝑟34𝑒
𝑖(−𝛼+𝛽−𝛾)

+𝑟12𝑟34𝑒
𝑖(−𝛼−𝛽−𝛾)

+𝑟12𝑟2𝑖𝑟
𝑖3

𝑟34𝑒
𝑖(𝛼−𝛽−𝛾)

 

 

Intensity of reflected light, which is recorded experimentally in reflected light microscopy images, 

is thus:  
𝐼 = |𝑟|2𝐼𝐼 

   

= |
𝑟12𝑒

𝑖(𝛼+𝛽+𝛾)
+ 𝑟2𝑖𝑒

𝑖(𝛼−𝛽+𝛾)
+ 𝑟𝑖3𝑒

𝑖(−𝛼−𝛽+𝛾)
+ 𝑟34𝑒

𝑖(−𝛼−𝛽−𝛾)
+𝑟12𝑟

2𝑖
𝑟𝑖3𝑒

𝑖(−𝛼+𝛽+𝛾)
+ 𝑟12𝑟2𝑖𝑟34𝑒

𝑖(−𝛼+𝛽−𝛾)
+ 𝑟12𝑟

𝑖3
𝑟34𝑒

𝑖(𝛼+𝛽−𝛾)
+ 𝑟2𝑖𝑟𝑖3𝑟34𝑒

𝑖(𝛼−𝛽−𝛾)

𝑒𝑖(𝛼+𝛽+𝛾) + 𝑟12𝑟2𝑖𝑒
𝑖(𝛼−𝛽+𝛾) + 𝑟2𝑖𝑟𝑖3𝑒𝑖(−𝛼+𝛽+𝛾) + 𝑟12𝑟𝑖3𝑒𝑖(−𝛼−𝛽+𝛾) + 𝑟𝑖3𝑟34𝑒𝑖(𝛼+𝛽−𝛾) + 𝑟2𝑖𝑟34𝑒𝑖(−𝛼+𝛽−𝛾) + 𝑟12𝑟34𝑒𝑖(−𝛼−𝛽−𝛾) + 𝑟12𝑟2𝑖𝑟𝑖3

𝑟34𝑒𝑖(𝛼−𝛽−𝛾)
|

2

𝐼𝐼 

 

It can be shown that intensity without the blister (di = 0; water-graphene-substrate geometry) is: 

𝐼 = |
𝑟12𝑒𝑖(𝛽+𝛾) + 𝑟23𝑒𝑖(𝛾−𝛽) + 𝑟34𝑒−𝑖(𝛽+𝛾) + 𝑟12𝑟23𝑟34𝑒𝑖(𝛽−𝛾)

𝑒𝑖(𝛽+𝛾) + 𝑟12𝑟23𝑒𝑖(𝛾−𝛽) + 𝑟23𝑟34𝑒𝑖(𝛽−𝛾) + 𝑟12𝑟34𝑒−𝑖(𝛽+𝛾)
|

2

𝐼𝐼 

 

It can be further shown that intensity without the blister and graphene (di = 0, d2 = 0; water-substrate 

interface) is: 

𝐼0 = |
𝑟13𝑒𝑖𝛾 + 𝑟34𝑒−𝑖𝛾

𝑒𝑖𝛾 + 𝑟13𝑟34𝑒−𝑖𝛾
|

2

𝐼𝐼 

 

For comparison with experiments, for IRM, the experimental signal I was first normalized by the 

signal measured at a direct substrate-solution interface (e.g., locally exposed glass surface in the 

sample, as marked by “0” in Figure 20d), I0. The resultant I/I0 values were presented as images 

and compared with the theoretically predicted values (Figure 20b) to obtain the local blister height 

di and generate height maps. For reflected light microscopy, the experimental signal I, obtained at 

three fixed wavelengths of 610, 532, and 450 nm, was each separately normalized by the signal 

measured at a direct water-substrate interface, I0. The resultant I/I0 values were presented as 

images. For each pixel, the I/I0 values were compared with the theoretical values at the same three 
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wavelengths for different local blister heights di (Figure 29d). Local di values were then assigned 

by minimizing the sum of the differences between the experimental and theoretical values at the 

three wavelengths. 

 

Simulation of blister IRM and reflected light microscopy images. Half-ellipsoids of varying 

heights were first simulated on grids 10 times finer than the actual pixel size. For simulating IRM 

images, the half-ellipsoids were converted from heights to IRM contrasts using the theoretically 

predicted IRM signal discussed above. The resultant simulated images were then spatially 

convolved with a 2D Gaussian function with an FWHM (full width at half maximum) of 300 nm 

to simulate the diffraction-limited optical resolution. The images were then down-sampled to the 

actual pixel size to generate the final simulated IRM images. For graphene on Si/SiO2, reflected 

light microscopy images were similarly simulated at the three experimental wavelengths. 

 

Part II: Facile chemical modifications of graphene under ambient conditions 

supported by optical characterization 
 

In this section, we move to discuss facile chemical modifications of graphene under ambient 

conditions. Besides IRM, other optical characterizations techniques including transmission 

microscopy, fluorescence microscopy, and Raman spectroscopy are utilized here to help 

establish the successful modifications of graphene through our facile approaches. In chapter 4, 

we report direct azidation and subsequent click chemistry of the graphene basal plane through 

the electrochemical oxidation of an aqueous sodium azide solution at the graphene surface. As 

azide is chemically analogous to halogens, we next apply a comparable strategy in chapter 5 to 

directly chlorinate graphene from an aqueous sodium chloride solution through electrochemistry. 

Beyond that, we have also explored the possibility to remove the need to wire up graphene for 

electrochemistry while still enabling facile chemical modifications of graphene under ambient 

conditions. In chapter 6, we report a photocatalytic approach for the facile azidation and 

chemical patterning of graphene. 

 

Chapter 4: Azidated graphene: direct azidation from monolayer, click 

chemistry, and bulk production from graphite 
 

The work in this chapter was conducted in collaboration with Wan Li and Ke Xu. It is 

reproduced in part here from ref101 with permission from all co-authors.  

 

4.1 Introduction 
 

Chemical modification and functionalization greatly expand the application of 

graphene20,22,24,54,103-105. 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.20,22,24,54 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.24 For instance, the popular reaction of graphene and graphite with aryl radicals 

generated from diazonium salts11,56 can be achieved under ambient conditions, but often results in 

heterogeneous aryl oligomers.7,53,56,106 Moreover, for each desired surface function, the 
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corresponding radical-generating reagent often needs to be designed anew, thus limiting 

application. 

 

In this chapter, 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 

active18,25 graphitic oxide to a few percent of total weight,107-109 limited success has been achieved 

in converting such heterogeneous systems to graphitic azide.109 It is thus of both fundamental and 

application interests 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.  

 

4.2 Results and discussion 
 

 
Figure 38. 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 (N3·), which react in situ with the basal plane. (b) Survey-mode XPS of 

monolayer graphene on a SiO2/Si substrate after electrochemical reaction in a 200 mM NaN3 

solution at 1.3 V (vs. Ag/AgCl) for 15 min (top), vs. a control sample that was immersed in a 400 

mM NaN3 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) vs. that of the solid surface of NaN3 

salt (middle), and a freshly cleaved graphite surface after electrochemical reaction in a 400 mM 

NaN3 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-O, C=O, and O=C-OH bonds, respectively. 
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We start by developing a strategy to electrochemically generate azidyl radicals110,111 at the 

graphene surface in situ through the oxidation of the simple salt sodium azide (NaN3) in an aqueous 

solution (Figure 38a). 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 

chemistry112-114 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 ~2×10 mm strips onto thermal oxide-coated 

silicon chips (SiO2/Si) or glass substrates, and electrically contacted at both ends. Interference 

reflection microscopy (IRM)4 confirmed that the deposited graphene was predominately 

monolayer with sporadic nanoscale bilayer islands (Figure 39). A ~150 µL drop of 200 mM NaN3 

in a 0.1 M pH=7 phosphate buffer (PB7) was placed at the center of the graphene strip, thus 

creating both immersed and non-immersed areas in the same sample as defined by the drop 

boundary. An Ag/AgCl electrode served as the counter/reference electrode by contacting the top 

of the electrolyte drop (Figure 38a inset). 

 

 

Figure 39. In situ IRM and electrical measurements indicate that adding NaN3 into the electrolyte 

suppresses the electrochemical oxidation of graphene while enabling azidation. (a) IRM image of 

a CVD graphene sample on a glass substrate in blank PB7, showing that the starting graphene was 

predominately monolayer with sporadic nanoscale bilayer islands (white arrows) and wrinkles 

(green arrows) 4. “Gl” marks exposed glass surface due to a tear in graphene. (b) IRM image of 

the same area after the application of a +1.6 V (vs. Ag/AgCl) oxidative voltage for 30 s. Notable 

oxidation occurred (brightening up of IRM signal, especially for areas surrounding the bilayer 

islands), as discussed in detail previously 15. (c,d) IRM images of another sample before (c) and 

after (d) the same applied voltage, but in PB7 containing 200 mM NaN3. Oxidation of graphene 

appeared to be fully suppressed. We further note that we found that the azidation of graphene gave 
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no notable changes to the IRM signal, consistent with the limited changes in electrical conductivity 

in the process. (e) Changes in graphene resistance over initial values after the application of a 

series of oxidative voltages (vs. Ag/AgCl) of 45 s duration in 0.1 V increasing steps, for CVD 

graphene in PB7 with (orange) and without (blue) 200 mM of NaN3. The PB7-only sample showed 

progressive increases in resistance for voltages >+1.4 V due to oxidation. In contrast, the sample 

in the NaN3 solution showed a trend of decreasing resistance right from the first step of +1.2 V 

due to the azidation of graphene. Scale bars: 10 µm (a-d). 

 

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 38a). Survey-mode X-ray photoelectron 

spectroscopy (XPS) of the sample on the SiO2/Si substrate, after water-rinsed and air-dried, 

showed the appearance of a nitrogen 1s peak (Figure 38b, top) when compared to a control sample 

that was immersed in a NaN3 solution without applying voltages (Figure 38b, 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 SiO2 

substrate. Indeed, we have recently shown that the electrochemical oxidation of graphene 

requires >+1.4 V vs. Ag/AgCl,15 and we also found that NaN3 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 38c, top) showed 

two peaks at 400.6 and 404.4 eV at a ~2:1 ratio, consistent with those typically found in organic 

azides115-117 and markedly different from that measured for the NaN3 salt surface at 398.7 and 

403.1 eV (Figure 38c, middle).118 Meanwhile, high-resolution XPS of the carbon 1s region showed 

an increase at ~286.1 eV (orange fitted curve in Figure 38d), consistent with that of C-N 

bonds18,119,120 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 efficiently azidated freshly cleaved 

graphite surfaces (Figure 38c, bottom). This result provides further evidence that the azidyl 

radicals electrochemically generated at the electrode surface110,111 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 towards the basal planes of graphite 

and multilayer graphene.56,121-124 
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Figure 40. Azidation results under different applied voltages and NaN3 concentrations. (a) 

Measured electrochemical current vs. a scanned voltage (40 mV/s) across monolayer graphene and 

a Ag/AgCl electrode, in 200 mM NaN3 in PB7 (orange curve) vs. in blank PB7 (blue curve). Inset: 

time-dependent electrochemical current in 200 mM NaN3 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) NaN3 solutions. 

 

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 NaN3 in PB7, the 

detected electrochemical current rose rapidly at >0.9 V (vs. Ag/AgCl) and peaked at ~1.25 V 

(Figure 40a, orange curve), consistent with the electrochemical oxidation of the azidyl/azide 

couple [E(N3·/N3
−) ~1.35 V vs. normal hydrogen electrode111]. Mild bubble generation was noted 

for >~1.0 V, attributable to the self-combination of excessive azidyl radicals (2 N3· → 3N2). 

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 40a, blue curve) and is ascribed to the electrolysis of 

water.15 Reversed scan yielded no noticeable reduction peaks, consistent with the high reactivity 

of the generated azidyl radicals.111  

 

Based on these results, we examined graphene azidation efficiency at different fixed voltages. 

Whereas no appreciable azidation occurred at 0.7 V vs. Ag/AgCl (Figure 40b), under which 

condition the electrochemical current was negligible (Figure 40a inset), substantial azidation was 

found at 1.0 V (Figure 40b), for which case the electrochemical current was significant (Figure 

40a inset). Stronger azidation was achieved at 1.3 V, and a further slight increase was found for 

1.6 V (Figure 40bc). We have recently identified 1.4 V (vs. Ag/AgCl) as the onset voltage for the 

electrochemical oxidation of graphene.15 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 NaN3 added (Figure 39). This result can be understood as that the hydroxyl radical (HO·), 

the major oxidative species in water electrolysis that drives graphene oxidation,15,125 is readily 

consumed by N3
− to produce OH− and N3·.126 

 

The azidation degree also depended on the NaN3 concentration (Figure 40c). 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 NaN3, 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 41) 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 NaN3 concentration, while further confirming the reaction 

mechanism of in situ generation of azidyl radicals (Figure 38a). 
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Figure 41. XPS-measured N/C ratio as a function of reaction time for reactions at 1.3 V (vs. 

Ag/AgCl) in a 200 mM NaN3 solution. Crosses: averages of two runs (blue squares). 

 

The azidated graphene surface readily enabled copper (I)-catalyzed alkyne-azide cycloaddition 

(CuAAC) click chemistry.112 For CuAAC of the azidated graphene with alkyne-PEG5-acid (Figure 

42a), XPS of the nitrogen 1s region (Figure 42b) showed a small peak at ~404.2 eV (cyan) 

attributed to the unreacted azido groups (~404.4 eV above in Figure 38c), as well as a major peak 

at 400.2 eV (magenta) that is shifted towards a slightly lower binding energy when compared to 

the azido group (~400.6 eV in Figure 38c), 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.116,127 

 

 
Figure 42. CuAAC click chemistry of azidated graphene and subsequent biotin-streptavidin 

bioconjugation. (a) Schematic: CuAAC of azidated graphene with alkyne-PEG5-acid. (b) XPS of 

the nitrogen 1s region for the resultant product (orange) on a SiO2/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-PEG4-biotin, and subsequent conjugation with streptavidin tagged by the 

fluorescent dye Alexa Fluor 555 (AF555). (d) Fluorescence microscopy image of the labeled 
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AF555 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 44), in 0.5 mm translational steps along the x-direction. Blue dashed 

line marks the boundary position of the initial NaN3 drop. 

 

To evaluate the spatial homogeneity of the functionalization result, we performed CuAAC of the 

azidated graphene with a fluorescent dye-tagged alkyne (Figure 43), as well as with alkyne-PEG4-

biotin for subsequent bioconjugation of dye-tagged streptavidin (Figure 42c). Fluorescence 

microscopy showed spatially uniform dye labeling for both samples (Figure 42de and Figure 43), 

with reduced local intensities noted at bilayer islands (white arrows in Figure 42d) and wrinkles 

(green arrows), consistent with fluorescence quenching by graphene.128 Meanwhile, as the NaN3 

solution droplet in the initial azidation process only partially covered the graphene strip, the non-

azidated parts of the same graphene sample showed minimal fluorescence (Figures 42e, 43 and 44) 

even though the CuAAC and streptavidin reactants covered the entire sample, thus signifying 

specific labeling through click chemistry. 
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Figure 43. Fluorescence microscopy and IRM characterizations of the azidated graphene on glass 

substrates, after CuAAC with alkyne-Cy3 and after CuAAC with alkyne-PEG4-biotin and 

subsequent conjugation with streptavidin-Alexa Fluor 555 (AF555). (a) Schematic of the alkyne-

Cy3-clicked azidated graphene. (b-c) Fluorescence microscopy images of the labeled Cy3 of the 

final product, for areas inside (b) and outside (c) the initial NaN3 drop during electrochemical 

azidation. The CuAAC reactant covered both areas. (d-e) Corresponding IRM images, showing 

that graphene is predominately monolayer for both areas 4. White arrows in (b,d) point to nanoscale 

bilayer islands. (f) Schematic of the final product of the CuAAC of azidated graphene with alkyne-

PEG4-biotin and subsequent conjugation with streptavidin-AF555. (g-h) Fluorescence microscopy 

images of the labeled AF555 for the resultant functionalized graphene, for areas inside (g) and 

outside (h) the initial NaN3 drop. (g) corresponds to the same image as Figure 3d. (i-j) IRM images 

of the same areas as (g,h), indicating monolayer graphene. White and green arrows in (g,i) point 

to bilayer islands and wrinkles in graphene, respectively. “Gl” in (g,i): exposed glass surface with 

no graphene coverage. Note the different intensity scales for (g,h) versus (b,c): dye molecules on 

streptavidin (~5 nm in size) are farther away from the graphene surface and so are less quenched 

in fluorescence emission 45,128. 
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Figure 44. Fluorescence microscopy images of the labeled AF555, for an azidated graphene 

sample on a glass substrate after CuAAC with alkyne-PEG4-biotin and subsequent conjugation 

with streptavidin-AF555, corresponding to the x = 0,1,2,3,4,5,6,7,8,9 mm positions shown in 

Figure 42e, respectively. The last two panels show the IRM images at x = 8 and 9 mm, to confirm 

that monolayer graphene is present, with typical features as nanoscale bilayer islands and wrinkles 
4, but not functionalized. Scale bars: 5 µm. 
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Figure 45. Copper-free cycloaddition of azidated graphene and subsequent biotin-streptavidin 

conjugation. (a) Schematic of the final product. (b) Fluorescence microscopy of the labeled AF555 

for the resultant functionalized graphene on a glass substrate. “Gl” marks the glass substrate, where 

the functionalized graphene was locally peeled away. 

 

We next examined if the azidated graphene could permit copper-free cycloaddition,113,114 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)-

PEG4-biotin with the azidated graphene, as well as subsequent streptavidin conjugation (Figure 45 

and Figure 46). 

 

 
Figure 46. Additional fluorescence microscopy and IRM images for azidated graphene on a glass 

substrate after copper-free cycloaddition of azadibenzocyclooctyne (ADIBO)-PEG4-biotin and 

subsequent conjugation with streptavidin-AF555. Top row: Fluorescence microscopy images of 

the labeled AF555, for areas inside (first three columns) and outside (last column) the initial NaN3 
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drop during the electrochemical reaction. Bottom row: corresponding IRM images of the same 

areas as the top row, showing that graphene is predominately monolayer for all areas 4. Magenta 

arrows point to tears/fold-overs in graphene. Scale bars: 5 µm.  

 

We further followed the evolution of graphene electrical properties through the functionalization 

processes under a field-effect transistor scheme. Scanning the source-drain voltage (Vsd) between 

−20 to +20 mV yielded linear I-V curves (Figure 47a and Figure 48), from which we calculated 

sample conductance as varied electrochemical gating voltages (Vg) were applied across the 

Ag/AgCl electrode and graphene (Figure 47b; electrolyte: 70 mM pH = 7 phosphate buffer). 

Conductance of the starting sample was ~0.11 mS (Figure 47ab), consistent with the ~2×10 mm 

strip geometry, with electrochemical-gating results (Figure 47b) typical of monolayer graphene.129 

  

 
Figure 47. 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-PEG4-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 vs. graphene, for the four 

functionalization states. Electrolyte was a 70 mM pH = 7 phosphate buffer. 

 

Remarkably, the graphene conductance increased notably after azidation (Figure 47a). Gate-

dependent measurement showed a substantial positive voltage shift for the conductance-Vg transfer 

curve (Figure 47b), indicating enhanced p-doping, consistent with azido groups being electron-

withdrawing.130,131 A high conductance-Vg slope was also noted (Figure 47b), indicative of high 

carrier mobility. Similar p-doping behavior with high conductivity and mobility has been noted 

before for highly chlorinated monolayer graphene.132-136 As a pseudohalogen, the azido group is 

characterized by Hammett substituent constants comparable to that of halogens,130 and so it could 

affect graphene properties analogously. To this end, we found Raman spectroscopy of the azidated 

graphene (Figure 49) 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.133,135,136 It is thus possible that the azido group similarly p-doped graphene without 

inducing high levels of defects in the graphene lattice,133-136 hence the measured high electrical 

conductivity. Cycloaddition of ADIBO-PEG4-biotin led to substantial n-doping while keeping the 

large conductance-Vg slope (Figure 47b). Subsequent streptavidin conjugation did not cause 

significant further changes (Figure 47b). 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. 
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Figure 48. Measured I-V curves of the device in Figure 47, at representative electrochemical gating 

voltages of −0.1 (blue), 0 (black), and 0.1 (red) V, for before reaction (a), after azidation (b), after 

cycloaddition of ADIBO-PEG4-biotin (c), and after streptavidin conjugation (d).  
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Figure 49. (a) Raman spectroscopy of the azidated graphene on a glass substrate [orange curve, 

azidated in 400 mM NaN3 (PB7) at 1.3 V for 15 min] vs. the starting CVD graphene (black curve). 

The azidated graphene showed a significant decrease in the intensity ratio of the 2D peak over the 

G peak but little increase in the D peak signal. Both behaviors are highly similar to that previous 

found for the highly chlorinated graphene 133,135,136, in line with the pseudohalogen properties of 

the azido group, which is characterized by Hammett substituent constants comparable to that of 

halogens 130. (b) XPS spectrum of the same azidated graphene sample in (a), confirming the 

successful functionalization to an N/C atomic ratio of 17.6%. 

 

By integrating our above electrochemical azidation scheme with electrochemical exfoliation, we 

next demonstrated one-step bulk production of azidated graphene from graphite. Recent years have 

witnessed the rise of electrochemical exfoliation as a powerful pathway to graphene bulk 

production.103,105,137 In particular, the anodic exfoliation of graphite in aqueous sulfate solutions 

has achieved high efficiency.138 

 

 
Figure 50. Bulk production of azidated graphene flakes through the electrochemical exfoliation 

of graphite in a NaN3-Na2SO4 solution. (a) Transmission optical micrograph of flower-like 

graphitic particles generated through the electrochemical exfoliation of graphite in an aqueous 

solution of 200 mM NaN3 and 400 mM Na2SO4. (b) Reflected light micrograph for the resultant 

flakes on a SiO2/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, 
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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 SiO2/Si substrate (top), vs. that produced through the electrochemical 

exfoliation of graphite in a Na2SO4-only solution (bottom). (g) High-resolution XPS spectrum of 

the N1s region for the sample exfoliated in the NaN3-Na2SO4 solution.  

 

We found natural graphite to be readily exfoliated in an aqueous solution of 200 mM NaN3 and 

400 mM Na2SO4, although the voltage required was notably higher than that in a Na2SO4-only 

solution (+7 vs. +5 V; Methods). Transmission optical microscopy showed the generation of ~200 

µm-sized, flower-like particles of loose few-layer sheets (Figure 50a). The product was collected, 

washed, re-dispersed through a brief sonication, and then drop-casted onto SiO2/Si substrates 

(Materials and methods). Reflected light microscopy showed monolayer flakes ~10 µm in size 

(Figure 50b and Figure 51), with image contrasts matching well to that calibrated with CVD 

graphene (Figure 50c). Accordingly, AFM showed heights of ~1.0 nm (Figure 50de), typical of 

monolayer graphene.  

 

 
Figure 51. Additional reflective light microscopy images of azidated graphene flakes deposited 

on a SiO2/Si substrate, obtained through the electrochemical exfoliation of graphite in the NaN3-

Na2SO4 solution, showing the abundant presence of monolayers. 

 

Notably, when compared to samples exfoliated in the Na2SO4-only solution, XPS of samples 

exfoliated in the NaN3-Na2SO4 solution showed the emergence of N1s signal (Figure 50f). High-

resolution data showed two N1s peaks at 400.5 and 404.1 eV (Figure 50g), similar to our results 

above on CVD graphene (Figure 38c), thus indicating azidated graphene flakes. Quantitative 

analysis showed an N/C atomic ratio of 5%, and an O/C ratio of 20% after subtracting the O signal 

from the SiO2 substrate. In comparison, the Na2SO4-only sample (Figure 50f, 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 

SO4
2−-intercalation and N3

−-azidation processes, and hence the necessity to explore multiple 

parameters for future optimization. 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 52). 
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Figure 52. Dispersion of the functionalized graphene flakes in water. (a) Graphene flakes 

exfoliated in the Na2SO4-only solution, showing quick aggregation in ~15 min. (b) Azidated 

graphene flakes exfoliated in the NaN3-Na2SO4 solution, showing slower aggregation at 40 min, 

80 min and 16 hr. (c) Azidated graphene flakes after click chemistry with alkyne-Cy3, showing 

further improved dispersion at 80 min and 16 hr. Insets: zoom-ins of the bottom of the vial. 

Whereas the better dispersion of the azidated graphene flakes vs. the non-azidated graphene flakes 

may be a combined result of the azido groups and the higher oxidation degree of the former (see 

text), the further improvement in dispersion upon click chemistry with alkyne-Cy3 is attributable 

to the high negative charges on Cy3. 

 

4.3 Conclusion 
 

Our successful azidation of graphene through electrochemically generated N3· radicals is 

consistent with mounting evidence that free radicals are particularly effective in reacting with the 

graphene basal plane15,20,22,24,54. Although reagents as diazonium salts also enable radical reactions 

under ambient conditions, heavy side reactions often occur between the radicals and the already 

deposited layer56; the resultant surface is thus heterogeneous in chemical composition and 

height7,24,53,106. By starting with the simple N3
− anion, which was converted into azidyl radicals in 
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situ at the graphene surface, our approach effectively precludes side reactions. Consequently, well-

defined, covalently bond 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-streptavidin bioconjugation, azides are 

notably multifunctional:139 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 the facile, versatile covalent functionalization 

of graphene under ambient conditions. 

 

4.4 Materials and methods 
 

All sample preparation and characterization steps were performed under ambient conditions in the 

air at room temperature and near-neutral pH. Although sodium azide is a common salt in laboratory 

settings and is stable under ambient conditions, it is toxic and should be handled with care. In this 

work, we have used minimal amounts at moderate concentrations.  

 

Preparation of monolayer graphene. Monolayer graphene grown on copper foils 42 (Graphene 

Supermarket, Calverton, NY or Graphenea, San Sebastián, Spain) was cut into ~2×10 mm strips, 

and wet transferred onto silicon chips coated with a 300 nm thermal oxide layer (SiO2/Si) or #1.5 

glass coverslips, following standard PMMA-based wet transfer methods 42. After removal of 

PMMA using acetone and isopropanol, the graphene strips were contacted at both ends using 

conductive silver paint or pre-deposited Au electrodes 15.  

 

Azidation of monolayer graphene. Sodium azide (identical results using Sigma-Aldrich 71289 

and 769320) was dissolved in a 0.1 M pH = 7 sodium phosphate buffer (PB7) at 200 or 400 mM. 

A small (~150 µL) drop of the solution was placed at the center of the graphene strip, far away 

from the contacts on the two ends, thus creating both immersed and non-immersed areas in the 

same sample, divided by the drop boundary. A Ag/AgCl counter/reference electrode (3 M NaCl) 

contacted the solution drop from the top (Figure 38a inset). A Keithley 2400 SourceMeter was 

programmed to apply a voltage between the graphene and the Ag/AgCl electrodes and record the 

resultant electrochemical current. After the reaction, the sample was rinsed with 18 MΩ Milli-Q 

water and dried in air. 

 

Azidation of freshly cleaved graphite surface.  Freshly cleaved graphite surfaces were prepared 

by peeling off the upper layers of Natural Kish Graphite (Grade 200, Graphene Supermarket) using 

Kapton tape. The cleaved graphite surface was immediately immersed in a 400 mM NaN3 solution 

in 0.1 M PB7, and a +1.3 V voltage was applied across the graphite piece and a Ag/AgCl electrode 

for 10 min. The sample was gently rinsed with Milli-Q water and dried in air.  
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Bulk production of azidated graphene flakes from graphite. A piece of Natural Kish Graphite 

(Grade 200, Graphene Supermarket) was mounted onto a glass coverslip and electrically contacted. 

The electrolyte for the preparation of azidated graphene flakes was an aqueous solution containing 

200 mM NaN3 and 400 mM Na2SO4. The electrolyte for the control experiment contained 400 mM 

Na2SO4 alone. A 400 µL drop of electrolyte was applied to cover the graphite piece, and a Pt wire 

was inserted as the counter electrode. A Keithley 2400 SourceMeter applied increasing voltages 

across graphite and Pt in 1 V steps until exfoliation occurred. For the Na2SO4–only electrolyte, 

rapid exfoliation occurred at +5 V, and was completed in ~3 min. For the NaN3-Na2SO4 electrolyte, 

exfoliation occurred at +7 V, and was also completed in ~3 min. The suspended graphitic sheets 

from exfoliation were collected with centrifuge tube filters (Costar Spin-X 8161, Cole-Parmer; 

0.22 µm pore size) and washed with Milli-Q water for four times. The final product was dispersed 

in ~200 µL water through a brief sonication, and drop-casted onto piranha-treated SiO2/Si chips 

for XPS, AFM, and reflected light microscopy characterizations.  

 

CuAAC of azidated graphene. An aqueous solution of 7 mM CuSO4 and 33.3 mM THPTA 

[Tris(3-hydroxypropyltriazolylmethyl)amine; Sigma-Aldrich 762342] and an aqueous solution of 

0.1 M sodium L-ascorbate were first prepared. For CuAAC of the azidated CVD graphene samples, 

0.05 mg of alkyne-PEG5-acid (764167; Sigma-Aldrich) or 0.02 mg of alkyne-Cy3 (TA117-1; 

Click Chemistry Tools, Scottsdale, AZ) or alkyne-PEG4-biotin (TA105-25; Click Chemistry Tools) 

was dissolved in 468 µL of 0.1 M potassium phosphate buffer (pH = 7), to which 7.5 µL and 25 

µL of the above CuSO4-THPTA and sodium ascorbate solutions were respectively added. This 

reaction solution was dropped onto the entire sample to cover both the azidated and non-azidated 

areas for comparison of results. The sample was covered with aluminum foil for reaction in the 

dark for 1 h. The sample was rinsed with a 0.1 M potassium phosphate buffer for 3 times, and then 

rinsed with Milli-Q water and dried in air. For CuAAC of the azidated graphene flakes produced 

from bulk graphite, 0.02 mg of alkyne-Cy3 was dissolved in 268 µL of 0.1 M potassium phosphate 

buffer (pH = 7), to which 7.5 µL and 25 µL of the above CuSO4-THPTA and sodium ascorbate 

solutions were respectively added. This reaction solution was added to azidated graphene flakes 

that were dispersed in 200 µL of 0.1 M potassium phosphate buffer. The sample was covered with 

aluminum foil for reaction in the dark for 1 h, and washed with Milli-Q water 4 times by 

centrifuging at 1000 rpm and removing the supernatant. 

 

Copper-free cycloaddition of azidated graphene. 0.02 mg of ADIBO-PEG4-biotin (Sigma-

Aldrich 760749) was dissolved in 500 µL of 0.1 M potassium phosphate buffer (pH = 7). This 

reaction solution was similarly dropped onto the entire azidated CVD graphene sample, and 

allowed to react for 1 h in the dark. The sample was rinsed with a 0.1 M potassium phosphate 

buffer for 3 times, and then rinsed with Milli-Q water and dried in air. 

 

Biotin-streptavidin conjugation. The biotinylated graphene surface, prepared above through 

either CuAAC or copper-free cycloaddition, was treated with 3% bovine serum albumin (BSA; 

Sigma-Aldrich A3059) in Dulbecco's phosphate-buffered saline (DPBS; Corning 21-031-cv) for 

30 min. Alexa Fluor 555-conjugated streptavidin (Invitrogen S21381) was constituted as a 2 

mg/mL stock solution in DPBS. 2 µL of this solution was added to 400 µL of DPBS containing 

3% BSA, and the mixed solution was dropped onto the entire graphene sample. After 1 h of 

incubation in the dark, the sample was rinsed with DPBS 3 times, and then rinsed with Milli-Q 

water and dried in air. 
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XPS characterization. XPS spectra were obtained using a Perkin Elmer PHI 5600 XPS that 

operated at ~10-9 torr with a monochromatic Al Kα (1486.8 eV) X-ray source. A neutralizer was 

used to discharge accumulated charges from the sample surface. The above samples were 

characterized by both survey (0-1100 eV binding energy range) and high-resolution (15 or 20 eV 

binding energy window around the peaks of interest) scans. The control NaN3 solid sample was 

prepared by letting dry in the air a ~150 μL drop of 200 mM NaN3 aqueous solution on a clean 

SiO2/Si substrate. Element compositions were determined from the peak areas using the factory-

calibrated relative sensitivity factors. 

 

Optical microscopy characterizations. Fluorescence microscopy, IRM, and reflected light 

microscopy were performed on an Olympus IX73 inverted epifluorescence microscope. 

Fluorescence microscopy and IRM were performed using an Olympus UplanSapo 60× water-

immersion objective (numerical aperture 1.2) or UplanFl 100× oil-immersion objective (numerical 

aperture ~0.9 with iris diaphragm). Reflected light microscopy was performed using an Olympus 

UPlanFl 50× air objective. A white light source (Olympus U-HGLGPS) was used in combination 

with optical filters from Chroma (Bellows Falls, VT) and Thorlabs (Newton, NJ). For fluorescence 

microscopy of the labeled Cy3 and AF555 in the functionalized graphene, the excitation filter, 

dichroic mirror, and emission filter were ET545/25x (Chroma), zt561rdc-UF1 (Chroma), and 

ET605/70m (Chroma), respectively. For IRM and reflected light microscopy, the dichroic mirror 

position was mounted with a 50/50 beam splitter (Chroma 21000), and the emission filter position 

was left empty. For IRM, the excitation filter was D532/10x (Chroma) or FB450-10 (Thorlabs). 

For reflected light microscopy, the excitation filter was FF01-610/5-25 (Semrock).  For all 

microscopy modes, wide-field images were recorded using an Andor Zyla 4.2 sCMOS camera. 

 

AFM characterization. AFM was performed on an Asylum MFP-3D system in tapping mode 

using aluminum-coated probes (Tap300Al-G; BudgetSensors). Nominal values of the force 

constant, resonance frequency, and tip radius were 40 N/m, 300 kHz, and <10 nm, respectively. 

AFM data were processed using WsXM 140. 

 

Electrical characterization. Graphene electrical properties were characterized through the 

contacts at the two ends of the graphene strip. A Keithley 2400 SourceMeter repeatedly scanned 

source-drain voltages through graphene in the range of −20 to +20 mV, and a second Keithley 

2400 SourceMeter applied electrochemical gating voltages across the Ag/AgCl electrode and 

graphene (electrolyte was a 70 mM phosphate buffer). Linear I-V curves were obtained (Figure 

47a and Figure 46), from the slopes of which conductance was calculated.  
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Chapter 5: Facile, electrochemical of graphene from an aqueous NaCl 

solution 
 

The work in this chapter was conducted in collaboration with Wan Li and Ke Xu. It is 

reproduced in part here from ref91 with permission from all co-authors.  

 

5.1 Introduction 
 

Chemical modifications provide key routes to expand the functionalities and potential applications 

of graphene.22,24,103,104,141-145 Among the limited chemical modifications that have been 

accomplished for the inert graphene basal plane, chlorination is a notable success. To date, the 

chlorination of substrate-supported monolayer graphene has been achieved in two major ways, 

namely, plasma chlorination132-135 and photochemical chlorination.146-149 Separately, chlorinated 

graphitic and graphene-oxide flakes have been prepared from bulk graphite through UV-radiation, 

microwave-spark, and high-temperature exfoliation.150-152 Although efficient chlorination has been 

achieved, these approaches all start with the toxic, corrosive elementary chlorine (Cl2), and so 

require advanced reactors and/or high-vacuum systems. 

 

In this chapter, we report a facile approach to chlorinate graphene under ambient conditions in an 

aqueous sodium chloride (NaCl) solution through electrochemistry. Electrochemistry offers 

powerful means for the preparation, characterization, functionalization, and application of 

graphene and related materials.103,142,144,153-155 In the previous chapter, we reported the facile, 

electrochemical azidation of the graphene basal plane in an aqueous solution of sodium azide 

(NaN3).101 As azide is chemically analogous to halogens and, in fact, considered a pseudohalogen, 

we ask if an analogous strategy may enable graphene halogenation. We thus identify a facile, 

effective pathway for graphene chlorination, while finding the corresponding bromination and 

iodination reactions to be much less viable. 

 

5.2 Results and discussion 
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Figure 53. Facile chlorination of graphene through electrochemistry. (a) Schematics of the 

experimental setup and the chlorination mechanism. Electrochemical oxidation of aqueous 

chloride (Cl−) at the monolayer graphene surface generates chlorine radicals (Cl∙), which react in 

situ with the basal plane to chlorinate graphene. (b) Survey-mode XPS spectra of monolayer 

graphene on a SiO2/Si substrate after electrochemical reaction at 1.6 V (vs. Ag/AgCl) for 4 min in 

a pH = 3 phosphate buffer containing 1.5 M NaCl, versus a control sample that was immersed in 

the same solution for 10 min without applying voltage. (c) High-resolution XPS for the Cl 2p 

region of the chlorinated graphene (magenta) versus that of the starting NaCl salt (green). (d) High-

resolution XPS for the C 1s region of the chlorinated graphene (magenta) in comparison to that of 

the starting monolayer graphene (black curve). The emergent blue and orange peaks are attributed 

to C−Cl and C−Cl2 states, respectively. (e) Raman spectroscopy of graphene G band, before (black) 

and after (magenta) chlorination at 1.6 V for 4 min. (f) Graphene conductance as a function of the 

electrochemical gating voltage applied to the Ag/AgCl electrode vs. graphene before (black) and 

after (magenta) chlorination.  

 

Figure 53a illustrates our electrochemical chlorination scheme. CVD-grown monolayer graphene 

was deposited as ~2×10 mm strips onto thermal oxide-coated silicon (SiO2/Si) or glass substrates 

and fabricated into a working electrode for electrochemistry by electrically contacting at both ends. 

A ~60 μL drop of 1.5 M NaCl aqueous solution (in a pH = 3 phosphate buffer unless otherwise 

specified) was added to the center of the graphene strip, and the electrochemical cell was 

completed by inserting an Ag/AgCl (3 M NaCl) counter/reference electrode from the top. A 

Keithley 2401 SourceMeter provided an anodic voltage across the graphene strip and the Ag/AgCl 

electrode, which electrochemically oxidized chloride ions (Cl−) in the solution at the graphene 

surface to generate chlorine radicals (Cl∙) for in situ reaction with the graphene basal plane. We 

note that efficient chlorination was also achieved when using a Pt wire as the counter/reference 

electrode (Figure 54), although we focus on results from the better-referenced Ag/AgCl electrode 

below. 
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Figure 54. Electrochemical chlorination of graphene using a Pt wire as the counter/reference 

electrode. (a) Cyclic voltammograms measured vs. the Pt wire for monolayer graphene in 200 mM 

pH = 3 phosphate buffers with the addition of 1.5 M NaCl (magenta curve) vs. with the addition 

of 0.5 M Na2SO4 (orange curve). Scanning rate: 19 mV/s. (b) Survey-mode XPS spectra of two 

monolayer graphene devices on SiO2/Si substrates after electrochemical reactions at 2.1 V (vs. Pt) 

for 4 min in the above two solutions. (c) High-resolution XPS for the Cl 2p region of the 

chlorinated graphene produced with the NaCl solution in (b). 

 

Figure 53b shows the survey-mode X-ray photoelectron spectrum (XPS) measured for a graphene 

sample that was chlorinated through the above process by applying an anodic voltage of 1.6 V (vs. 

Ag/AgCl) for 4 min in two 2-min cycles (Materials and methods), compared to a control sample 

that was immersed in the same NaCl solution for 10 min but without applying voltage. Pronounced 

Cl 2s and Cl 2p peaks emerged after the electrochemical chlorination process. As another control, 

we also examined graphene subjected to electrochemical oxidation in a NaSO4 solution, and found 

no Cl peaks appeared (Figure 54). 

 

High-resolution spectrum for the Cl2p region (Figure 53c) showed two peaks at 200.0 eV and 

201.6 eV at an ~2:1 area ratio, consistent with that expected for Cl 2p3/2 and Cl 2p1/2 components 

in C−Cl bonds in chlorinated graphene.133,146,151 In comparison, the Cl 2p3/2 and Cl 2p1/2 

components of chloride (Cl−) from the starting NaCl salt were found at much lower binding 

energies of ~198.2 eV and 199.7 eV (Figure 53c), as expected. Meanwhile, high-resolution 

spectrum for the C 1s region (Figure 53d) showed two significant new features at 286.0 eV and 

288.6 eV, consistent with that of C−Cl and C−Cl2 states in chlorinated graphene and other 

chlorinated organic compounds.149,156 Together, these results suggest the successful formation of 

C−Cl bonds on graphene through the electrochemical process.  

 

Quantitative analysis based on the areas of Cl 2p and C 1s peaks and factory-calibrated relative 

sensitive factors (Materials and methods) showed a Cl:C atomic ratio of 17%, equivalent to one 

chlorine atom being added to every 5-6 carbon atoms. This result compares well with previous 

chlorination efforts for substrate-supported monolayer graphene based on plasma132-135 and 

photochemical146-149 approaches, which typically achieve Cl:C atomic ratios of 8-40%. Following 

the reasoning of these previous studies that graphene should be impervious to the reactant, 

chlorination likely occurred for the exposed side of the graphene monolayer. Whereas it is difficult 

to map out the local chlorination degree with existing methods, our recent results on the 

electrochemical azidation of graphene through analogous radical reaction mechanisms have 

indicated uniform reaction of the graphene basal plane through the fluorescence microscopy of a 

clicked dye.101 
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Raman spectroscopy and electrical measurements further showed that chlorination substantially 

altered the doping level of graphene without introducing significant structural defects to the basal 

plane. For Raman spectroscopy, both the graphene G and 2D bands blue-shifted notably (Figure 

53e and Figure 55), indicating enhanced doping. Meanwhile, a small D peak was detected with 

ID/IG ~ 0.03 (Figure 55), suggesting minimal defect generation in the basal plane. The above Raman 

spectroscopy results are consistent with recent results on monolayer graphene chlorinated by both 

plasma133,135 and photochemistry149 approaches, although earlier photochemical chlorination 

studies have reported larger Raman D bands.146  

 

 

Figure 55. Raman spectra of a monolayer graphene sample on a SiO2/Si substrate before (black) 

and after (magenta) chlorination at 1.6 V (vs. Ag/AgCl) for 4 min. (a) Full spectra. (b) Zoom-in of 

the 2D band, showing a substantial blue shift after chlorination. 

 

Gate-dependent electrical measurements showed a substantial positive voltage shift of the Dirac 

point after chlorination (Figure 53f), thus p-doping due to the high electronegativity of Cl. At the 

same time, high graphene conductance was preserved, again suggesting good integrity of the 

graphene basal plane. These electrical characterization results are also in general agreement with 

previous chlorination results based on plasma132,133,135 and photochemistry147,149 approaches.  

 

 
Figure 56. Voltage dependency of the chlorination process. (a) Cyclic voltammograms measured 

using the same monolayer graphene electrode in a 200 mM pH = 3 phosphate buffer (black) vs. in 

the same buffer with the addition of 1.5 M NaCl (magenta). Scanning rate: 19 mV/s. (b) XPS-

determined Cl:C and O:C atomic ratios for monolayer graphene samples chlorinated in the NaCl 

solution for 4 min at different constant voltages. The O:C atomic ratios were calculated after 

subtracting the calibrated oxygen amounts from the SiO2 substrate. 
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To better understand the reaction mechanism, we examined the voltage dependency of the 

chlorination process. Cyclic voltammetry of the graphene electrode in a blank pH = 3 phosphate 

buffer showed a rise in current as the voltage increased beyond ~1.5 V (vs. Ag/AgCl) (black curve 

in Figure 56a), attributable to the electrolysis of water.15,101 Adding 1.5 M NaCl to the buffer 

shifted the current onset voltage to ~1.4 V and led to a substantial increase in the current level 

(magenta curve in Figure 56a), attributable to the oxidation of chloride (Cl−). As a control, adding 

Na2SO4 to the same ionic strength did not noticeably shift the onset voltage or raise the current 

level (Figure 57). Based on the above results, we examined through XPS the graphene chlorination 

efficiency achieved in the NaCl solution at different fixed voltages (Figure 56b). Whereas minor 

chlorination was observed for 4 min reaction at 1.4 V, substantial (~8% Cl:C atomic ratio) 

chlorination was achieved at 1.5 V, and an even higher Cl:C atomic ratio of 17% was achieved at 

1.6 V, in line with the increased electrochemical current and hence Cl∙ generation at the graphene 

surface. Further increasing the applied voltages to 1.7 and 1.8 V, however, led to reduced 

chlorination, possibly owing to the self-combination of chlorine radicals (2 Cl∙ → Cl2) at high 

concentrations before reaction with graphene could take place. Subtracting the oxygen 

contributions from the SiO2 substrate further showed that minimal graphene oxidation (<2% O:C 

atomic ratio) occurred for voltages ≤ 1.7 V (vs. Ag/AgCl), whereas an ~8% O:C atomic ratio was 

found for the high voltage of 1.8 V (Figure 56b). 

 

 

Figure 57. Cyclic voltammograms of a graphene electrode in a pH = 3 buffer with the addition of 

NaCl or Na2SO4 to the same ionic strength. A three-electrode configuration was used with 

graphene as the working electrode, a Pt wire as the counter electrode, and an Ag/AgCl electrode 

as the reference electrode. The same monolayer graphene electrode was measured in 200 mM pH 

= 3 phosphate buffers with the addition of 1.5 M NaCl (magenta curve) vs. with the addition of 

0.5 M Na2SO4 (orange curve). Scanning rate: 19 mV/s.  

 

To elucidate how the electrochemical chlorination and oxidation processes compete with each 

other, we deposited graphene onto glass coverslips to enable interference reflection microscopy 

(IRM), a method we recently developed to enable the in situ detection of graphene morphology 

changes and chemical reactions with excellent contrast and spatial resolution.4,14,15 For a graphene 

electrode in a blank, pH = 3 phosphate buffer, IRM thus showed that the application of a 1.6 V 

voltage (vs. Ag/AgCl) for 40 s led to quick electrochemical oxidation with varying local oxidation 

degrees of ~30-70% (Figure 58ad), in agreement with our recent results.15 Notably, adding 1.5 M 
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NaCl to the buffer efficiently suppressed graphene oxidation under the same conditions (Figure 

58b), so that the average oxidation degrees were ~5% (Figure 58d). This small amount of oxidation 

was further readily reversed by the brief application of a reductive voltage at 0 V vs. Ag/AgCl 

(Figure 58c), in agreement with our recent demonstration of the reversible electrochemical 

oxidation and reduction of graphene.15  

 

 
Figure 58. Suppression of electrochemical oxidation facilitates graphene chlorination in the acidic 

NaCl solution. (a) In situ IRM image (top) and the converted map of local oxidation degree (bottom) 

of a monolayer graphene sample on a glass substrate in a pH = 3 phosphate buffer, after applying 

1.6 V vs. Ag/AgCl for 40 s. Blue and red arrows point to wrinkles and sporadic bilayer islands in 

the monolayer graphene; see interpretation of IRM images in Refs. 15 and 4. (b) In situ IRM image 

(top) and converted map of local oxidation degree (bottom) for another sample with 1.5 M NaCl 

added to the buffer, after the same voltage applied. (c) The same sample after ensuing 

electrochemical reduction at 0 V vs. Ag/AgCl for 60 s. (d) Distributions of local oxidation degree 

obtained from the spatial maps in (a) and (b). (e) XPS-determined Cl:C and O:C atomic ratios for 

graphene samples on SiO2/Si substrates after electrochemical chlorination at 1.6 V (vs. Ag/AgCl) 

in 1.5 M NaCl dissolved in a phosphate buffer (pH = 3), MilliQ water (pH ~ 6), and a carbonate 

buffer (pH = 10). Scale bars: 5 μm (a-c). 

 

The observed efficient suppression of graphene oxidation may be understood as that the hydroxyl 

radical (HO·), the major intermediate species that drives the electrochemical oxidation of 

graphene,15,125 reacted off with the abundant chloride in the solution to produce chlorine radicals. 

In acidic solutions, a two-step mechanism is well-established for this process:157 

    OH∙ + Cl− ⇌ ClOH∙−        (1) 
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Thus, graphene oxidation due to the hydroxyl radical was suppressed and additional chlorine 

radical was generated to further facilitate chlorination. The end product is thus highly chlorinated 

graphene (Cl:C ratio ~17%) with little oxidation (O:C ratio ~1.7%) (Figure 58e). 

 

The above mechanism implies that the conversion of the hydroxyl radical into the chlorine radical 

would be more efficient in acidic solutions, as Step (2) requires proton. Indeed, previous 

experiments on the OH∙ scavenging capability of chloride in the H2O2/UV process have shown 

~100-fold difference in the equilibrated OH∙ concentration at pH = 3 vs. pH = 6.158 Consistent with 

this pH-dependent equilibrium between the OH∙ and Cl∙ radicals, we found substantially higher 

oxidation and lower chlorination levels of graphene for electrochemical chlorination carried out at 

increased pHs, namely, 1.5 M NaCl in the near-neutral MilliQ water (pH ~ 6) and a basic buffer 

(pH = 10) (Figure 58e). 

 

 
Figure 59. Electrochemical bi-functional chlorination-azidation of graphene. (a) Comparison of 

XPS results for two monolayer graphene samples respectively processed by (i) One-pot 

electrochemical reaction at 1.6 V (vs. Ag/AgCl) for 4 min in a pH = 7 phosphate buffer containing 

both 1.5 M NaCl and 200 mM NaN3; (ii) Sequential electrochemical reactions, with the first step 

being chlorination at 1.6 V (vs. Ag/AgCl) for 4 min in 1.5 M NaCl in a pH = 3 phosphate buffer, 

and the second step being azidation at 1.3 V (vs. Ag/AgCl) for 5 min in 200 mM NaN3 in a pH = 

7 phosphate buffer. (b) Cl:C and N:C atomic ratios of the two samples. 

 

In an attempt to achieve graphene bi-functionalization159,160 and also to compare the relative 

efficacies of electrochemical chlorination and azidation, we next applied a 1.6 V (vs. Ag/AgCl) 

voltage for a graphene sample in a solution containing both 1.5 M NaCl and 200 mM NaN3. To 

avoid formation of the volatile and highly toxic hydrazoic acid (HN3), a neutral (pH = 7) phosphate 

buffer was employed. Remarkably, even though the concentration of chloride was 7.5 times of 

azide in the reactant solution, XPS showed that the graphene was only azidated but not chlorinated 

(Figure 59ab). This result is explainable, as the azide ion (N3
−) is more readily oxidized to form 

the azide radical (N3∙) when compared to the oxidation of Cl− to form Cl∙: we have previously 

shown that for graphene electrodes in NaN3 solutions, the electrochemical current rises quickly 

for >0.9 V (vs. Ag/AgCl) due to the oxidation of N3
−, and efficient graphene azidation occurred 

at >1.0 V,101 much lower than the >~1.5 V required for chlorination (Figure 56). The NaN3 solution 

also fully suppresses the electrochemical oxidation of graphene at 1.6 V (vs. Ag/AgCl) due to the 

consumption of the hydroxyl radical by N3
− to produce OH− and N3·.101,126 It is thus likely that in 

a similar fashion, N3
− suppressed graphene chlorination in the NaCl-NaN3 solution: any chlorine 

radical formed through electrochemical oxidation would react off with N3
− to produce Cl− and N3·, 

before graphene chlorination could ever take place. Quantification of the XPS data showed an N:C 
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atomic ratio of 5% for the azidated product (Figure 59b), lower than that found when 200 mM 

NaN3 is used alone without NaCl (~10%).101 This result may be attributed to side reactions of azide 

radicals with chlorine, which could lead to undesired species as chlorine azide.161 

 

Consequently, we took a different strategy to chlorinate-azidate graphene in two steps, with the 

first step being chlorination at 1.6 V (vs. Ag/AgCl) in 1.5 M NaCl in a pH = 3 phosphate buffer, 

and the second step being azidation at 1.3 V (vs. Ag/AgCl) in 200 mM NaN3 in a pH = 7 phosphate 

buffer. This sequential approach enabled successful bi-functionalization of graphene (Figure 59a), 

with Cl:C and N:C atomic ratios of 6% and 9% being achieved, respectively (Figure 59b).  

 

We conclude by examining whether the above facile electrochemical chlorination scheme for 

graphene may be extended to bromination and iodination by applying an anodic voltage to 

graphene in NaBr and KI solutions. As expected, we found the electrochemical oxidation of Br− 

and I− ions occurred at the graphene surface at lower voltages (Figure 60 and Figure 61), and such 

processes effectively suppressed the electrochemical oxidation of graphene (Figure 60) as the 

hydroxyl radical readily reacts with Br− and I− ions to form Br· and I· radicals.162,163 For the case 

of I−, we further observed the deposition of solid I2 at the graphene surface (Figure 61). XPS data, 

however, showed limited bromination (Br:C atomic ratio ~0.8%, with bonded and adsorbed Br 

each at ~0.4%) and iodination (I:C atomic ratio ~0.1%) levels (Figure 60 and Figure 61). These 

results may be related to the lower chemical reactivity of Br· and I· radicals when compared to the 

Cl· and N3· radicals: before reaction with the graphene basal plane could occur, the Br· and 

I· radicals may combine to generate elementary Br2 and I2 (Figure 61), as well as to further 

incorporate Br− and I− in the solution to form tri-halide anions. Previous theoretical and 

experimental studies both suggest similar trends that brominated and iodinated graphitic 

derivatives are less stable, and that halogenation levels of >~1% Br:C and I:C atomic ratios are 

difficult to achieve.143,145,151,152,164-166  
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Figure 60. Electrochemical bromination of graphene in an aqueous NaBr solution. (a) Cyclic 

voltammograms measured with a graphene electrode in a pH = 3 phosphate buffer containing 1 M 

NaBr. Electrochemical current due to the oxidation of Br− rose at ~0.8 V (vs. Pt). (b) In situ IRM 

images (top) and the converted map of local oxidation degree (bottom) for a graphene sample on 

a glass substrate after electrochemical reaction at 2.0 V vs. Pt for 150 s in a pH = 3 phosphate 

buffer containing 200 mM NaBr. Electrochemical oxidation of graphene was completed 

suppressed. Arrows: wrinkles (blue), sporadic bilayer islands (red), and minor cracks in the 

monolayer graphene (white). The IRM signal does not faithfully reflect the local oxidation degree 

at these structural defects. Scale bars: 10 μm. (c) Survey-mode XPS spectra of monolayer graphene 

on a Si/SiO2 substrate after electrochemical reaction at 1.6 V vs Pt for 4 min in a pH = 3 phosphate 

buffer containing 1 M NaBr. (d) A detailed scan of the Br 3d signal. This signal is fitted by two 

peaks centered at 70.2 eV and 68.5 eV, attributable to the C-Br bond in brominated graphene and 

physically adsorbed Br2, respectively.151,165,166 Quantification of the signal areas indicated a total 

Br:C atomic ratio of 0.8%, with bonded and adsorbed Br each at ~0.4%. 
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Figure 61. Electrochemical iodination of graphene in an aqueous KI solution. (a) Cyclic 

voltammograms measured with a graphene electrode in a pH = 3 phosphate buffer containing 200 

mM KI. Electrochemical current due to the oxidation of I− rose at ~0.6 V. (b) In situ IRM image 

for a graphene sample on a glass substrate, before (left) and after electrochemical reaction at 1.4 

V (vs. Pt) in a pH = 3 phosphate buffer containing 200 mM KI for 18.5 s (center) and 30.8 s (right). 

Arrows: wrinkles (blue), sporadic bilayer islands (red), and minor tears (cyan) in the monolayer 

graphene. Magenta arrowheads: growth of I2 islands on the graphene surface. The IRM images 

overall darkened due to the generation of dissolved I2 and I3
− in the solution, yet became 

exceedingly bight locally for the deposited I2 islands owing to reflection. Scale bars: 10 μm. (c) 

Same sample, next under transmission microscopy and with the application of a reductive voltage 

of 0 V (vs. Pt) for 12.4 s and 22.6 s. Magenta arrowheads point to the deposited I2 islands on the 

graphene surface, which appeared dark due to the absorption of light, and were quickly reduced 

under the reductive voltage. Scale bars: 10 μm. (d) Survey-mode XPS spectra of monolayer 

graphene on a Si/SiO2 substrate after electrochemical reaction in a pH = 3 phosphate buffer 

containing 1 M KI at 1.4 V vs. Pt for 4 min. (e) Detailed scan of the I 3 d5/2 signal. An I:C atomic 

ratio of 0.1% was calculated from the areas of I3 d5/2 and C 1s peaks. 

 

5.3 Conclusion 

 

In summary, we have demonstrated the successful, direct chlorination of monolayer graphene 

under ambient conditions through the in situ electrochemical generation of chlorine radicals at the 
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graphene surface. By starting with an aqueous NaCl solution, our approach required no toxic 

chemicals or special equipment, and achieved good, reaction voltage-tunable chlorination of up to 

17% Cl:C. While exhibiting strong p-doping, the chlorinated graphene maintained good basal-

plane integrity and electrical properties. IRM and pH-dependent experiments elucidated the 

competition between electrochemical chlorination and oxidation processes due to Cl∙ and OH∙ 

radicals, and thus rationalized acidic conditions for optimal chlorination. Electrochemical 

oxidation in a NaCl-NaN3 mixture next showed that the generation of N3∙ radicals fully suppressed 

graphene chlorination in favor of azidation, yet we demonstrated a sequential, two-step 

chlorination-azidation approach to permit facile bi-functionalization. Finally, we showed that the 

analogous graphene bromination and iodination reactions to be much less viable due to the low 

reactivity of Br· and I· radicals. Together, the facile chlorination we achieved and the mechanisms 

we elucidated call for new attention to the radical-mediated electrochemical functionalization of 

graphene and related nanomaterials.  

 

5.4 Materials and methods 
 

Preparation of monolayer graphene. Monolayer graphene grown on copper foils (ACS Material 

or Graphene Supermarket) was cut into ~2×10 mm strips, and wet-transferred onto silicon chips 

coated with a 300 nm thermal oxide layer (SiO2/Si) or #1.5 glass coverslips, following the standard 

PMMA-based wet transfer method with a modified RCA cleaning process.100 After the removal of 

PMMA using acetone and isopropanol, the graphene strips were contacted at both ends using 

conductive silver paint. 

 

Electrochemical chlorination of monolayer graphene. Best chlorination results were achieved 

in 1.5 M NaCl dissolved in a 200 mM pH = 3 potassium phosphate buffer. For examination of the 

pH dependence of chlorination efficiency, 1.5 M NaCl was dissolved in 18 MΩ Milli-Q water (pH 

~ 6) or a 200 mM pH =10 sodium carbonate buffer. A small (~50-80 μL) drop of the NaCl solution 

was carefully placed at the center of the graphene strip without contacting the silver paint on either 

ends. An Ag/AgCl counter/reference electrode (3 M NaCl) was then inserted into the solution drop 

from the top to complete the electrochemical cell. A Keithley 2401 SourceMeter was programmed 

to apply voltages to graphene versus the Ag/AgCl electrode and record the resultant 

electrochemical current. To avoid the potential electrochemical oxidation of graphene due to a 

long-lasting oxidative reaction voltage, chlorination was carried out in two cycles, with each cycle 

starting with a constant oxidative voltage in the range of 1.4-1.8 V for 2 min, and then followed 

by a recovery period of 1 min at a reductive voltage at 0 V vs Ag/AgCl. The sample was then 

rinsed with Milli-Q water and dried in the air. For reaction in the mixed NaCl-NaN3 solution, 1.5 

M NaCl and 200 mM NaN3 were added into a pH = 7 phosphate buffer, and a constant oxidative 

voltage of 1.6 V (vs. Ag/AgCl) was similarly applied to the graphene electrode in two 2-min cycles 

followed by 1-min recovery periods at 0 V. For sequential electrochemical chlorination-azidation, 

the graphene sample was first chlorinated at 1.6 V (vs. Ag/AgCl) in 1.5 M NaCl in a pH = 3 

phosphate buffer as described above, rinsed with Milli-Q water, and then azidated at 1.3 V (vs. 

Ag/AgCl) in 200 mM NaN3 in a pH = 7 phosphate buffer for 5 min. 

 

Electrochemical bromination and iodination of monolayer graphene. The electrochemical 

cells were constructed similarly as above, except that 1 M NaBr and 1 M KI in 200 mM pH = 3 

potassium phosphate buffers were used for bromination and iodination, respectively, and the 
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counter/reference electrode was a Pt wire. A constant voltage of 1.6 V and 1.4 V vs. Pt was applied 

to graphene for 4 min for bromination and iodination, respectively.  

 

XPS and Raman characterizations. XPS spectra were obtained for samples on SiO2/Si substrates 

using a Perkin Elmer PHI 5600 XPS that operated at ~10-9 torr with a monochromatic Al Kα 

(1486.8 eV) X-ray source. The above samples were characterized by both survey-mode (0-1100 

eV binding energy range) and high-resolution (15 or 20 eV binding energy window around the 

peaks of interest) scans. The control NaCl solid sample was prepared by letting dry in the air a 

~150 μL drop of 200 mM NaCl aqueous solution on a clean SiO2/Si substrate.  For 

quantification,167 the Shirley’s algorithm was applied to determine the background when 

calculating the XPS peak areas. Cl:C, Br:C, and I:C atomic ratios were calculated from the peak 

areas from high-resolution XPS measurements using the factory-calibrated relative sensitivity 

factors. O:C atomic ratios were calculated from survey-mode XPS measurements using the 

factory-calibrated relative sensitivity factors after subtracting the oxygen component from the SiO2 

substrate, which was calibrated to have a fixed O:Si atomic ratio of 2.02±0.01. Raman spectra 

were recorded with a Renishaw InVia micro-Raman system using a 488 nm laser and a 2400 

lines/mm grating.  

 

Electrical and electrochemical characterizations. Graphene electrical properties were 

characterized through the contacts at the two ends of the graphene strip. A Keithley 2401 

SourceMeter repeatedly scanned source-drain voltages through graphene in the range of −20 to 

+20 mV, and a Keithley 2400 SourceMeter applied electrochemical gating voltages across the 

Ag/AgCl electrode and graphene (electrolyte was a 200 mM pH = 3 phosphate buffer). Linear I-V 

curves were obtained, from the slopes of which conductance was calculated. Cyclic voltammetry 

was carried out under a three-electrode configuration, using graphene as the working electrode, a 

Pt wire as the counter electrode, and an Ag/AgCl electrode as the reference electrode. The Keithley 

2401 SourceMeter was connected in a 4-wire configuration and programmed to sweep the voltage 

between the working and reference electrodes and record the resultant electrochemical current 

between the working and counter electrodes.   

 

Interference reflection microscopy (IRM). For IRM, graphene samples were deposited on #1.5 

glass coverslips. IRM was performed as described previously4 on an Olympus IX73 inverted 

epifluorescence microscope using a UplanFl 100× oil-immersion objective lens (numerical 

aperture ~0.9 with iris diaphragm) and a white light source (Olympus U-HGLGPS). The 

excitation filter was D532/10x (Chroma), the dichroic mirror position was mounted with a 50/50 

beam splitter (Chroma 21000), and the emission filter position was left empty. Wide-field 

images were recorded using an Andor Zyla 4.2 sCMOS camera. For in situ monitoring of the 

electrochemical oxidation of graphene, the IRM signal was converted into the local degree of 

oxidation, as discussed previously.14,15 Briefly, the IRM signal depends strongly on the 

imaginary part of the complex index of refraction of the sample, which is related to the 

conductivity of the material. The big difference in the refractive indices of graphene and 

graphene oxide at nGr = 2.65 + 1.27i and nGO = 1.75 + 0.17i thus leads to substantial IRM 

contrast. When expressed as C = I/I0 , I and I0 being the absolute IRM signals at the sample and 

at the bare glass substrate, respectively, CGr = 0.73 for the former and CGO = 0.97 for the latter. 

The local oxidation degree at each pixel, with local IRM contrast measured as Cpixel = Ipixel/I0, is 

thus estimated as:14,15 (Cpixel−CGr) / (CGO−CGr). 
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Chapter 6: Visible light azidation and chemical patterning of graphene via 

photoredox catalysis 
 

6.1 Introduction 
 

Whereas chemical modifications offer great promise for expanding the functionalities and 

potential applications of graphene,20,22-24,54,103,104,168-172 the chemical inertness of the basal plane 

limits the available reaction approaches. Spatial patterning of chemical modifications7,10,33,53,59,173-

182 presents yet another level of challenge. Radical reactions provide key routes to graphene 

functionalization.20,22,24,54 Our recent work has shown that in aqueous solutions, free radicals 

electrochemically generated at the graphene surface permit efficient reactions.15,91,101 In particular, 

in aqueous NaN3 solutions, electrochemically generated azidyl radicals (N3·) effectively azidate 

monolayer graphene, hence a versatile product that enables chemically defined derivations through 

click chemistry and subsequent bioconjugation.101 

 

In this chapter, we report a facile, aqueous solution-based photosensitized pathway for graphene 

azidation, which removes the need to wire up graphene for electrochemistry while further enabling 

chemical patterning with low-intensity visible light. 

 

Although free radicals generated from photodissociation have proved valuable for graphene 

reactions, surface depositions, and patterning,34,53,59-62,174,177-179 high-power illumination is often 

required to activate the reactants. Limited choices are available based on the optical absorptions 

and chemical activities of the specific reactants, and it is often difficult to further convert the 

functionalized graphene to other chemically defined surface functionalizations. 

 

To achieve efficient photoreaction with visible light, and specifically, to remove one electron from 

aqueous-phase N3
− to produce N3· for graphene azidation and the ensuing versatile click chemistry, 

we consider single-electron-transfer photosensitizers. To this end, photoredox catalysis, e.g., with 

tris(bipyridine)ruthenium(II) chloride [Ru(bpy)3]Cl2, has in recent years emerged as a powerful 

tool in organic synthesis for driving radical reactions with visible light.183-185 A critical comparison 

is recently made between reactions due to photoredox catalysis and electrochemistry,186 and the 

generation of nitrogen-centered radicals by photoredox catalysis has been reviewed.187 Yet, we are 

unaware of prior attempts to employ photoredox catalysis to activate aqueous N3
− anions, or to 

initiate other reactions for graphene and like nanomaterials. 

 

6.2 Results and discussion 
 

In aqueous solutions, [Ru(bpy)3]2+ exhibits a broad absorption band centered at ~450 nm (blue 

light) due to metal-to-ligand charge transfer. In the presence of a sacrificial oxidant as 

peroxodisulfate, the resultant triplet excited state loses an electron to yield the potent oxidant 

[Ru(bpy)3]3+ (Figure 1a). We reason that in an aqueous solution of NaN3, [Ru(bpy)3]3+ may oxidize 

the azide anion N3
− to produce the azidyl radical N3· (Figure 1a). Indeed, one early study has 

examined the equilibrium between the [Ru(bpy)3]3+/[Ru(bpy)3]2+ and N3·/N3
− redox pairs, in which 

N3· was generated through radiolysis.188 The same equilibrium should be established if 
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[Ru(bpy)3]3+ is instead generated from the above photosensitization process. The resultant azidyl 

radicals may azidate graphene (Figure 62b), as we have demonstrated with electrochemistry.101 

 

 
Figure 62. Schematics. (a,b) Reaction mechanisms. (a) Blue light excites [Ru(bpy)3]2+ into a triplet 

excited state [Ru(bpy)3]2+*, which readily loses one electron to peroxodisulfate to generate the 

highly active oxidant [Ru(bpy)3]3+. [Ru(bpy)3]3+ oxidizes N3
− in the solution to azidyl radical (N3·) 

and returns to the starting [Ru(bpy)3]2+. (b) The photogenerated N3· reacts with graphene to 

produce azidated graphene. (c) Experimental setup: a drop of aqueous solution containing 

[Ru(bpy)3]Cl2, (NH4)2S2O8, and NaN3 is deposited on graphene on a glass coverslip. A region of 

the sample is evenly illuminated with blue light of preset patterns in the wide field through a 

microscope objective lens. 

 

Monolayer graphene was deposited on glass substrates and mounted on a standard inverted wide-

field epifluorescence microscope. [Ru(bpy)3]Cl2 was dissolved at 0.1 mM in a pH = 7 aqueous 

buffer containing 200 mM ammonium persulfate and 200 mM NaN3. A small drop of this reactant 

solution was cast on the graphene surface. Using a standard filter cube, blue light was selected 

from a white lamp and introduced into the objective lens to illuminate the sample in the wide field 

at low power densities of ~10 mW/cm2 (Figure 1c). Starting with a 4x low-magnification objective 

lens, we evenly illuminated an area of ~3 mm diameter, which suited well for the X-ray 

photoelectron spectroscopy (XPS) characterization of the product. Notably, the illumination led to 

the visible formation of bubbles: similar behavior has been noted in the electrochemical azidation 

of graphene,101 suggesting the generation of excessive azidyl radicals, which self-combine to form 

N2 gas (2 N3· → 3N2). 

 

Figure 63a shows the XPS result of a sample that was illuminated at 40 mW/cm2 for 15 min (orange 

curve). Notably, when compared to the untreated graphene (black curve), as well as a control 

sample that was immersed with the same reactant in the dark (blue curve), a substantial nitrogen 

1s peak emerged in the illuminated sample. Examination of the high-resolution spectra (Figure 

63b) showed two peaks at 400.3 and 404.3 eV at a ~2:1 ratio, in agreement with our previous 

results of azidated graphene and markedly different from the starting NaN3.101 Quantification of 

the XPS peak areas yielded an N:C ratio of 13.5% (Figure 63c), close to that is achieved through 

electrochemistry.101 Interference reflection microscopy (IRM)4,14 and Raman spectroscopy 

indicated little defect generation but enhanced doping after photocatalytic azidation (Figure 64), 

and electrical measurements showed enhanced conductivity consistent with enhanced doping 

(Figure 65). These results are also in line with what we previously observed with electrochemically 

azidated graphene.101 As additional controls, we further examined samples that underwent the 

same illuminations in solutions without ammonium persulfate or [Ru(bpy)3]Cl2, and observed no 

[Ru(bpy)3]
2+ *

[Ru(bpy)3]
3+

[Ru(bpy)3]
2+

hν

½ S2O8
2−

SO4
2−

N3
−

N3•

Graphene

• [Ru(bpy)3]Cl2
• (NH4)2S2O8

• NaN3

a b c

+
Graphene

Glass



76 

 

noticeable azidation (Figure 66). Together, these results indicate the successful photocatalytic 

azidation of graphene through our proposed pathway (Figure 62ab). 

 

 
Figure 63. Effective photocatalytic azidation of graphene. (a) Survey-mode XPS results of 

monolayer graphene on glass substrates, before (back curve) and after (orange curve) 15 min of 

40 mW/cm2 blue-light illumination in the reactant solution, versus a control sample immersed in 

the same reactant for 15 min without illumination (blue curve). (b) High-resolution nitrogen 1s 

XPS for the illuminated and control samples. (c,d) The XPS-determined N:C atomic ratios for two 

samples illuminated for 15 min at 40 and 80 mW/cm2 (c), and for two other samples illuminated 

at 4 mW/cm2 for 20 and 40 min (d), respectively.  

 

 
Figure 64. IRM and Raman spectroscopy results. (a,b) IRM images of monolayer CVD graphene 

samples, as prepared (a) and after photocatalytic azidation (b). No noticeable change in IRM 

contrast is observed, suggesting no significant oxidation or defect generation. White and green 

arrows respectively point to occasionally observed bilayer islands and wrinkles in the monolayer 

graphene. (c) Raman spectroscopy of the two samples. The azidated graphene showed no 

noticeable increase in the D peak signal but a decrease in the intensity ratio of the 2D peak over 

the G peak, indicating little defect generation but enhanced doping after azidation. 
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Figure 65. Electrical properties of a monolayer graphene strip before and after photocatalytic 

azidation. I-V curves were recorded with a Keithley 2400 SourceMeter. Linear fits yielded 

resistances of 2.62 and 2.33 kΩ before and after photocatalytic azidation, respectively, consistent 

with enhanced doping after the reaction. 
 

 

Figure 66. XPS results of additional control samples. (a) A monolayer graphene sample (on a 

glass substrate) that has gone through the same illumination at 40 mW/cm2 for 15 min as the 

azidated sample in Figure 63a, but with (NH4)2S2O8 omitted in the reactant solution. (b) Another 

control sample after the same illumination, with the reactant solution further excluding 

[Ru(bpy)3]Cl2. No noticeable nitrogen peak was observed in either sample. 

 

Reducing the power density to 4 mW/cm2 still permitted reaction: although 20-min illumination 

now yielded a lower N:C ratio of 9%, this value increased to 13% when the reaction was extended 

to 40 min (Figure 63d). Conversely, increasing the illumination power to 80 mW/cm2 did not 

further increase the N:C ratio of the product (Figure 63c). Instead, more vigorous bubble formation 

was noticed, suggesting that excessive azidyl radicals self-combined, analogous to what we 

observe in electrochemical azidation.101 
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Figure 67. Click chemistry and bioconjugation of the photo-azidated graphene. (a) Schematics: 

(1) Copper-free cycloaddition with azadibenzocyclooctyne (ADIBO)-PEG4-biotin. (2) The 

functionalized biotin is next conjugated with fluorescently labeled streptavidin. (b) Fluorescence 

micrographs of the labeled streptavidin (top) and corresponding interference reflection microscopy 

(IRM)4 images (bottom) of the final product. White and green arrows in (b) respectively point to 

occasionally observed bilayer islands and wrinkles in the monolayer graphene, where reduced 

fluorescence was observed. (c) Results on a control graphene sample that was not azidated but 

went through the same labeling process in (a). Green arrows point to wrinkles. 

 

The azidated graphene next allowed click chemistry and biofunctionalization, e.g., copper-free 

cycloaddition with azadibenzocyclooctyne-PEG4-biotin and subsequent conjugation with dye-

labeled streptavidin (Figure 67a). Fluorescence micrographs (Figure 67b) showed spatially 

uniform functionalization across the graphene monolayer, with reduced signals at bilayer islands 

and wrinkles due to locally enhanced fluorescence quenching,128 consistent with our previous 

results with electrochemically azidated graphene.101 The N:C ratio of 13.5% we achieved in 

azidation suggests an azide (and hence biotin) functional group per ~0.6 nm2 area of the graphene 

surface, substantially smaller than the size of the streptavidin tetramer (~5×5 nm2). The achievable 

labeling density is thus likely limited by the streptavidin size. In comparison, little fluorescence 

was observed for control graphene samples that were not azidated but went through the same 

labeling process (Figure 67c). 

 

Our use of photoredox catalysis permitted reaction with visible light at low power levels. The ~10 

mW/cm2 light intensity, readily obtained by applying a color filter to a white lamp, is ~107 lower 

than typical approaches in which ~1 mW laser beams are focused into ~1 µm2 spots (~1 mW/µm2 

= 105 W/cm2) for visible-light-induced graphene photoreactions and patterning.34,62,174,177-179 

Although for the spontaneous polymerization of a diazonium at the graphene surface we have 

previously noted enhanced polymer deposition at a moderate ~0.5 W/cm2 illumination,53 here the 
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azidation reaction was not spontaneous without illumination (Figure 63ab) and was chemically 

defined toward the graphene surface. 

 

 
Figure 68. Chemical patterning of graphene functionalization via patterned illumination in the 

wide field. (a) Fluorescence micrograph of a sample after regional photocatalytic azidation and 

subsequent click chemistry and conjugation with dye-labeled streptavidin. Regional illumination 

was achieved with the field diaphragm of the microscope. (b) Fluorescence intensity profile along 

the green line in (a), crossing the boundary of the patterned azidation. (c,d) Patterning micrometer 

features as a straight line (c) and the text “300” (d). (e) Fluorescence intensity profile along the 

magenta arrow in (d). (f) Schematic: Defining desired illumination patterns in the wide field by 

inserting a printed photomask into the expanded illumination beam before the objective lens. 

 

Taking advantage of the low visible light condition of our reaction, we next achieved direct 

patterning of graphene functionalization through patterned illumination in the wide field, which 

removes the need for scanning a focused laser beam to achieve high local light intensity in previous 

photopatterning approaches.174,177-179 For an initial demonstration, using a 100x objective lens, we 

illuminated a confined region of the graphene sample in the above reactant, and then fluorescently 

labeled the sample through click chemistry and biotin-streptavidin conjugation. Fluorescence 

microscopy showed a distinct polygon pattern of functionalization (Figure 68a), consistent with 

the field diaphragm of the microscope that defined the illuminated region at the sample. Line 

profiles across the polygon boundary showed exponentially decaying signals over a few 

micrometers (Figure 68b), attributable to limited diffusion of the locally generated azidyl radicals.  

 

For finer patterns of specific shapes, we inserted a printed photomask into the expanded 

illumination beam path of a home-built wide-field microscope, thus projecting predefined 

illumination patterns to the sample at a 200-fold size reduction (Figure 68f, Materials and methods). 

The resultant photopatterned azidation thus successfully defined line and text patterns with 

micrometer-sized features (Figure 68c-e).  
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6.3 Conclusion 
 

Together, we have demonstrated a powerful yet facile approach for the photocatalytic azidation of 

graphene. The use of photoredox catalysis enabled efficient azidation with visible light at low 

power levels: We thus readily achieved azidation with blue light filtered from a white lamp, as 

well as photopatterning in the wide field without having to focus an intense laser beam into a tight 

spot. The resultant azidated graphene further enabled chemically defined derivations through click 

chemistry and subsequent bioconjugation. The examination of alternative photosensitizers and the 

possible generalization of our approach to other radical reactions for graphene and other surface 

and nanomaterials systems represent exciting future directions. 

 

6.4 Materials and methods 
 

Photocatalytic azidation of graphene. Monolayer graphene grown on copper foils42 (ACS 

Material or Graphene Supermarket) was wet-transferred through a modified RCA cleaning 

process100 onto #1.5 glass coverslips as ~5×10 mm pieces. The sample was mounted on a standard 

inverted wide-field epifluorescence microscope (Olympus IX73). 0.1 mM [Ru(bpy)3]Cl2 (Sigma 

224758), 200 mM ammonium persulfate (Alfa Aesar 54106), and 200 mM NaN3 (Sigma 71289) 

were dissolved in a 15 mM pH = 7 phosphate buffer. An ~100 µL drop of this solution was cast 

on the graphene surface. A standard filter cube on the Olympus IX73 microscope selected blue 

light from a white lamp (Olympus U-HGLGPS) and introduced it into the objective lens to 

illuminate a wide field of the sample. The filter cube was commonly used for the fluorescence 

imaging of Green Fluorescent Protein (GFP). With an excitation filter of ET470/40x (Chroma) 

and a dichroic mirror of T495lpxr (Chroma), the select-passed wavelength range was ~450-490 

nm. When a low-magnification UPlanFL N 4x objective lens was used, a sample area of ~3 mm 

diameter was evenly illuminated. When a UplanFl 100× oil-immersion objective lens was used, a 

sample area of ~50 µm diameter was evenly illuminated, with the actual illumination region 

defined by the adjustable field diaphragm of the microscope. The total illumination power was 

measured using a photodiode power sensor (S120VC, Thorlabs). By controlling the output level 

of the U-HGLGPS lamp source (3-25%) and using additional neutral-density filters (Thorlabs), 

the typical illumination power density at the sample was set to ~10 mW/cm2 (~0.1 nW/µm2), as 

discussed in the main text. After the reaction, the sample was rinsed with 18 MΩ Milli-Q water 

and dried in air. 

 

XPS characterization. XPS was performed using a Perkin Elmer PHI 5600 XPS that operated at 

~10-9 torr with a monochromatic Al Kα (1486.8 eV) X-ray source. A neutralizer was used to 

discharge accumulated charges from the sample surface. Element compositions were determined 

from the peak areas using the factory-calibrated relative sensitivity factors. 

 

Cycloaddition and subsequent biotin-streptavidin conjugation of azidated graphene. 0.02 mg 

ADIBO-PEG4-biotin (Sigma-Aldrich 760749) was dissolved in 500 µL of 0.1 M potassium 

phosphate buffer (pH = 7). This solution reacted with both the azidated and control graphene 

samples in the dark for 1 h. The sample was rinsed with a 0.1 M potassium phosphate buffer three 

times, and then treated with 3% bovine serum albumin (BSA; Sigma-Aldrich A3059) in 

Dulbecco's phosphate-buffered saline (DPBS; Corning 21-031-cv) for 30 min. Alexa Fluor 555-

conjugated streptavidin (Invitrogen S21381) was constituted as a 2 mg/mL stock solution in DPBS. 
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2 µL of this solution was added to 400 µL of DPBS containing 3% BSA, and the mixed solution 

was dropped onto the graphene sample. After 1 h of incubation in the dark, the sample was rinsed 

with DPBS 3 times, and then rinsed with Milli-Q water and dried in air. 

 

Optical microscopy characterizations. Fluorescence microscopy and interference reflection 

microscopy (IRM)4 were performed on an Olympus IX73 inverted epifluorescence microscope 

using an Olympus  UplanFl 100× oil-immersion objective (numerical aperture ~0.9 with iris 

diaphragm). For fluorescence microscopy of the labeled Alexa Fluor 555-conjugated streptavidin, 

the excitation filter, dichroic mirror, and emission filter were ET545/25x, zt561rdc-UF1, and 

ET605/70m, respectively (Chroma). For IRM, the excitation filter was D532/10x (Chroma), the 

dichroic mirror position was a 50/50 beam splitter (Chroma 21000), and the emission filter position 

was left empty.  

 

Chemical patterning through patterned illumination in the wide field. The graphene sample 

on the glass coverslip was mounted on a homebuilt super-resolution microscopy system based on 

a Nikon Eclipse Ti-E inverted fluorescence microscope.63 The illumination source was a 488 nm 

laser (Coherent Sapphire), which was first passed through an acousto-optic tunable fiber (Gooch 

& Housego, 97-03151-01) for controlling the illumination power before being coupled into a 

single-mode optical fiber. Output from the fiber was expanded into a collimated beam ~20 mm in 

diameter and focused to the back focal plane of the objective lens (Nikon CFI Plan Apochromat λ 

100×) using a lens of 40 cm focal length (2x of the tube-lens focal length), thus evenly illuminating 

a wide field ~100 µm in diameter. A printed photomask (Outputcity) was placed at the expanded 

collimated beam that entered the microscope, so that the printed patterns were projected to the 

sample plane at a 200-fold size reduction. The same photocatalytic reactant solution as above was 

cast on the graphene surface, and the patterned illumination was applied for 15 min at a power 

density of ~100 mW/cm2 (~1 nW/µm2) for the lower absorbance of [Ru(bpy)3]Cl2 at 488 nm. 

 

Conclusions and outlook 
 

The work described in this dissertation is unified under high resolution optical techniques and 

chemical modifications of graphene.  

 

In part I of this dissertation, we demonstrate the direct optical visualization of in situ dynamics of 

graphene chemistry through interference reflection microscopy. With the outstanding contrast and 

in situ imaging capabilities offered by IRM, we discovered spatially resolved, in situ dynamics of 

a redox reaction, diazonium reaction and solution-enclosing blister generation process of substrate-

supported graphene at high spatiotemporal resolution.  

 

In part II of this dissertation, we move to focus on facile chemical modifications of graphene under 

ambient conditions. Optical characterization techniques including interference reflection 

microscopy, transmission microscopy, fluorescence microscopy, and Raman spectroscopy are 

utilized here to help establish the successful modifications of graphene. Our work on graphene 

azidation and chlorination not only offers facile, accessible paths for the covalent modifications of 

graphene, but also elucidates valuable radical-mediated mechanisms for the functionalization of 

graphene and related nanomaterials. 
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As a concluding remark of this thesis, I would like to briefly introduce our ongoing efforts on the 

electropolymerization of pyrrole189-192 on graphene using interference reflection microscopy.  

 

 
Figure 69. IRM unveils rich spatial heterogeneity of the electropolymerization process of pyrrole 

on graphene. (a) Schematic of the system. (b) Measured electrochemical current vs. a scanned 

voltage (5 mV/s) across monolayer graphene and a Ag/AgCl electrode, in 0.1 M pyrrole in 1M 

NaCl. (c) Predicted IRM signal (light intensity I normalized by the intensity at the bare substrate 

I0) for monolayer graphene on glass, as a function of the local polymer height h, for two plausible 

values of complex index of refraction of the polymer. (d) IRM signal time traces for 4 

representative regions in e. (e) Experimental in situ IRM images for the electropolymerization 

process of pyrrole on graphene on a glass substrate at different voltages vs. Ag/AgCl. “0” marks 

locally exposed glass surface. (e) Converted polymer height maps. Scale bar: 5um.  

 

Figure 69a illustrates our electropolymerization scheme. CVD-grown monolayer graphene was 

deposited onto glass substrates and fabricated into a working electrode for electrochemistry by 

electrically contacting at both ends. A ~60 μL drop of 0.1 M pyrrole aqueous solution (in a 1 M 

NaCl solution) was added to the graphene sample, and the electrochemical cell was completed by 

inserting an Ag/AgCl (3 M NaCl) counter/reference electrode from the top. A Keithley 2401 

SourceMeter provided an anodic voltage across the graphene sample and the Ag/AgCl electrode, 

which electrochemically oxidized pyrrole molecules in the solution at the graphene surface to 

generate polymers on graphene electrode. To gain control of the polymerization process, we 

scanned the voltage at 5 mV/s, and the detected electrochemical current rose rapidly beyond 0.6 

V (vs. Ag/AgCl) (Figure 69b). We visualized an unexpected variation of polymer thickness on 

different graphene flakes in the polymerization process through IRM. Close examination of the 

IRM images before reaction (Figure 69e) indicated that these flakes were electrically isolated by 

nanoscale cracks. Similar to the diazonium reaction system in chapter 2, we argue that even though 

these flakes were fragmented from the same initial graphene sheet, they were possibly 

inadvertently doped to different levels on the glass surface,10 and so shifted to different 

electrochemical potentials that affected the polymerization reactivity. Transfer-matrix analysis4 
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showed that the IRM readout, as presented as local light intensity I divided by the intensity at a 

direct substrate-solution interface I0 (I/I0), would initially drop from ~0.72 to ~0 as the polymer 

height increases to ~25 nm (Figure 69b). Subsequently, the signal would rapidly rise as the 

polymer height were increased to ~105 nm, when the signal would drop again with further blister 

growth (Figure 69b). As we examined the IRM signal time traces of different regions on the 

graphene sample (Figure 69c), we observed trends consistent with the above features. By following 

the time traces and comparing them with our prediction in Figure 69b, we converted the IRM data 

into local height maps of the polypyrrole polymers (Figure 69f). This showed that the polypyrrole 

first grew as a uniform layer under smaller electrochemical current, and then formed some local 

clusters as the current increased. After integrating the red portion of the current-time curve in 

Figure 69b, we estimated a coulombic efficiency of ~69% after the first half of cyclic voltammetry 

cycle, which is comparable to the polymerization efficiency estimated by Rajeshwar et al193 for a 

similar system.  

 
Figure 70. Electropolymerization process of pyrrole on graphene at different voltages. (a) Time-

dependent electrochemical current in 0.1 M pyrrole in 1M NaCl, at fixed voltages of 0.8, 0.6, and 

0.5 V (vs. Ag/AgCl), respectively. (b) In situ IRM images for the electropolymerization process 

of pyrrole on a graphene sample on a glass substrate, before (left) and after 35 s of voltage 

application at 0.5 V (vs. Ag/AgCl) in 0.1 M pyrrole in 1M NaCl. (c) In situ IRM images for the 

same sample in b with the application of a voltage of 0.6 V (vs. Ag/AgCl) for 50 s (left), 100 s 

(center) and 150 s (right). (d) In situ IRM images for the electropolymerization process of pyrrole 

on a different graphene sample on a glass substrate with the application of a voltage of 0.8 V (vs. 
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Ag/AgCl) for 0 s (left), 15 s (center) and 30 s (right) in 0.1 M pyrrole in 1M NaCl. “0” marks 

locally exposed glass surface. Scale bar: 5um.  

 

To better understand the electropolymerization process, we examined it at different fixed voltages. 

Whereas no appreciable polymerization occurred at 0.5 V vs. Ag/AgCl (Figure 70b), under which 

condition the electrochemical current was negligible (Figure 70a). Substantial polymerization was 

found at 0.6 V (Figure 70c), for which case the electrochemical current was significant (Figure 

70a). Stronger electrochemical current was observed at 0.8 V (Figure 70a). Interestingly, 

polypyrrole grew to local clusters at 0.6V with smaller electrochemical current (Figure 70c) and 

grew to a uniform layer at 0.8V with higher electrochemical current (Figure 70d). We next 

investigated the electropolymerization process of pyrrole on ITO and found that the 

electropolymerization process was slower compared to that on graphene substrate (Figure 71). At 

a higher voltage for a longer time, polypyrrole still grew into local clusters rather as a uniform 

layer, which was possibly due to a lower affinity of polypyrrole and ITO194,195.  

 
Figure 71. Electropolymerization process of pyrrole on ITO substrate. (a) In situ IRM images for 

the electropolymerization process of pyrrole on an ITO substrate, before (left) and after 77 s of 

voltage application at 1 V (vs. Ag wire) in 0.1 M pyrrole in 1M NaCl. (b) In situ IRM images for 

the same sample in a with the application of a voltage of 1.2 V (vs. Ag wire) for 178 s (left) and 

318 s (right). 
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Figure 72. Reversible fast reduction and oxidation of polypyrrole via voltage jumping. (a) The 

IRM image of polypyrrole at oxidative voltage of 0.8 V (vs. Ag/AgCl) (b) The voltage was 

changed to -0.4 V (vs. Ag/AgCl), and IRM recorded a fast decrease of the polymer signal. (c) The 

voltage was next changed to 0.6 V (vs. Ag/AgCl), and IRM recorded a fast recovery of the polymer 

signal. (d) Reaction schemes of the reduction and oxidation of polypyrrole. Scale bars: 2 µm. 

 

We further examined the reduction behavior196,197 of the grown polypyrrole material (Figure 72). 

Interestingly, upon reductive voltage, the IRM signal of polypyrrole decreased. As we switched to 

an oxidative voltage, the IRM signal of polypyrrole quickly jumped back. These results indicated 

reversible fast reduction and oxidation modulation of polypyrrole material. 

 

Together, these work in this dissertation sheds new light on graphene properties, both in terms of 

its unique dynamics in different chemical processes and its facile, accessible chemical 

modification pathways. These developments carry practical implications for understanding the 

potentials of graphene applications. 
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