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SUMMARY

Graphene has great potential for energy storage and conversion applications due
to its outstanding electrical conductivity, large surface area and chemical stability.
However, the pristine graphene offers unsatisfactory performance as a result of several
intrinsic limitations such as aggregation and inertness. The functionalization of graphene
is considered as a powerful way to modify the physical and chemical properties of
graphene, and improve the material performance, which unfortunately still being
preliminary and need further knowledge on controllable functionalization methods and
the structure-property relationships. This thesis aims to provide in-depth understanding
on these aspects.
We firstly explored oxygen-functionalized graphene for supercapacitor electrodes.
A mild solvothermal method was developed for graphene preparation from the reduction
of graphene oxide; the solvent-dependent reduction kinetics is an interesting finding in
this method that could be attributed to the solvent-graphene oxide interactions. Using the
solvothermal method, oxygen-functionalized graphene with controlled density of oxygen
functional groups was prepared by tuning the reduction time. The oxygen-containing
groups, primarily phenols and quinones, reduce the graphene aggregation, improve the
wetting properties and introduce the pseudocapacitance. Consequently, excellent
supercapacitive performance was achieved.
Nitrogen-doped graphene was synthesized by the pyrolysis of graphene oxide
with nitrogen-containing molecules and used as an electrocatalyst for oxygen reduction
reactions. We achieved structural control of the nitrogen-doped graphene, mainly the

xxi

content of graphitic nitrogen, by manipulating the pyrolysis temperature and the structure
of nitrogen-containing molecules; these experiments help understand the evolution of the
bonding configuration of nitrogen dopants during pyrolysis. Superior catalytic activity of
the prepared nitrogen-doped graphene was found, due to the enriched content of graphitic
nitrogen dopant that is most active for the oxygen reduction reaction.
Moreover, we demonstrated a facile strategy of producing superhydrophobic
octadecylamine-functionalized graphite oxide films. The long hydrocarbon chain in
octadecylamine reduces the surface energy of the graphene oxide film, resulting in a high
water contact angle and low hysteresis.

The reaction mechanism and the effect of

hydrocarbon chain length were systematically investigated.
In addition to the researches on graphene-based materials, some results on
advanced carbon nanomaterials and polymer composites for electronic packaging will
also be discussed as appendix to the thesis. These include carbon nanotube-based
capacitive deionizer and gas sensor, and hexagonal boron nitride-epoxy composites for
high thermal conductivity underfill.
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CHAPTER 1
INTRODUCTION
1.1 Structure and Properties of Graphene
Graphene is a single layer of carbon atoms covalently bonded into a twodimensional honeycomb lattice, whose structure is shown in Figure 1. The carbon atoms
are sp2 hybridized in graphene with a carbon-carbon bond length of 0.142 nm. Graphene
can be seen as a basic structural building block for several carbon allotropes: the stacking
of graphene forms graphite with a constant interlayer spacing of 0.335 nm; the rolling of
graphene into 1D tube and 0D ball forms the carbon nanotubes and fullerene respectively.
Since the re-discovery of graphene at 2004,[1] lots of researches have been focused on
the exciting material, due to the outstanding properties and a wide range of promising
applications.

Figure 1. The structure of graphene.
The free standing graphene has high electrical charge carrier mobility up to ~ 200,
000 cm2V-1s-1,[2] and the corresponding conductivity could be in the level of 10-6 Ω·cm,
comparable to the silver metal. Therefore, graphene could be an excellent electronic
conductor.
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The thermal conductivity of suspended graphene could be as high as ~5,000 W m1

K-1, measured by the non-contact micro-Raman method.[3] Such thermal conductivity is

two times higher than that of graphite, which could be attributed to the reduced interlayer
phonon scattering. As a result, graphene is a potential material for thermal management
in microelectronics, either as a micro heat spreader [4] or thermal interface material.[5] In
addition, graphene was used as an ultrahigh thermal conductivity filler that results in
significantly enhanced the thermal conductivity of polymer composites.[6]
The optical transparency of graphene (2.3% absorption of white light),[7]
coupled with high electrical conductivity, renders its promising application as transparent
conducting electrode to replace the expensive indium tin oxide electrode currently used in
solar cells, displays and touch panels.[8] The mechanical flexibility of graphene adds
another advantage over the conventional rigid electrodes, and extends its application to
flexible, wearable electronics.
The mechanical strength of graphene is also very attractive (Young’s modulus,
~1100 GPa),[9] which can be used to improve the mechanical properties of graphenebased composites. Graphene has a theoretical surface area of 2630 m2/g. The high surface
area is highly desirable for its application in gas/ion capture and storage, water
purification, conductive support for active materials in catalysis and electroanalysis, etc.
1.2 Preparation of Graphene
Graphene does not occur naturally, and its preparation relies on either bottom-up
synthesis or physical separation of graphite layers by forcing conditions. Prior works
show that the performance of graphene in the aforementioned applications strongly
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depends on the preparation method, which has been a major topic of interest nowadays.
Many approaches have been successful in producing graphene.
1.2.1 Mechanical exfoliation
The mechanical exfoliation was developed by researchers in university of
Manchester to produce graphene, and reported in their prominent papers in Science that is
generally considered as the “discovery” of graphene.[1] In this method, the scotch tape is
used to attach and peel off graphene from highly ordered prolytic graphite; therefore, it is
also called “scotch tape” method. Mechanical exfoliation produces high quality graphene,
and has been used for fundamental studies on the structure and properties of graphene, e.
g. the measurements of charge carrier mobility,[2] thermal conductivity,[3] and
mechanical properties, [9] etc. However, the yield of this method is extremely low,
limiting its practical applications.
1.2.2 Epitaxial growth
Graphene can be produced by epitaxial growth from a silicon carbide
substrate.[10] Under temperature above 1100 °C, the silicon atoms sublime, leaving the
carbon atom layers that form graphene. The crystallinity of graphene from epitaxial
growth could be close to that from mechanical exfoliation, and the crystalline size up to
hundreds of μm.[11] Although the graphene from epitaxial growth usually stacks
together, the interaction between adjacent graphene layers are very weak so that the
physical properties of single layer graphene can be preserved. Graphene-based high
frequency transistors have been directly fabricated on silicon carbide substrate.[12] The
epitaxial growth graphene can be also transferred to arbitrary substrates by various
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methods.[13-15] However, the high cost of the substrate, small wafer size, and high
processing temperature, limit the application of epitaxial grown graphene.
1.2.3 Chemical vapor deposition
Chemical vapor deposition (CVD) of graphene on various metallic substrates has
been a very active research area for producing high quality graphene. During the CVD
process, the carbon source, such as methane, decomposes at an elevated temperature and
forms graphene on a metal surface; the metal substrate serves as a catalyst for graphene
growth. Various metals have been studied, such as nickel, copper, platinum, ruthenium,
some alloys, etc.[16] The growth mechanism depends significantly on the nature of metal
substrate: two well accepted ones are the precipitation process and surface direct process.
The former is through the dissolution of carbon in metals at high temperature and the
subsequent precipitation at lower temperature, while the latter is through the surface
nucleation and growth of atomic carbon. The focus of most researches in this area is to
control of the number of layers and the crystalline size of graphene, and to reduce the
overall cost. Single-layer, bi-layer or multi-layer graphene can be controllably grown
under many different conditions as a result of the increasing understanding on the growth
mechanism. The growth of wafer-level single crystalline graphene was realized recently
on copper surface by controlling the number of nucleation sites.[17, 18] People used
liquid and solid carbon source to reduce the material cost,[19, 20] and alloy catalyst or
plasma-enhanced CVD to reduce the growth temperature.[21-23] Various doped
graphene can be produced with the heteroatom-containing precursor added during the
CVD process.[24-26] It was found recently that non-metallic substrate can also be used to
grow graphene in a CVD environment, which greatly enriches the applicability of CVD
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methods; however, the overall quality of graphene is much inferior to that grown on
metal substrate.[27, 28] In terms of the application, one of the most promising features
for the CVD grown graphene is that it can be transferred to arbitrary substrates via a welldeveloped method, which coats the graphene first with a polymer, such as poly methyl
methacrylate, and then etches the metal substrate out. The easy transfer of CVD graphene
enables its application in electronics and transparent conductor. For example, large area
roll-to-roll graphene has been fabricated as a transparent electrode.[8] However, the CVD
method is still costly, and the growth temperature needs to be further reduced to be
compatible with CMOS process.
1.2.4 Liquid exfoliation
The graphene production from graphite by sonication in a liquid solution is called
liquid exfoliation method. The mechanical forces during sonication peel graphene layers
off from the graphite precursor. The solvent or surfactant used in liquid exfoliation plays
a critical role that determines the yield, quality of graphene and processing conditions.
The capability of exfoliating the graphite for a certain solvent can be roughly predicated
by

Hansen

solubility

parameters.[29]

N-Methyl-2-pyrrolidone

(NMP)

and

dimethylformamide (DMF) are among the best known solvents so far. Moreover,
graphene can also be produced by sonicating graphite in the aqueous solution of a
surfactant, such as sodium dodecylbenzenesulfonate and sodium cholate. The surfactantcoated graphene is stabilized by the electrostatic repulsive force. Generally speaking,
liquid exfoliation methods produce high quality graphene with minimal amount of
defects and contaminates. The biggest challenge is the low yield, which prevents it from
industrial applications. Typical concentration of graphene solutions after liquid
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exfoliation is ≤ 1 mg/mL, which means that liters of solvent is required to produce gramscale graphene; this makes the process costly unless there is a good way to recycle the
solvent. Moreover, longtime sonication is always needed that can break the graphene into
small pieces, resulting a wide size distribution and small lateral size of less than 1μm. It
is nevertheless possible to sort the graphene according to the number of layers and lateral
size by centrifuging at different speeds.[29]
1.2.5 Reduction of graphene oxide
The reduction of graphene oxide (GO) is the most promising method for mass
production of graphene. GO is a non-stoichiometric material prepared by the oxidation of
natural graphite. The most widely used oxidation methods include Hummers’
method,[30] Bordie’ method[31] and Staudenmaier method;[32] these methods could
introduce various oxygen-containing groups on the surface of graphene. The improved
synthesis of GO also attracts some research effects recently.[33-35] The structure of GO
is of considerable debate, because of the amorphous nature and strong dependence on the
specific synthetic process. The Lerf-Klinowski model is the most widely accepted one,
and is shown in Figure 2.[36] Oxygen-containing functional groups are dispersed on the
graphene sheet, including carboxyls, carbonyls, epoxides and hydroxyls.

Figure 2. Structure of GO (Lerf-Klinowski model). Reprinted with permission from
[36].Copyright 1998 American Chemical Society.
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The reduction of GO restores the conjugated system and the increases the
electrical conductivity, which is a major research topic in this area. Hydrazine is the most
common reducing agent, which has good reduction efficiency but is highly toxic.[37]
People have find several lower toxicity reducing agents, such as vitamin C,[38] sodium
borohydride,[39] hydroquinone,[40], hydroiodic acid,[41] and metals.[42] In addition to
chemical reduction, GO can also be thermally reduced at elevated temperatures; [43, 44]
it was found that the thermal reduction of GO starts at a temperature as low as 80 °C.[45]
Higher reduction temperature usually leads to lower oxygen content and better electrical
conductivity. The concept of thermal reduction can be extended to microwave reduction
that utilizes the capability of rapid heating, making the reduction process more
efficient.[46, 47] Another variation of thermal reduction is the solvothermal reduction
that employs the solvent-GO interaction to control either the reduction kinetics or the
functionalization. [48-50] Some other GO reduction methods include laser reduction,[51,
52] and electrochemical reduction.[53, 54] It is also possible to carry out several
reduction methods sequentially in order to achieve better reduction.[55]
Despite of such a wide variety of reduction methods, it is very difficult to
completely recover the sp2 conjugated structure and the reduced GO is highly defective;
this can be partially mitigated by the healing of defects on reduced GO.[56-58]
Nevertheless, in most cases the charge carrier mobility of reduced GO is several orders of
magnitude lower than that of pristine graphene. As a result, graphene prepared from the
reduction of GO is unlikely to be used for electronics because of the defective nature, but
is very promising for energy storage, electrocatalysis, composites etc. where large
quantity of material is needed.
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1.2.6 Other methods
Bottom-up synthesis of graphene was developed using the condensation of
polyaromatic monomers, which achieves highly precise structural control, including
crystalline size, edge structure and terminal groups.[59, 60] However, the synthesized
graphene has limited lateral size because it becomes insoluble in solutions, making
further condensation impossible. The yield of this method is also a challenging issue.
Nevertheless, the structural precision of synthesized graphene enables its applications in
fundamental studies of the electronic and photoluminescence properties.
Graphene nanoribbons can be produced by unzipping carbon nanotubes either by
chemical oxidation[61] or oxgygen plasma treatment.[62]
The intercalation of graphite can be combined with either liquid exfoliation or GO
approach to improve the yield and quality of graphene.[63] Typical intercalatants include
alkali metals and inorganic acid etc.[64-66] These intercalatants can reduce the interlayer
attraction between graphene layers, and produce volatile species upon heating or adding
reactive solvents to build up high pressure for efficient exfoliation.
1.3 Functionalized Graphene
With the outstanding intrinsic material properties and a wide range of promising
applications, the pristine graphene, however, does not deliver the expected performance
in most of cases. For example, graphene has a zero electrical band gap that prohibits its
use as field-effect transistors; the low charge carrier density limits the overall electrical
conductivity; the poor thermal interface conductance between graphene and most of
mating substrate hinders the effective thermal transport. As a filler material, the chemical
inertness of graphene causes weak interaction with the matrix and limits the
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reinforcement of the mechanical and thermal properties of the composite. As a result,
researchers are looking to the functionalization of graphene, which could be a powerful
strategy to modify the electrical, chemical, thermal, and interfacial properties of graphene
for improved performance.
There are many optional functional groups, which can be generally categorized
into three groups:
1) Heteroatom dopants, such as nitrogen, oxygen, boron, phosphorous, etc.
2) Defective sites, which include grain boundaries, in-plane holes, zig-zag/armchair
edges, etc.
3) Chemically or physically bonded species such as nanoparticles, small molecules or
biomaterials, etc.
Functionalized graphene has found many promising applications with much
improved material performance. The in-plane holes are introduced by soft-lithograph in
order to open up an electrical band gap for field-effect transistor application.[67]. These
defective sites in graphene can also increase the capability of storing charges in
supercapacitor applications. For example, graphene was treated by KOH activation in
order to create large amount of defects; the activated graphene showed a superior specific
capacitance.[68] For the graphene-based polymer composite, functional groups were
introduced to the surface of graphene in order to improve the interfacial bonding and the
load transfer; as a result, the composite showed much improved Young’s modulus, glass
transition temperature, and thermal stability.[69] For the transparent electrode based on
CVD graphene, HNO3 or SOCl2 was used to slightly oxidize the graphene, introducing ptype dopants and significantly increasing the electrical conductivity.[8] Moreover,
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surfactant molecules could bond onto graphene surface by non-covalent interaction, e.g.
π-π stacking or hydrophobic interaction, which can improve the dispersion of graphene in
other matrix.
1.4 Research objectives
The research object of the thesis is to utilize the functionalization of graphene as a
generic approach to improve the performance of graphene-based material in energy
storage and conversion, including:
1) The rational design of functionalized graphene for applications in energy storage
and conversion devices on the basis of specific working principle;
2) To develop reliable methods to prepare functionalized graphene with controlled
type and density of functional groups;
3) To explore the material performance of functionalized graphene as a
supercapacitor electrode and fuel cell cathode catalyst;
4) To understand the structure-property relationship of functionalized graphene for
these applications.
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CHAPTER 2
SOLVOTHERMAL REDUCTION OF GRAPHENE OXIDE
2.1 Introduction
The pursuit of efficient reduction method is a major topic of interest for graphene
preparation from GO approach. Recently several paper reported that GO can be reduced
without adding typical reducing agents. These include the sonication of GO in an alkaline
solution,[70] hydrothermal treatment in supercritical water,[71] and thermal treatment of
GO in propylene carbonate at 150 °C.[72] Other works have demonstrated that GO can
be reduced in the presence of amine molecules,[73, 74] and intercalated and exfoliated by
tetrabutylammonium cations.[63] The common feature in these reduction methods is that
GO is dispersed in a solvent and treated at elevated temperature (from 80 °C to 180 °C),
which indicates the involvement of the thermal-driven de-oxygen reaction at elevated
temperatures.
The controllable partial reduction of GO is essential to engineer GO’s physical
and chemical properties. Theoretical study predicts that a wide range of band gap of GO
can be obtained by changing the degree of oxidation.[75] Ruoff et. al. demonstrated
experimentally that the electrical conductivity of individual GO sheet can be tuned by
low temperature reduction.[76] The oxidation degree also determines the interaction
between GO and nanocrystals (Ni(OH)2, Au) attached on it.[77-79] To tune the degree of
oxidation, the reduction of GO, as a reverse process of oxidation, can be employed. The
low temperature thermal reduction described in detail here provides a potential way to
control the oxidation degree of GO.
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The reduction and functionalization of GO are usually carried out in a liquid
phase, by dispersing GO in solvents. The solvent plays an important role because it
determines the dispersion and processability of GO and its derivatives. The evolution of
surface functionality during reaction usually leads to the change of the dispersion, and in
most cases a similar dispersion is desirable for both the precursor GO and the product.
The dispersion is affected by the interaction between solvent molecules and GO, which
has been studied by Tascon and Ruoff.[80, 81] The polarity of solvents is demonstrated
to be a dominating factor for GO dispersion.[80] Since the reduction process is a surface
mediated reaction, the solvent-GO interaction also affects the reactivity of GO. However,
the reactivity-solvent relation has not been experimentally demonstrated.
We studied the effect of solvent in regulating the reduction of GO. Structural
characterizations show that the reduction of GO at low temperatures was due to the
decomposition of carboxylic and carbonyl groups. This is promising for the selective
reduction of GO. The reduction rate is highly solvent-dependent, suggesting an
underlying reactivity-solvent relation. A proposed mechanism is discussed in terms of
dipole interaction and hydrogen bonding between the dispersed GO sheets and the
solvent molecules. By getting a better understanding of the reduction mechanism at low
temperature, our results will help design new chemical methods to achieve either an
efficient or a controlled reduction of GO.
2.2 Experimental
2.2.1. Preparation and Thermal Reduction of GO.
GO was prepared by a modified hummer’s method.[30] 1g graphite flake (230U
from Asbury) was put into a NaNO3 (1 g)/concentrated H2SO4 (100 mL) solution in an
12

ice bath. 6 g KMnO4 was slowly added to the solution, while maintaining the temperature
below 20 °C. The mixture was stirred in the ice bath for 2 hours, and for another 0.5 hour
in a 35 C water bath. 46 mL 70 °C water was added dropwise into the flask. The
generated heat raised the solution temperature up to 98 C. 140 mL 70 C water was then
added, followed by 20 mL 30 wt % hydrogen peroxide solution to terminate the reaction.
The mixture was filtrated and washed with water to remove the excessive acid and
inorganic salts. The resulting GO was dried overnight at 55 °C to produce the GO
powder.
The GO powder was re-dispersed in solvent upon sonication. The solvents used in
our study were H2O, DMF, ethylene glycol (EG), and dimethylsulphoxide (DMSO). The
suspension was heated in an oil bath at either 100 C or 150 C for thermal treatment.
The sample for UV characterization was obtained by taking 100 L suspension from the
flask, which was diluted with equal amount of H2O. After termination of the thermal
treatment, the remaining suspensions were filtrated, washed by ethanol and dried in air.
In this study, the samples were named by the thermal treatment conditions, GO-Solvent
(or Air)-Temperature-Treatment Time.
2.2.2 Characterization
UV spectra were measured by UV-2450 (Shimadzu Co.). Raman characterization
was carried out using LabRAM ARAMIS, Horiba Jobin Yvon with a 532-nm-wavelength
laser. Fourier transform infrared spectroscopy (FTIR) characterizations were performed
at ambient temperature with a spectrometer (Nicolet, Magna IR 560), which is equipped
with diffuse reflectance accessories. Powder X-ray diffraction (XRD) analysis was
carried out with a X'Pert PRO Alpha-1 system, using Cu Kα radiation (45 kV and 40
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mA). Thermogravimetric analysis (TGA) was carried out on a thermogravimetric
analyzer (TGA-2050, TA Instruments Co.). Samples were heated at a rate of 20 °C/min
in an ambient atmosphere. Contact angle measurements with water droplet were
performed with a Rame-Hart goniometer with a charge-coupled device camera equipped
for image capture.
2.3 Results and Discussion
2.3.1 Thermal reduction of GO in solvent
The Hummer’s method is widely used to prepare GO, which introduces oxygencontaining functional groups into the graphite sheets. As a non-stoichiometric compound,
the chemical structure of GO strongly depends on the specific synthetic process. It is
generally believed that carboxylic group, epoxy group, carbonyl group and hydroxide
group are contained in GO sheets.[82] The -conjugated system in graphite is disrupted
by these oxygen-containing functional groups, producing separated nanocrystalline
graphite. These functionalities also change graphite sheet from hydrophobic into
hydrophilic. As a result, GO is well dispersed upon sonication in polar solvents such as
H2O, DMF, EG, and NMP. To study the thermal behavior of GO in solvent, we selected
H2O as the solvent for the thermal treatment at 100 C, which is regarded as a green
solvent. DMF, another commonly used solvent, for the reaction at 150 C. GO-H2O100C-24hr and GO-DMF-150C-1hr are discussed in details to demonstrate the reduction
of GO in the solvent thermal treatment.
At low concentration (0.2 mg/mL) solution, the GO suspension exhibits a color of
light yellow (Figure 3a). In the solvent thermal treatment process, the color gradually
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changes to black within the time scale of the experiment, which is usually considered as a
sign of GO reduction (Figure 3a). The color change results from the increase of GO
absorbance. As shown in Figure 3b, the absorbance of GO suspension in water increases
continuously from the starting solution. The increase of background absorption is due to
the exfoliation of GO by the intercalation of solvent and increased amount of
nanocrystalling graphite.[63] The peak absorption at ~ 230 nm could be attributed to the
-* transition of C=C bond.[83] A red shift of this peak is usually observed when GO is
reduced by reducing agent, such as hydrazine, arising from restoration of conjugated
system.[84] However, during the thermal treatment in H2O, no red shift was observed,
indicating that the nanocrystalline graphite does not increase in size. Moreover, there is a
shoulder peak at ~ 300 nm, which could be attributed to the n-* transition of C=O
bond.[83] The intensity of this peak decreases, as a result of the eliminating of carbonyl
groups in GO.
The structure of reduced GO is characterized by Raman, as shown in Figure 3c.
The ID/IG ratios are 1.03, 1.14, 1.06 for GO, GO-H2O-100C-24hr and GO-DMF-150C1hr, respectively. The ID/IG ratio is often used to evaluate the structure of reduced GO.
According to the empirical Tuinstra–Koenig relation, the ID/IG ratio is inversely
proportional to the size of nanocrystalline graphite.[85, 86] However, interpretation of
Raman data here is complicated. As Ruoff et al. pointed out, Tuinstra–Koenig relation is
not applicable to the early stage of GO structural change upon reduction.[76] The low
temperature reduction in their work converts the GO from “amorphous state” to
nanocrystalline graphite, where the ID/IG ratio is proportional to the square of the
nanocrystalline graphite size.[87] The increase of ID/IG ratio sometime indicates the
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decrease of the topological disorder in graphite layer and the increase the size of
nanocrystalline graphite.[87] In our study, the ID/IG ratio change is not significant which
indicates that the thermal treatment does not affect the nanocrystalline graphite size.

Figure 3. (a) The photographies of GO suspensions before and after thermal treatment
(the left image shows GO in water, and GO in DMF has a very similar color); (b) UV
(GO-water-150C, treated time is indicated in the inset), (c) Raman and (d) XRD results
for GO before and after thermal treatment. Reprinted with permission from [48].
Copyright 2010 American Chemical Society.
The electrical property of GO is closely related to the conjugated structure of
graphite layer. The GO and reduced GO were filtrated to produce thin films. The
resistances of these films were measured with a Keithley 2000 multimeter. The untreated
GO film, which is completely insulating, showed no measurable resistance. After the
thermal reduction, the resistance dramatically decreased to 6 M and 6 K for GO-H2O100C-24hr and GO-DMF-150C-1hr respectively, corresponding to at least a 3 and 6
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orders of magnitude increase of electrical conductivity. It has been demonstrated that the
conductivity boost can be achieved by a modest increase of non-oxygenated carbon in
GO.[88] The increased conductivity is in line with our conclusion that GO is reduced in
the thermal treatment process.
In GO structure, some of the functional groups (epoxy, carbonyl) disperse in the
basal plane of GO,[82] which enlarge the gap between adjacent GO sheets. For pristine
graphite, the (002) diffraction peak is at ~ 26, and the inter-plane distance is 0.34 nm.
For the GO sample after oxidation, the diffraction peak shifts to ~ 6, corresponding to an
inter-plane gap of 1.5 nm (Figure 3d). This indicates that the GO sheets have been fully
exfoliated and are hydrated. We would like to point out that this inter-plane gap is larger
than the literature value of ~ 0.7 nm for dry GO.[43] This discrepancy is due to the
temperature-sensitive nature of GO reduction. The GO films are thus dried at room
temperature instead of at an elevated temperature. H2O molecules trapped between GO
layers enlarge the inter-layer gap. After the thermal treatment, the diffraction peak shift to
10 and 22 for GO-H2O-100C-24hr and GO-DMF-150C-1hr, corresponding to a
distance of 9 nm and 4 nm, respectively (Figure 3d). The decreased inter-plane distance
indicates that some of the functional groups decompose during thermal treatment.
Furthermore, less H2O molecules are trapped as the GO sheets becomes less hydrophilic
after the thermal treatment. However, the remaining functionalities prevent GO sheets
from aggregating back to graphite.
In order to gain insights into chemical structure of GO and treated GO, drift mode
FTIR was employed to analyze the existence of functional groups, and their changes after
the thermal treatment. In Figure 4a, the pristine graphite only shows three peaks with
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absorptions at ~ 3420 cm-1, ~1630 cm-1, and ~1080 cm-1, corresponding to the –OH,
C=C, and C-O bonds, respectively. The Hummer’s method introduces large quantities of
oxygen-containing groups. The peaks at ~ 3420 cm-1, ~ 1720 cm-1, ~1250 cm-1, and
~1060 cm-1 signify the presence of –OH, C=O (carboxylic and ketone), C-O (carboxylic),
and C-O (epoxy) functional groups, respectively. After the thermal treatment, the
absorption at ~ 1710 cm-1 greatly decreases in intensity for each sample, as a result of
decomposition of carbonyl group (Figure 4b-c). Other peaks from hydroxyl and epoxy
groups are still present in the spectra after treatment, as they are stable in this condition.
The introduction of oxygen-containing functional groups decreases the thermal
stability of GO. TGA was used to analyze the thermal stabilities of GO and treated GO,
as seen in Figure 4d-f. The slight weight loss near 100 C results from the evaporation of
water. The pristine graphite is thermally stable before the completely decomposition after
860 C in air. For GO, there is a dramatic weight loss (~ 60%) at ~ 200 C. The
decomposition of GO in this stage has been studied by Aksay and Ruoff, who proved that
CO2, H2O and CO release upon the decomposition of carboxylic group and ketone
group.[43, 89] The GO continuously lose weight as temperature increases, and
completely decompose after 550 C. The GO after thermal treatment shows decreased
weight loss at ~ 200 °C, indicating a higher thermal stability. For GO-H2O-100C-24hr,
the weight loss is 26 % at ~ 200 °C (Figure 4e). For GO-DMF-150C-1hr, no rapid weight
loss is observed at ~ 200 C (Figure 4f). Furthermore, the temperature where
decomposition completed for GO-DMF-150C-1hr is 620 C, 70 C higher than GO. `
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Figure 4. The FTIR results of (a) graphite and GO, (b) GO samples treated at 100 C, (c)
GO samples treated at 150 C. TGA results of (a) graphite and GO, (b) GO samples
treated at 100 C, (c) GO samples treated at 150 C. The thermal treatment conditions are
indicated by the notation. Reprinted with permission from [48]. Copyright 2010
American Chemical Society.
The high-resolution C1s XPS spectra further confirm the reduction of GO and the
chemical structure change during thermal treatment. As shown in Figure 5, the curve
fitting yields three components at ~284.9, ~286.7 eV and ~288.5 eV, corresponding to
binding energies of carbon in C=C, C-O (hydroxyl and epoxy) and C=O (carboxyl and
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ketone) groups respectively.[90] The contribution of C=C band increases from 43.5 % for
untreated GO, to 47.5 % for GO-H2O-100C-24hr, and 66.5 % for GO-DMF-150C-1hr.
An obvious narrowing of C=C band is also observed, indicating a more ordered structure
for thermal-treated GO. The increase of C=C contribution for GO-H2O-100C-24hr
mainly results from the decreased amount of C=O, while the contribution of C-O is
nearly unchanged. This result is in line with our conclusion from FTIR that the carbonyl
groups are less stable than hydroxyl and epoxy groups during the thermal treatment. For
GO-DMF-150C-1hr, both contributions of C-O and C=O are reduced, evidencing a more
efficient reduction of GO. However, there are still significant amount of oxygencontaining groups remaining which are dominated by C-O groups.
To demonstrate the tunability of the degree of oxidation, the wetting property
change in this process was characterized by contact angle measurements. The wetting
property is a measure of the surface energy, which is directly influenced by the surface
functionalities. The GO and treated GO film were obtained by filtration method. As
shown in Figure 6, the GO shows a contact angle of 53.8  2.3, while the GO-H2O100C-24hr and GO-DMF-150C-1hr show contact angles of 105.0  2.2 and 121.0 
1.7, respectively. These are close to the reported values for GO and graphene films.[91]
The increase in contact angle indicates that GO turns from hydrophilic to hydrophobic,
due to the loss of organic hydrophilic functional groups.
The characterizations above suggest that the GO can be partially reduced in H2O
and DMF by the mild thermal treatment. This is probably due to the decomposition of
carboxylic groups and carbonyl groups, as well as the structural changes related to epoxy
groups. Therefore, the nature of GO solvothermal reduction is a disproportionate reaction,
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and the reduced product was collected and analyzed. However, GO is not fully reduced
though this method, since most of other functional groups are stable at the temperature
range investigated.

Figure 5. High resolution C1s XPS spectra of GO, GO-H2O-100C-24hr, and GO-DMF150C-1hr. Reprinted with permission from [48]. Copyright 2010 American Chemical
Society.

Figure 6. Contact angle measurements of GO and thermal treated GO films. Reprinted
with permission from [48]. Copyright 2010 American Chemical Society.
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2.3.2 The role of solvent in promoting the thermal reduction of GO
To demonstrate the role of solvent in promoting thermal reduction, GO treated in
air instead of in solvent is used for comparison. The color of GO treated in air changed
from brown to black after each treatment, indicating the thermal reduction also occurs
without the solvent. The efficiencies of GO decomposition in different media could be
compared through the TGA and FTIR results.
Figure 4d-f show the TGA results for both GO treated in solvent and in air at 100
C. The labile functional groups that do not completely decompose during the thermal
treatment lead to a weight loss at ~ 200 C. The amount of weight loss at ~ 200 C can be
used to evaluate the completeness of reduction reaction. The GO-Air-100C-24hr exhibits
a weight loss of 50%, which starts from ~ 140 C, and ends at ~ 170 C. This is related to
the decomposition of carboxylic groups. For GO-H2O-100C-24hr, no significant weight
loss is observed in this region, indicating that the carboxylic group was completely
decomposed within 24 hrs. Moreover, the weight loss curves for both samples show a
different slope between 180 C and 220 C, indicating that there is another
decomposition reaction with lower reaction rate in this region. This may be due to the
decomposition of carbonyl groups in ketone. The FTIR in Figure 4b shows that there is a
strong absorption at ~ 1720 cm-1 for GO-Air-100C-24hr, representing carbonyl groups
which do not completely decompose within 24 hr treatment in air. In the FTIR spectrum
of GO-H2O-100C-24hr, the peak at 1710 cm-1 is weak, suggesting a higher efficiency in
removing the carboxylic group. The residual peak may result from the carbonyl groups in
ketone, which is more stable than carboxylic group, and do not completely decompose at
100 C within 24 hr.
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Figure 7.(a) Images of GO in different solvents (DMF, EG, DMSO from top to bottom),
which was held at 150 C for a period of time as indicated; (b) the evolution of UV
spectra of GO in different solvents (DMF, EG, DMSO from top to bottom). Reprinted
with permission from [48]. Copyright 2010 American Chemical Society.
The GO treated at 150 C shows a higher stability than that treated at 100 C, as
shown in Figure 4f. All samples treated at 150 C show nearly no weight loss below 170
C, due to the complete decomposition of carboxylic groups within 1hr. It is obvious that
GO-DMF-150C-1hr exhibits higher stability at higher temperature compared with those
treated in air. Between 180 C and 220 C, GO-DMF-150C-1hr show a weight loss of 2
%, while the GO-Air-150C-1hr and GO-Air-150-2hr samples have weights losses of 13
% and 6 %, respectively. The decomposition reaction, which can be assigned to the
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decomposition of residual carbonyl groups, occurs at the same temperature regions as in
100 C treated GO. Moreover, GO treated in air decomposes completely at the
temperature of 560 C, while the GO treated in DMF can withstand higher temperature
up to 620 C. FTIR shows a weak adsorption at ~ 1720 cm-1 for GO-Air-150C-1hr
(Figure 4f), whose intensity continues to decrease when the time increases to 2hr.
However, there is no peak from carbonyl group for GO-DMF-150C-1hr.
2.3.3 The solvent-dependence of GO reduction
It is interesting to investigate whether different solvents have different abilities in
prompting the GO reduction. The acceleration effect of solvent relates to how it interacts
with GO. To study the solvent effect, DMF, EG, and DMSO are selected to investigate
solvent effect on the reducing efficiency at 150 C. All these solvents need to be
chemically inert, and with high boiling points and good dispersions for GO. Although EG
may get slightly oxidized, this would not affect the analysis. Other good solvents for GO,
such as THF, NMP are excluded, because the boiling point of THF is too low; NMP is
oxidized and polymerized under our experimental condition. It is found that the type of
solvents used to disperse GO and perform the thermal treatment is directly related to the
reducing rate. Figure 7a shows clearly that the DMF is a better solvent for GO thermal
treatment than EG and DMSO. The color of GO suspension in DMF changed to black
after 20 min. However, much longer time is necessary for GO suspension in EG and
DMSO to turn to black. Moreover, the dispersion of GO became significantly worse after
reduction in DMF, EG and DMSO. This is due to the decomposition of oxygencontaining groups in the reaction, reducing the affinity between GO and the solvent
molecules. Thus, reduced GO tends to aggregate.
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Figure 8. (a) The normalized absorbance at 400 nm for thermal treated GO, which is
plotted against the reaction time. All absorbance was normalized to that at t = 0 min. (b)
TGA results of GO treated in different solvents at 150 C for 1 hour. Reprinted with
permission from [48]. Copyright 2010 American Chemical Society.
UV spectra collected during the thermal treatment are shown in Figure 7b. The
absorbance of all three samples increases with reacting time in the initial stage. This trend
is consistent with the color change shown in Figure 7a. To extract kinetics information
from the UV data, the absorbance of different GO suspensions was normalized using the
initial absorbance value at 400 nm. The plot is shown in Figure 8a. The DMF shows an
increased ability to facilitate reduction, while the EG and DMSO have less of an effect.
Moreover, for all three solvents used, the absorbance decreases after reaching a
maximum value, due to the aggregation of reduced GO. However, it should be mentioned
that there is no established relationship between the reduction degree of GO and the
absorbance. Thus the UV results can only give a qualitative analysis of the reaction, and
are not comparable with other systems or characterization methods.
The TGA results for GO treated in different solvents are plotted in Figure 8b.
From TGA curves, it can be concluded that, among three solvents under investigation, the
DMF is most effective in accelerating the GO reduction, which is consistent with the UV
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results. DMSO shows less accelerating effect. However, GO treated in EG exhibited
more weight loss below 250 C. This indicates that the EG reduces the rate of thermal
reduction. These results suggests that oxygen functional groups in GO shows solventdependent decomposition rate.
2.3.4 Mechanisms for solvent-dependent reduction
From the results and discussion above, we can conclude that the solvents H2O and
DMF can accelerate the reduction of GO, and there is a strong solvent dependence for the
GO reduction kinetics in the solvothermal method. This accelerated GO reduction
kinetics is possibly due to the interaction between the solvent molecules and the oxygencontaining groups. Previous study shows that the decomposition of GO is a second-order
reaction,[43, 89] in which the reaction rate is proportional to the square of oxygen
content.[43] It could be conceptually understood that the GO reduction by releasing of
CO2, H2O or CO gas occurs upon the “collision” of oxygen-containing functional groups
within the basal plane of GO. Compared with solid state GO thermal reduction, the
solvent molecules provide a polar environment, which promotes the diffusion of these
functional groups at elevated temperature. Therefore, the reduction rate increases in a
solvent environment.
We further analyze various types of interacting forces between solvent molecules
and GO in order to understand the distinct effects of solvents in GO reduction. A major
part of GO-solvent interaction is dipole-dipole interaction. There are large quantities of
polar functional groups on the surface, which interact strongly with a polar solvent. From
basic organic chemistry, the dipole-dipole interaction between solvent molecules and
functional groups can polarize the oxygen-carbon bond and stabilize the intermediate
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species. Thus the activation energy of epoxy migration is reduced. Larger dipole moment
of solvent leads to the stronger interaction and thus lower activation energy. The dipole
moment of DMF, EG, and DMSO is 3.24D, 2.31D, and 4.09D, respectively.[92]
Therefore, DMF and DMSO, which have large dipole moments, can accelerate the
reduction reaction. The hydrogen bonding is another important interaction between GO
and solvents, which can stabilize the epoxy groups and lower its migration rate.[93]
Among three solvents, EG is the only protic solvent that can form strong hydrogen bond
with epoxy groups in GO. Thus, EG is the least efficient solvent for GO thermal
reduction, which reduces the reduction rate. The weak hydrogen bonding between DMF
and DMSO, and functionalities on GO may help to explain that DMSO, although with
large dipole moment, is less effective than DMF. However, it is not clear why the H 2O,
which form strong hydrogen bonding with GO, still accelerates the reduction.
The experimental investigation of solvent-GO interaction and its impact to the
GO reduction kinetics is very challenging, due to the lack of tools to probe the interaction
and the complexity of GO structure. However, recent theoretical studies could give more
insights into this matter beyond the well-known chemistry discussed above. There are
several possible structural and chemical changes occur during the thermal reduction of
GO, which has be schematically shown in Figure 9. The epoxy group can react with a
hydrogen atom in C-H bond to produce a water molecule and recover the sp2 conjugated
structure (Figure 9a);[94] the epoxy groups, when forms a 1 D epoxy line, will cause the
break of C-C bond to release the bond stain, resulting to the cutting of graphitic lattice
(Figure 9b);[95] various oxygen-containing functional groups, when under certain
configurations, could release different species, such as CO2, CO and O2 (Figure 9c).[96]
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For all these reaction pathways, the migration of epoxy group is a critical and the rate
determining step. The energy barrier for epoxy migration is calculated to be ~ 1.52
eV.[97] The presence of water or DMF could effectively reduce the epoxy migration
barrier by ~ 0.35 eV so that migration of isolated epoxy can be facilitated.[97] As a result,
the overall reduction rate in these solvent increases; this explains our experimental
observation that the solvent assist the thermal reduction of GO.

Figure 9. Schematics of proposed structural and chemical changes during GO thermal
reduction: (a) An epoxy group reacts with a hydrogen atom to release a water molecule;
(b) the formation of 1 D line of epoxy groups leads to the break of carbon-carbon bond;
(c) different species (CO2, CO or O2) are released when oxygen-containing groups form
certain configurations. Reprinted with permissions form [94-96]. Copyrights 2012
Macmillan Publishers Ltd, 2006 American Physical Society, 2011 American Chemical
Society.
2.4 Conclusions
The thermal behavior of GO dispersed in solvents at the temperatures of 100 °C
and 150 °C was studied. The reduction reaction was characterized by UV, Raman, TGA,
FTIR, XRD and XPS. It is found that carboxylic groups and carbonyl groups are
decomposed between the temperatures of 100 °C and 150 °C. Therefore, the nature of the
solvothermal reduction is a disproportional reaction. The solvent used to disperse GO can
assist the decomposition reaction. The interaction between solvent molecules and
functional groups promotes the diffusion rate of epoxy groups and plays an important
role in the reaction. Different solvents show different abilities to assisting this reaction.
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However, the catalytic mechanism is still not clear, because of the limitation of the
solvents that can be used in our study. The present results lead to the conclusion that the
dipole-dipole interaction promotes the functional groups migration by polarizing the
carbon-oxygen bond, and thus accelerates the reduction rate of GO.
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CHAPTER 3
OXYGEN FUNCTIONALIZED GRAPHENE FOR
SUPERCAPACITOR ELECTRODE
3.1 Introduction
A supercapacitor, also called electrical double layer capacitor (EDLC), is an
energy storage component applicable to electric vehicles, consumer electronics, and other
devices. Compared to conventional batteries, supercapacitors have advantages of high
power density, long cycle life and low maintenance, etc.[98] Remarkably,
supercapacitors show highly advantageous power performance over conventional fuel
cells and batteries (Figure 10a). However, people still consider the current supercapacitor
an immature technology in spite of these attracting characteristics, due to the limited
energy density, which is becoming a major hurdle for its implementation in practical
applications. For example, to power electric vehicles with supercapacitors, an energy
density of at least ~ 30-40 Wh/kg (comparable to lead-acid batteries) is needed. However,
the current commercial supercapacitor has an unsatisfactory energy density of 2-10
Wh/kg. Therefore, the improvement of energy density, without compromising the power
density, cycling capability and cost effectiveness, is a primary focus in the development
of supercapacitors.
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Figure 10. (a) Ragone plot of various energy storage devices, the state-of-art graphenebased supercapacitors, and the expected performance characteristics of proposed
graphene architecture. To calculate the power density and energy density of reported
graphene materials, the loading of active electrode material in a packaged supercapacitor
is assumed to be 30 wt%.[68, 99, 100] (b) The energy storage mechanism of
supercapacitor.
The performance characteristics of supercapacitors result from the special energy
storage mechanism. As seen in Figure 10b, during the charge of a supercapacitor, ions in
the electrolyte are electrostatically adsorbed at the interfaces of porous electrode and
electrolyte, forming an electrical double layer. The stored charged ions can be quickly
released during discharge, leading to the current passes through the outside circuit. The
surface physical adsorption/desorption process enables rapid charge/discharge capability,
however causes low energy density compared to chemical reaction-based fuel cells and
batteries. The energy stored in a supercapacitor can be calculated by

, where C

is the capacitance mainly related to the electrode material, and V is the operation voltage
determined by the electrochemical window of electrolyte. While high energy density can
be achieved via either increasing the electrode capacitance or using larger operation
voltage, major research efforts nowadays have been focused on novel electrode materials
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for higher capacitance because there is little room to push the operation voltage above the
electrochemical window of organic electrolyte (2-3 V) and ionic liquids (3-4 V).
The industrial standard electrode material for supercapacitors is activated carbon.
However, their issues of large portion of micropores, poor electrical conductivity, poor
wetting with polar electrolyte etc, limit the specific capacitance to ~ 100 - 120 F/g.
Recently, graphene, a single layer of sp2 carbon atoms covalently bonded to a hexagonal
lattice, attracts lots of research interests due to its outstanding properties including high
theoretical surface area (2630 m2/g), good electrical conductivity and open porous
structure. Remarkable achievement has been made in this area that some prototype
graphene-based supercapacitors with energy densities of 10-30 Wh/kg have been realized
in laboratory scale.[68, 99, 100] However, such high energy densities are achieved by
using costly room temperature ionic liquids as electrolyte that has an operation voltage of
3.5 V, instead of by improving the specific capacitances. The specific capacitances of
graphene in these works are ~ 140 - 200 F/g,[68, 99, 100] which are still far below the
theoretical value (~550 F/g).[100] The unsatisfactory performance of graphene is because
that EDLC strongly relies on high specific surface area between electrode/electrolyte
interface, which is limited by aggregation and poor wetting between graphene and
electrolytes. A potential solution for this problem is functionalization of graphene,
especially oxygen-decorated graphene (OG). Oxygen-containing functional groups, such
as carbonyl and hydroxyl, provide pseudocapacitance as a complement to EDLC.[101]
The hydrophilic nature of these groups improves the wetting between graphene and polar
electrolytes, and also prevents aggregations of adjacent graphene sheets. However, the
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penalty of losing electrical conductivity arising from the disruption of conjugated system
should be avoided, and the density of functionalities needs to be carefully controlled.
It is challenging to prepare OG with controlled density of functionalities using
simple direct oxidation of graphene. To introduce oxygen-containing groups, harsh
conditions are usually employed due to the inert nature of graphite structure. For
example, concentrated H2SO4 and KMnO4 are used in Hummers method;[30]
concentrated HNO3 and H2SO4 as well as KClO3 are used in Staudenmaier method.[32]
Under these conditions, it is unlikely to finely control the density of functionalities. As an
alternative way, the reduction of the GO, a highly oxidized form of graphene, is more
practical in controlling the density of functionalities. However, methods developed for
GO reduction, such as chemical reduction,[37] microwave reduction,[46, 47] and thermal
annealing,[55] all aim to achieve an efficient and complete reduction. Controllable
reduction and its applications have not been explored.
In this chapter, we used the mild solvothermal method discussed in chapter 2 to
reduce GO.[102] Our method distinguishes from previous reported solvothermal
methods,[49, 71, 72, 103] as no typical reducing agent was added and a relative low
temperature (150 °C) was used. The absence of typical reducing agent, such as hydrazine,
allows a high retention of oxygen-containing groups as a source of pseudocapacitance.
Furthermore, the kinetics of GO reduction is slow at 150 °C so that the density of
functionalities can be controlled by changing the reduction time. A specific capacitance
up to 276 F/g was achieved in an optimized condition. Surface functionalities on OG are
proven to be critical for achieving superior supercapacitive property, which will be
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discussed in terms of their influence on electrical conductivity, pseudocapacitance,
wetting properties and aggregations.
3.2 Experimental
3.2.1 Synthesis of OG
GO was synthesized using a modified hummer’s method[30]. The preparation of
OG was carried out using a previously described method.[102] In a typical process, GO
was dispersed in DMF by sonication to form a 1 mg/mL solution. This solution was
heated to 150 °C in an oil batch for different durations, producing OG with different
density of functionalities. After reduction, OG was filtrated, washed with ethanol, and
dried in vacuum. The synthesis of benchmark materials, hydrazine reduced GO, was
according to the procedure described in Ruoff’s work.[104]
3.2.2 Structural Characterization
Raman characterization was carried out using a LabRAM ARAMIS, Horiba Jobin
Yvon with a 532-nm-wavelength laser. FTIR characterizations were performed at
ambient temperature with a FTIR spectrometer (Nicolet, Magna IR 560). TGA was
carried out on a thermogravimetric analyzer (TGA Q5000, TA Instruments Co.). Samples
were heated at a rate of 20 °C/min in air. The XPS was carried out with a Thermo KAlpha XPS.
3.2.3 Electrochemical Characterization
The electrochemical properties of OG were tested in a three-electrode system. The
OG was dispersed in NMP containing polyvinylidene fluoride (PVDF) as a binder. The
ratio between OG and PVDF was 95:5 by weight, and the concentration of electrode
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materials (OG and PVDF) was 10 mg/mL. To prepare the working electrode, 2.00 μL OG
dispersion was transferred onto a glassy carbon electrode (3 mm diameter, 0.07065 cm2
area) and then dried at 85°C. The OG loading was calculated to be 0.27 mg/cm2. A Pt
wire and Ag/AgCl electrode filled with saturated KCl aqueous solution were used as the
counter electrode and reference electrode respectively. Prior to the electrochemical test,
dissolved oxygen in electrolyte was removed by bubbling N2 for 10 mins. Cyclic
voltammetry (CV) and galvanostatic charge/discharge were measured on a versastat 2channel system (Princeton Applied Research). The specific capacitance is calculated
according to equation: C=It/V, where I is the charge/discharge current density (A/g), t is
the discharge time (t), and V is the voltage (0.8 V). The reported specific capacitance and
energy density are all normalized to the weight of OG.
3.3 Results and Discussion
In this study, GO is solvothermally treated for different durations to control the
density of oxygen functionalities. Thus OG sample is denoted as OG-time, where time
indicates the reaction time (h). The best capacitive performance is obtained in the case of
OG-3h, which is discussed in detail here.
3.3.1 Structure of OG
We carried out a set of structural characterizations on OG-3h, including XPS,
TGA, FTIR and Raman spectroscopy. Figure 11a shows high-resolution C1s XPS spectra
of GO and OG-3h. The C-C fraction increases from 44.0% for starting GO to 54.0% for
OG-3h. A narrowing of C-C band suggests a more ordered structure of OG-3h. However,
the C-O and C=O fractions are still as high as 28.4% and 17.6% in OG-3h respectively,
indicating a significant amount of oxygen-containing groups. Surprisingly with many
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oxygen-containing groups, OG-3h still exhibits a much enhanced thermal stability, as
seen in TGA results (Figure 11b). GO has a 20.5% weight loss at ~ 200 °C, arising from
the decomposition of liable functionalities,[43] and completely decompose at ~650 °C. In
contrast, OG-3h shows a slow and continuous weight loss before its complete
decomposition at ~720 °C. The enhanced thermal stability of OG-3h suggests that the
surface functionalities are groups that have relatively high thermal stability. FTIR spectra
are used to examine the nature of surface functionalities. As shown in Figure 11c, GO
shows distinct peaks ~ 3420 (broad), ~1725, ~1625 cm-1, corresponding to hydroxyls,
carbonyls (carboxylic and ketone), and absorbed water respectively.[82] After the
solvothermal treatment, the

most significant change is that the ~ 3443 cm-1 peak

becomes sharper and ~ 1725 cm-1 peak is diminished, both due to the decomposition of
carboxyls. Sharp peaks at ~1582 and ~1380 cm-1 could be attributed to unoxidized
aromatic region and hydroxyls respectively.[82] Furthermore, the broad peak ~ 1222 cm-1
is related to phenolic, epoxy and ketone groups.[82, 105] FTIR results suggest that the
reduction of GO is due to the decomposition of carbonyls, mainly carboxylic groups, and
the residual functionalities are mainly hydroxyl, ketone and epoxy groups. More
information is obtained from Raman spectra. As seen in Figure 11d, the ID/IG ratios of
GO and OG-3h do not vary significantly, indicating that the size of nanographite domain
does not increase after reaction. This is possibly because instead of recovering the
conjugated system, thermal reduction in our method generates holes by releasing
carbonyl or epoxy groups in the form of CO2 and CO. The existence of holes in OG-3h is
consistent with the theoretical prediction[106] and experimental observations[107, 108]
of the atomic structures of GO and reduced GO. Based on these structural
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characterizations, we believe that surface functionalities in OG-3h are mainly hydroxyl,
epoxy, ketone groups as well as holes. Although there is no direct evidence about the
distribution of oxygen-containing groups, they are most likely on the edge of graphene
sheet/holes after the solvothermal treatment because previous studies show that basal
plane epoxies and hydroxyls are thermally unstable.[93, 106] A possible structure of OG3h is shown in Figure 12. The presence of holes in OG-3h, as a special type of
functionality, is also important because edges have higher specific capacitance than the
basal plane.[109]

Figure 11. Structural characterizations of GO and OG-3h: (a) high resolution C 1s XPS
spectra; (b) TGA curves (ramping rate 20 °C/min, in air); (c) FTIR spectra; (d) Raman
spectra. Reprinted with permission from [110].Copyright 2011 American Chemical
Society.
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Figure 12. Schematic structure of OG-3h. Reprinted with permission from
[110].Copyright 2011 American Chemical Society.
3.3.2 Capacitive performance of OG
The capacitive performance of OG-3h was characterized in a three-electrode
system where a 1 M H2SO4 was used as the electrolyte. Figure 13a shows the CV curves
of OG-3h. At a scan rate of 10 mV/s, OG-3h shows a clear capacitive behavior with a
rectangle-like CV curve. Faradic peaks are observed at ~ 0.4 V of anodic scan and ~ 0.35
V of cathodic scan, corresponding to redox reactions of surface functionalities which
provide pseudocapacitance. When increasing the scan rate, the CV curve maintains the
rectangle shape at 20 mV/s, and is only slightly distorted at 50 mV/s and 100 mV/s,
indicating a good wetting and easy access of ions to the OG-3h surface. However, the
peaks arising from the redox reactions of surface functionalities are diminished at higher
scan rates, due to the relatively slow charge/discharge kinetics compared to EDLC. The
specific capacitance of OG-3h is calculated from galvanostatic discharge curves, as seen
in Figure 13b. The charge/discharge current density varies from 0.1 A/g to 5 A/g, and the
calculated specific capacitances at different current densities are listed in Table 1. OG-3h
shows a specific capacitance up to 276 F/g at 0.1 A/g, which is still as high as 205 F/g at
5 A/g. These values are much higher than 238 F/g and 143 F/g measured for hydrazine
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reduced GO at 0.1 A/g and 5 A/g respectively (Figure 14). The hydrazine is effective to
remove oxygen-containing functional groups. The lower specific capacitance could be
attributed to low content of surface functionalities, and severe aggregations and poor
wetting properties, which is evidenced by distorted CV curves at 20, 50 and 100 mV/s.

Figure 13.(a) CV curves of OG-3h at different scan rates; (b) galvanostatic
charge/discharge curves of fG-3h at charge/discharge currents. Reprinted with permission
from [110].Copyright 2011 American Chemical Society.
The Ragone plot in Figure 15 shows that the specific energy of OG-3h is 20.0 and
14.5 Wh/kg respectively at specific powers of 34.5, and 1.69×103 W/kg. Moreover, OG3h shows a high cycling stability in the charge/discharge test (Figure 16a), which is
impressive for functionalized carbon materials. It is interesting that the capacitance of
OG-3h, instead of decreasing, increases from 236 F/g to ~ 250 F/g. The reason for the
increase of capacitance is not clearly at present but it may be because more surface
functionalities, especially carbonyl/hydroxyl-type groups, are introduced during the
charge/discharge test. This hypothesis is supported by the CV curve in Figure 16b, which
shows a larger psedudocapacitance. This interesting phenomenon was also reported by
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Ma et al.,[111] and can be used to further functionalize graphene for supercapacitor
applications.
Table 1. Capacitances of OG-3h (F/g) at different current densities (A/g) and potential
regions.
0.1
0.25
0.5
1
2.5
5
0- 0.8 V

276

250

236

225

213

205

0 - 0.5 V

335

302

292

280

267

258

0.6 -0.8 V

118

114

106

102

97

95

Figure 14. (a) CV curves of hydrazine reduced GO at different scan rates; (b)
galvanostatic charge/discharge curves of hydrazine reduced GO at different current
density.. The specific capacitance calculated from discharge curves is 238, 195,178, 168,
155, 143 F/g respecitively at 0.1, 0.25, 0.5, 1, 2.5, 5A/g.
A close examination of Figure 13b shows that the discharge curves obviously
deviate from the ideal linear shape. Thus OG-3h has different specific capacitances at
different potentials, which are listed in Table 1. It is found that the specific capacitance
between 0 - 0.5 V is much larger than that between 0.6 - 0.8V. This result together with
CV curves suggests that EDLC is responsible for capacitance between 0.6 - 0.8 V and
pseudocapacitance becomes dominating at lower potentials. When increasing the
discharge current density, the specific capacitance between 0.6 - 0.8 V shows a slower
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decrease than that between 0 - 0.5 V, indicating the fast charge/discharge kinetics of
EDLC compared to pseudocapacitance.

Figure 15. Ragone plot of OG-3h in 1 M H2SO4 at a voltage of 0.8 V. The specific power
is calculated according to P=V× I and the specific energy is calculated according to E=
V× I × t, where V is the averaged voltage over the discharge process, I is the discharge
current (A/kg) and t is the dischrage time (h).

Figure 16. (a) Cycling stability test of OG-3h at a charge/discharge current density of 0.5
A/g and (b) CV curves of fG-2h before and after 2000 cycles at a scan rate of 50 mV/s.
Assuming that the capacitance of OG-3h at 0.6 – 0.8 V are pure EDLC which
does not change over the whole voltage range, the dependences of overall capacitance,
EDLC and pseudocapacitance on the discharge current density can be plotted, as seen in
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Figure 17. The capacitances decrease when increasing the discharge current density. At
the largest discharge current density of 5 A/g, the capacitance retention is still as high as
74.3%, 80.5%, 69.6% respectively for overall capacitance, EDLC and pseudocapacitance.
Comparing with typical pseudocapacitive materials on graphene/GO, such as conducting
polymers,[112, 113] and metal oxides,[114] OG-3h shows a much better rate
performance (Figure 17). Thus it can be inferred that the charge/discharge kinetics of
pseudocapacitance in OG-3h is faster than typical pseudocapacitive reactions in
graphene/GO supported conducting polymers and metal oxides.
A better understanding of the pseudocapacitance in OG-3h can be gained by
correlating the structure of OG-3h with previous studies on activated carbon-based
supercapacitors. It was found that the pseudocapacitance arises from the reversible redox
reactions between oxygen-containing groups and H+ ions. Thus to achieve a high
capacitance, it is preferable to use a H-rich H2SO4 solution as the electrolyte. When using
a pH-neutral solution, the surface redox reaction is prohibited in the absence of H+ ions.
For example, no faradic reaction is observed between 0.2 - 0.4 V for OG-3h when using a
1 M Na2SO4 as the electrolyte (Figure 18). Moreover, mainly carbonyl/hydroxyl-type
groups contribute to pseudocapacitance, rather than all oxygen-containing functional
groups.[115] For OG-3h, a dominating fraction of surface functionalities are carbonyl
and hydroxyl groups, due to their high thermal stability compared to carboxyl groups.
The carboxyl groups, which sometimes lead to degradation of carbon materials, are
efficiently

removed

during

the

solvothermal

reaction.

Therefore

a

high

pseudocapacitance is obtained without sacrificing the cycling stability. This selectivity is
an important advantage of our solvothermal method over other methods for producing
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graphene as supercapacitor electrode materials. Furthermore, we would like to mention
that the electrochemical behavior of OG are sensitive to dissolved oxygen in the
electrolyte. As seen in Figure 19, oxygen molecules may react with OG during discharge
process, leading to coulomb efficiencies larger than 100 % and unrealistic high
capacitance values. Therefore, to study the capacitive behavior of OG, it is necessary to
remove oxygen carefully before electrochemical measurements.

Figure 17. EDLC, pseudocapacitance, and overall capacitance as a function of discharge
current density. Results from references are also plotted. The specific capacitance is
normalized to the largest capacitance value obtained at the lowest discharge rate. Lines
are for visual aids. Reprinted with permission from [110].Copyright 2011 American
Chemical Society.
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Figure 18. CV curves of OG-3h in 1 M Na2SO4 at different scan rates.

Figure 19. Galvanostatic charge/discharge curves of OG-3h at currents of 100, 250, 500
mA/g. Air saturated 1 M H2SO4 was used as electrolyte without bubbling N2. It is clear
the discharge curve are highly distorted at low voltage which leads to a calculated
specific capacitance up to 399 /g. Moreover, the coulumb effeciency is higher than 100%,
indicating the existence of chemcial reactions between OG and oxygen.
3.3.3 Effect of solvothermal treatment time
XPS, Raman and FTIR were used to study the evolution of OG structure during
the solvothermal treatment. The C:O ratio of OGs are calculated from the XPS survey
spectra in Figure 20. It can be seen that the C:O ratio increases significantly during the
first 2-3 hours, from 1.83 for GO to 5.60 for OG-2h, which however does not change
much when further increasing the reaction time. Moreover, the ID/IG ratio in the Raman
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spectra does not have signifcantly change during the solvothermal reaction, indicating
simlar sizes of nanographitic domains (Figure 21). The FTIR spectra of OGs are shown
in Figure 22. It can be seen that the peaks of ~3430, ~1725 cm-1 becomes diminished in
the first 2-3 hours due to the removal of –OH and C=O groups. At longer reaction time,
these two peaks do not change much. However, the peak of ~ 1220 cm -1 becomes
significantly intense, indicating the evolution of funtional groups during solvothermal
reaction. The structural changes during solvothermal treatment affect the thermal stability
of OGs, as shown in Figure 23. Overall, these structural characterizations show that the
solvothermal treatment can effectively remove oxygen-containing functional groups in
the first 2 - 3 hours. Longer reactions (>3 hours), instead of further removing surface
functionalities, possibly change the atomic structure of OG.
The evolution of the capacitive behavior of OG when increasing the reaction time
gives an informative clue on the dependence of capacitance on the density of
functionalities. By analyzing the electrochemical test results, a volcano shape relation is
found between the specific capacitance of OG and the reaction time, which is shown in
Figure 24. As the starting material, GO shows a highly distorted CV curve (Figure 25).
The absence of capacitive behavior for GO is due to its poor electrical conductivity which
limits the charge migration through the GO sheet. As a result, the EDLC and
pseudocapacitance cannot be utilized and the specific capacitance of GO is negligible. At
the initial stage of reduction, the specific capacitance of OG increases significantly as a
result of increasing electrical conductivity. The specific capacitances of OG-1h and OG2h are 211 and 250 F/g respectively at 0.1 A/g. However, the low electrical conductivity
still limits the utilization of pseudocapacitance, leading to a significant loss of specific
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capacitance. For example, the CV curves of OG-1h (Figure 26) show very weak faradic
peaks between 0.3 - 0.4 V, although the oxygen content of OG-1h is higher than OG-3h.
In the case of OG-2h, the faradic peaks are obvious at low scan rates but become
suppressed at higher scan rates, indicating a worse rate performance than OG-3h due to
the poor electrical conductivity. The highest capacitance is observed in the case of OG3h, as we have discussed previously. This “sweet spot” is the spot where the capacitance
loss arising from low electrical conductivity is just compensated by the capacitance
gained by pseudocapacitance. When further increasing the reduction time, the specific
capacitance drops slightly for OG-4h (274 F/g at 0.1 A/g), which becomes obviously
smaller for OG-6h (234 F/g at 0.1 A/g). Known that the oxygen content does not differ
much for OG-3h, OG-4h, and OG-6h, we believe that the wetting property and
aggregations of OG are affected adversely by longer reaction time, which account for the
capacitance drop. The evidence is provided by the CV measurement of OG-4h and OG6h, which are shown in Figure 26. Compared with the CV curves of OG-3h (Figure 13a),
the CV curves of OG-4h and OG-6h show more distortions from the ideal rectangle shape
at higher scan rates, which could be attributed to poor wetting properties.
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Figure 20. XPS survey of GO and OGs.

Figure 21. Raman spectra of GO and OGs.
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Figure 22. FTIR spectra of GO and OGs.

Figure 23. TGA curves of GO and OG. Samples were heated at a rate of 20 °C/min in air.

48

Figure 24. Specific capacitances and C/O ratios of OG with different reaction times.

Figure 25. CV curves of GO in 1 M H2SO4 at different scan rates.
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Figure 26. CV curves of OG-1h, OG-2h, OG-4h and OG-6h at different scan rates. 1 M
H2SO4 was used as electrolyte. Reprinted with permission from [110].Copyright 2011
American Chemical Society.
3.4 Conclusions
The solvothermal method was used to prepare OG-3h, which shows a specific
capacitance up to 276 F/g at 0.1 A/g in a 1 M H2SO4 electrolyte with good rate
performance and cycling stability. The high capacitance is due to the surface oxygencontaining

groups,

mainly

carbonyls

and

hydroxyls,

which

lead

to

large

psudeocapacitacne, less aggregation and good wetting properties. The superior capacitive
performance of OG-3h demonstrates the importance of controlling the surface chemistry
of graphene for supercapacitor applications.
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CHAPTER 4
NITROGEN-DOPED GRAPHENE FOR ELECTROCATALYSIS OF
OXYGEN REDUCTION REACTIONS
4.1 Introduction
The oxygen reduction reaction (ORR) on the cathode of fuel cells still makes
considerable contributions to the energy loss in fuel cells. The traditional Pt-based
catalyst, developed for Apollo lunar mission in 1960s, exhibits high catalytic activity, and
is being continuously optimized in many ways, including tailoring the size-, shape- and
alloy-effect.[116-118] However, the high cost and scarcity of Pt intrinsically limit the
large scale production and commercialization of Pt-loaded fuel cells. According to the
latest cost analysis, Pt-based catalysts account for ~ 34 % of fuel cell stack cost.[119] In
addition, the Pt-based catalyst also suffers from crossover and poisoning effects which
compromise the efficiency of fuel cells.[120] The search for alternative ORR catalysts
has led to the development of many non-precious metal catalysts, including transition
metal-microcycles,[121] nanostructured manganese oxides,[122] and metal-free N-doped
carbon materials.[123, 124] Recently, it was reported that the N-doped carbon materials
not only have high activity toward ORR, but also long-term durability and tolerance to
poisoning. Various forms of N-doped carbon catalysts have been studied, such as carbon
nanotube,[123] carbon nanofiber,[125] and graphene.[24] Among them, N-doped
graphene (NG) is of particular interest due to the excellent properties of graphene, such
as its high the surface area and good electrical conductivity.
Figure 27 shows the schematic structure of NG. The N dopants have several
possible bonding configurations, including pyridinic N, pyrrolic N, graphitic N and
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oxidized N. Ammonia groups are also possibly in some NGs, but they are unlikely
present in NG prepared at high temperatures.

Figure 27. Schematic structure of NG. Reprinted with permission from [126]. Copyright
2013 Elsevier.
Experimentalists are working to identify the active site in NG for ORR catalysis.
Conflicting results have been reported: some observed that the content of graphitic N is
closely related to the ORR activity,[127, 128] while some claims that the pyridinic N
plays a role in the ORR process.[24, 129] Such controversy is largely because of the
structural complexity of typical NGs that various N functionalities co-exist, making it
nearly impossible to isolate the catalytic activity of individual functionality. In this regard,
the mechanistic study by simulations methods may be more insightful. For example,
Ikeda et al. found that oxygen molecules are preferentially adsorbed by the C atoms at the
zig-zag edge of graphene when a graphitic N is nearby.[130] Zhang et al.’s results
suggest that the ORR active site on NG is associated with the C atoms with either high
charge density or positive spin density.[131] Ni et al.’s result indicates the graphitic N is
the most effective N functionalities in lowering the energy barrier for the dissociation of
oxygen molecules.[132] Kim et al. reports that the graphitic N near the edges yields the
lowest energy barriers for ORR and hence is the main active sites; however, their
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proposed catalytic cycle also involves the transformation between graphitic N and
pyridinic N, which explains the controversy whether graphitic N, pyridinic, or both are
the active sites.[133] Overall, most of theoretical results and some experimental works
suggest that the graphitic N is most responsible for ORR catalytic activity, which serves
as an important guideline for material design.
Several methods have been successful in producing NG, which are compared in
Figure 28. Chemical vapor deposition (CVD) in the presence of N source is the most
common method for the preparation of NG.[25] However, the growth of NG via a CVD
method only occurs on the surface of a metal substrate (such as Ni and Cu), and thus is
very difficult to scale up. Similarly, segregation growth of graphene, which used predissolved C and N source, also suffers from scalability issue.[134] Cheng and his
coworkers developed a solvothermal method to synthesize NG using Li3N and CCl4 as
the precursors, capable of producing NG in large quantity.[135] Unfortunately, the
quality of NG and its catalytic activity is low. Later, people found that GO can be used as
a platform, and the N atoms can also be incorporated into the graphene lattice by post
treatment, such as thermally annealing with NH3,[136] arc discharge with
pyridine/NH3,[137] or nitrogen plasma treatment of graphene.[138] The post treatment of
GO has good scalability; however, these methods require either toxic gas precursors or
special instruments. Moreover, it is difficult to control the type of N functionality in the
NG using these methods. It is known that the nature of N functionalities affects the
catalytic activity. Accordingly, it is of great importance to develop a facile method to
prepare NG with flexibility to control the type of N functionality.
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Figure 28. Comparison of various methods to prepare NG in terms of their scalability and
NG quality; figures are reprinted with permissions from reference [99, 135, 139, 140].
Copyright 2012 Macmillan Publishers Ltd, 2011 American Chemical Society.
In this chapter, we developed a low cost and scalable method for the preparation
of NG by thermally annealing GO with solid N-containing molecules. The basic principle
is depicted in Figure 29. GO is used as the starting materials, which is an important
derivative of graphene and has lots of oxygen-containing moieties on the graphene sheet,
providing reactive sites to interact with other molecules. N-containing molecules are then
reacted with GO to incorporate the N atoms into the graphene lattice. After that, pyrolysis
at elevated temperature is used for structural re-construction. In this process, the structure
of N containing molecules and the pyrolysis temperature are two key parameters to
control the bonding configurations of N dopants.
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We selected four N-containing molecules for this study, including urea, melamine,
polypyrrole (PPy), and polyaniline (PANI); their structures are shown in Figure 30. Urea
has a N content of 46.7% and two amino groups for chemical reaction; melamine, a
common industrial chemical, is chosen as the N source due to its high N content (66.7%
by mass), and bi-functional structure where amino groups can interact with GO and
trizine rings can be converted to graphitic N. The favorable formation of graphitic N is
expected because of the structural similarity between trizine rings and graphitic N. Ncontaining polymers PPy and PANI are selected primarily because of their high thermal
stability. The GO-N-containing molecule sample were pyrolyzed at elevated temperatures
ranging from 400 to 1100 °C to restore the graphene structure with N doping. In this
chapter, the NGs are labels as NG-N precursor-pyrolysis temperature. The evolution of
NG structure and the catalytic activity are studied to gain insight into the structureproperty relation of NG for ORR.

COOH
OH

R CO

O

OR
O

N
R

N

R
R=Nitrogen-containing molecules
Figure 29. The basic idea of preparing NG by pyrolysis of GO with N-containing
molecules.
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Figure 30. Structures of N-containing molecules used in this study.
4.2 Experimental
4.2.1 Material synthesis
4.2.1.1 GO-urea
GO (50 mg) was dispersed in water (100 mL) by ultrasonication. Then urea (0.25
g) was added into the GO solution which was stirred at 500 rpm until complete
dissolution of urea. The solution was dried at 55 °C. The dried GO-urea mixture was
pyrolyzed at 800 °C for 30 min in an Ar atmosphere to produce NG. Pure GO was also
pyrolyzed at the same condition. The thermally reduced GO is called graphene in the
work and used as the control sample.
4.2.1.2 GO-melamine
50 mg GO was dispersed in 100 mL water by sonication. Then 0.25 g melamine
was added into the GO solution which was stirred at 500 rpm until significant
agglomeration was observed. The solution was dried at 55 °C in an oven. The solid
material was collected and homogenized into fine powders using a mortar and pestle. The
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GO-melamine powder was pyrolyzed at 900 °C for 30 min in an Ar atmosphere to
produce NG.
4.2.1.3 GO-PPy
To prepare GO-PPy composite, 200 mg GO was dispersed in 40 mL water by
sonication. Concentrated HCl was added in to the GO suspension to form a 1 M solution.
After that, 100 mg pyrrole was added into the GO solution. A catalyst solution of 0.17g
(NH4)2S2O8 in 1 M HCl was added. The reaction was carried out at room temperature for
24 hours. Then the GO-PPy composite was collected by vacuum filtration, washed
repeatedly with water, and dried at 55 °C over night. The NG was prepared by pyrolyzing
the GO-PPy composite at 900 °C for 30 min in an Ar atmosphere. Pure PPy was prepared
in the same way without adding GO.
4.2.1.4 GO-PANI
To prepare GO-PANI composite, 200 mg GO was dispersed in 40 mL water by
sonication. Concentrated HCl was added in to GO suspension to form a 1 M solution.
After that, 100 mg aniline monomer was added into the GO solution. A catalyst solution
of 0.17g (NH4)2S2O8 in 1 M HCl was added. The reaction was carried out for 24 hours.
Then the GO-PANI composite was collected by vacuum filtration and washed with
copious water. The GO-PANI composite was dried at 55 °C over night. The NG was
prepared by pyrolyzing GO-PANI composite at 1000 °C for 30 min in an Ar atmosphere.
Pure PANI is prepared in the same way without adding GO.
4.2.2 Structural Characterizations:
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TGA and differential scanning calorimetry (DSC) were carried out on a
simultaneous DSC-TGA analyzer (SDT Q600, TA Instruments Co.). Samples were
heated at a rate of 20 °C/min in nitrogen. Scanning electron microscopy (SEM, LEO
1530) and Transmission electron microscopy (TEM, Joel 100 CX) were used to image
the morphology of NGs. Electron energy loss spectroscopy (EELS) was acquired on a
Tecnai F30 TEM. FTIR characterization was performed at ambient temperature with a
FTIR spectrometer (Nicolet, Magna IR 560). Raman characterization was carried out
using a LabRAM ARAMIS, Horiba Jobin Yvon with a 532-nm-wavelength laser. The
XPS was carried out with a Thermo K-Alpha XPS. The nitrogen adsorption/desorption
isotherm was collected at using a Micromeritics TriStar II sorptometer (Micromeritics
Instrument Corporation, USA). Powder X-ray diffraction (XRD) analysis was carried out
with a Philips X-pert alpha-1diffactometer, using Cu Kα radiation (45 kV and 40 mA).
4.2.3 Electrochemical Characterizations:
The electrochemical properties of NGs were tested in a three-electrode system. A
Pt wire and Ag/AgCl electrode filled with saturated KCl aqueous solution were used as
the counter electrode and reference electrode respectively. The electrolyte was 0.1 M
aqueous KOH solution which was purged by nitrogen or oxygen for 10 min prior to the
electrochemical test. To prepare the NG-loaded working electrode, NG was dispersed in
the mixture of 5 wt% Nafion solution and water (V: V =1:9) by sonication. 10.00 μL of 1
mg/ml NG dispersion was transferred onto a glassy carbon electrode (GC, 3 mm
diameter, 0.07065 cm2 geometric area) and dried at 80 °C. The NG loading was
calculated to be 141 μg/cm2. The control sample graphene and Pt/C (20 wt% Pt, Alpha
Aesar) on GC were prepared in the same way. CV and linear scan voltammetry (LSV)
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were measured on a Versastat 2-channel system (Princeton Applied Research). The
electrocatalytic activities toward ORR were also measured using a rotating disk electrode
(Pine Instrument, MSR analytical rotator) with a scan rate of 10 mV/s. 28 μL of 1 mg/ml
NG dispersion was transferred onto the GC electrode (5mm diameter, 0.196 cm2
geometric area) embedded in a PTFE holder, and dried in air at 80 °C for 1 hour. A
platinum electrode were used a counter electrode. The 0.1 M KOH solution was prepared
as electrolyte and saturated with oxygen by bubbling with oxygen gas for 30 minutes
before measuring ORR activities. The potential was controlled by a potentiostat
(Solartron, SI 1286).
4.3 Results and Discussion
4.3.1 Preparation of NG
4.3.1.1 GO-urea
The morphology of resulting NG-urea-800 is characterized by TEM, as shown in
Figure 31a. The highly wrinkled NG has a low contrast under electron beam indicating a
small thickness. Raman microscopy offers clear evidence of N-doping in graphene lattice.
As seen in Figure 31b, the G peaks of GO, graphene and NG-urea-800 appear at 1600,
1588, and 1580 cm-1, respectively. The downshift of G peak from GO to graphene could
be attributed to the restoration of conjugated structure during pyrolysis.[141] The further
downshift of G peak in NG concurs with previous reports of NG from other methods, and
may be related to the electron donating capability of N heteroatoms.[25, 135, 142] The G
peak position is sensitive to the concentration of charge carriers and dopants. For pristine
undoped graphene, both n-doping and p-doping will lead to an upshift of D peak
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position.[143, 144] The graphene control sample has an upshifted G peak at ~ 1588 cm-1
compared to reported value (1580 cm-1) for pristine graphene[145] because of the
existence of O-containing residual groups and adsorbed water that lead to a p-doping
effect. The downshift of G peak position in NG could be attributed to the fact that the
incorporation of N atoms lead to n-doping effect that neutralizes the p-dopant in graphene.
This observation is similar to previous reports that the interaction between graphene and
electron-donating specifies causes downshifted G peak.[146, 147] Moreover, it is
interesting that the electron-donating/withdrawing property of N dopant depends on its
bonding configuration. For example, previous studies on N-doped carbon nanotubes
showed that graphitic N cause n-type doping, while pyridinic N and pyrrolic N cause ptype doping.[148, 149] Therefore, the downshift of G peak in our observation probably
indicates that a relatively high content of graphitic N that leads to an overall n-doping
effect.In addition, the ID/IG ratio in Raman spectra has been used to evaluate the disorder
in graphene materials. It is found that ID/IG ratio in GO is 1.10, which increases slightly to
1.13 for graphene and to 1.15 for NG-urea-800. The increased ID/IG ratio results probably
from the generation of smaller nanocrystalline graphene domains,[37] the loss of carbon
atoms by the decomposition of oxygen-containing groups, [48] and the incorporation of
N heteroatoms.[25]
The chemical structure of NG-urea-800 was further investigated using FTIR. As
shown in Figure 31c, GO shows distinct peaks at ∼3420 (broad), ∼1725, and∼1625 cm-1,
which could be attributed to hydroxyls, carbonyls, and absorbed water, respectively.[110]
Urea has characteristic peaks at 3320 and 3420 cm-1 (amino groups), and 1680 cm-1
(carbonyls). In the FTIR spectrum of NG-urea-800, no amino group and carbonyl related
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peak can be observed, indicating that these groups completely decomposed during
pyrolysis. Moreover, a broad peak at ~ 1100 cm-1 appears, due probably to the formation
of N-C bonds and the residual C-O groups.
Figure 31d shows the SDT curve, which was used to monitor the physical change
and chemical reactions during the pyrolysis of GO-urea mixture. The evaporation of
water molecules absorbed on GO results in a slight weight loss below 100 °C, and the
melting of urea leads to an endothermic peak at ~ 136 °C. Two dramatic weight losses
were observed between ~ 150 - ~ 250 °C and ~ 300 - ~370°C, and were accompanied by
large endothermic peaks centered at ~ 240 °C and ~ 360 °C, respectively. The chemical
reactions of urea decomposition at these temperatures were found to be very complicated
with various reaction intermediates and products, such as cyanuric acid, ammelide and
melamine.[150] Moreover, the decomposition of labile oxygen-containing groups on GO
occurs at ~ 200 °C. At temperatures between 370 - 560 °C, a gradual weight loss is noted,
due to the slow decomposition of GO and urea derivatives. The complete decomposition
of GO-urea mixture occurred at ~580-630 °C with an exothermic peak at ~ 610 °C.
XPS was used to characterize the elemental composition of NG-urea-800. As seen
in Figure 32, the N content is found to be 7.86 at% from the survey spectrum, which is
close to 8.35 at% determined by chemical analysis. The high resolution C1s peak is
centered at 284.8 eV with a tail at higher binding energies, indicating the existence of
carbon atoms connected to N and O heteroatoms. Peak deconvolution shows that there
are 74.3% C=C, 17.5% C=N&C-O, 5.9 % C-N&C=O, and 2.3% O-C=O. The high
resolution N 1s could be deconvoluted into four components: 44.4 % pyridinic N, 21.2 %
pyrrolic N, 24.0 % graphitic N, and 10.5 % oxidized N. Moreover, the high resolution O
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1s spectra could be fitted into two peaks at ~ 532.2 and ~ 536.0 eV, corresponding to
hydroxyls and absorbed water, respectively.

a

b

500 nm

c

d

Figure 31. (a) TEM of NG-urea-800; (b) Raman spectra of GO, graphene and NG-urea800; (d) FTIR spectra of GO, urea and NG-800; (d) SDT curve of GO-urea mixture.
Reprinted with permission from [151]. Copyright 2012 Wiley.
The XPS is particularly useful to study the evolution of N functionalities during
pyrolysis and gain insight into the pathway of N doping. The N precursor urea has a
simple structure and only one type of N in amino groups; however the structure of
resulting NG is rather complex with various N functionalities. It is found the graphitic N
peak at 401.2 eV becomes increasingly obvious at higher pyrolysis temperatures (Figure
33), as a result of the reconstruction of NG structure and transformations of N
functionalities. The favorable formation of graphitic N at high temperatures could be
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attributed to its higher thermal stability than pyridinic N and pyrrolic N.[152] Moreover,
the change of the shape of N 1s spectrum is accompanied by a gradual decrease of N
content, shown in Figure 33 inset. The N content is 13.81 % at 400 °C, and slowly
decreases to 10.88 % at 600 °C, 7.86 % at 800 °C and 6.70% at 900 °C.

Figure 32. XPS spectra of NG-urea-800: survey spectrum and high resolution C 1s, N 1s
and O 1s spectra. Reprinted with permission from [151]. Copyright 2012 Wiley.
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Figure 33. High resolution N 1s spectrum of NG-urea pyrolyzed at different temperatures.
Inset, the N contents of NG pyrolyzed at different temperatures determined by XPS
survey spectra.

Figure 34. Schematics of GO-urea reaction during mixing and pyrolysis.
There are two possible pathways for N-doping during pyrolysis. The first pathway
is via chemical reactions of urea with surface functional groups and subsequent thermal
transformations during pyrolysis. For example, oxygen-containing functional group on
GO (hydroxyls, carboxyls) can interact with amino groups in urea, contributing to the
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incorporation of N into graphene lattice. These N probably exist on the edges in the form
of pyridinic N, pyrrolic N at initial stage of pyrolysis, and then transform to graphitic N at
higher temperatures.[153] This process is schematically shown in Figure 34. Another
possible pathway for N-doping is that carbon nitride, produced by the decomposition of
N precursors, acts as an intermediate for the formation of N dopants in NG.[154]
Although the preparation of carbon nitride from urea has been reported,[155] this
pathway has minor contribution here because: 1) the yield of carbon nitride from urea is
very low;[150] 2) the decomposition of carbon nitride (incorporation of N into graphene)
occurs below 700 °C, typical leading to a sharp drop of N content at these
temperatures.[156] This is contradictory to the gradually decreased N content observed in
XPS characterizations. 3) FTIR confirms the absence of signature peak for carbon nitride
at ~ 810 cm-1(triazine ring),[156] indicating that it is unlikely that carbon nitride is
involved in this process.
4.3.1.2 GO-melamine
GO is a highly oxidized form of graphene with many O-containing moieties on
the surface, such as hydroxyls, epoxies, carbonyls and carboxyls. These O-containing
groups are hydrophilic and carboxyls bring in negative charges on the GO surface. As a
result, GO can be well dispersed in water, as seen in Figure 35. After adding melamine,
clear agglomeration occurs, indicating a strong interaction between melamine and GO
(Figure 35). The nature of GO-melamine interaction could be hydrogen bonding between
amine group in melamine and O-containing groups in GO, ionic bonding between
protonated amines and carboxyls, or π-π interaction between unoxidized area in GO and
triazine rings.[157, 158] The fact that the colloidal GO dispersion is destabilized by
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adding melamine indicates the existence of ionic bonding that compensates the surface
negative charge on GO. The strong interaction between GO and melamine allows the
formation of a homogenous GO-melamine composite after drying. As a result, a more
efficient doping is expected compared to the previously reported mechanical mixing
method.[159]
To monitor the chemical reaction during pyrolysis, the thermal profile of
pyrolyzing GO-melamine mixture was recorded in SDT in nitrogen atmosphere. As
shown in Figure 36, the weight loss at ~ 200 °C is due to the decomposition of labile Ocontaining groups in GO. There is a significant weight loss between 300-360 °C
accompanied by an endothermic peak centered at 348 °C that signifies the sublimation
and condensation of melamine. A gradually weight loss is observed between 400-600 °C,
possible due to further condensation of melamine and de-oxygenation of GO. No obvious
heat flow is seen in this temperature range. The complete decomposition of graphitic
structure and carbon nitride was observed at ~ 660 °C with a large exothermic peak. The
extensive degradation of carbon nitride is consistent with the previous study on thermal
behaviour of melamine.[156]

Figure 35. 0.5 mg/mL GO dipersion in water before (left) and after (right) adding 2.5
mg/mL melamine.
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Figure 36. The SDT profile of GO-melamine in nitrogen atmosphere at a ramping rate of
20 °C/min.

Figure 37. SEM images of NG-melamine-900 at (a) low magnification and (b) high
magnification. (Inset, a TEM image of NG-melamine-900). Reproduced from [154] with
permission from the PCCP Owner Societies.
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Figure 38. SEM images of graphene at (a) low magnification and (b) high magnification.
Figure 37 shows the morphology of NG-melamine-900. As seen in the SEM
image (Figure 37a), the NG-melamine-900 contains high aspect ratio micron-sized flakes,
as well as particles with hundreds of nanometers in size. The flake-like NG-melamine900 is similar to the stacked GO sheets, yet in contrast to pyrolyzed GO which became
fully exfoliated at 900 °C (Figure 38). The driving force for GO exfoliation is the high
pressure generated by the decomposition of O-containing groups, which produces
gaseous molecules faster than their diffusion rate.[43] Exfoliation of GO occurs as soon
as this pressure exceeds the van der Waals force between GO sheets.[43] However, after
being intercalated by melamine, GO sheets are no longer tightly stacked and thus the high
pressure cannot build up. Consequently, no exfoliation is observed for NG-melamine900. Moreover, the zoom-in image shown in Figure 37b reveals the highly wrinkled
nature of NG-melamine-900. The wrinkles on NG-melamine-900 are also observed in
TEM (Figure 37b inset).
The N doping in NG-melamine-900 could be directly visualized in energy-filtered
TEM images. As seen Figure 39, a uniform distribution of N heteroatom on graphene
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lattice is observed. The N content varies between ~ 6-9% among different NG-melamine900 sheets.
The chemical structure of NG-melamine-900 was investigated using FTIR, as
shown in Figure 40a. A complete assignment of peaks is listed in Table 2. In the
spectrum of GO, a sharp peak at ~ 1387 cm-1, a signature for -OH groups, is also present
in NG-melamine-900, indicating that the hydroxyl is one of the residual O-containing
groups in NG-melmaine-900. Four peaks above 3000 cm-1 are found in the spectra of
melamine, which could be attributed to amino groups. After pyrolysis at 900 °C, these
peaks disappear, indicating a complete removal of amino groups. The elimination of
ammonia was reported as a pathway for the condensation of melamine.[156]
Furthermore, the peaks at ~ 1030 and ~ 810 cm-1 are from C-N and triazine rings in
melamine and are also seen in the NG-melamine-900, evidencing the existence of
melamine-like moieties in NG-melamine-900.
Figure 40b shows the Raman spectra of GO, graphene and NG-melamine-900.
After pyrolysis, the ID/IG is 1.0 for GO, and increases to 1.12 for both graphene and NGmelamine-900. The increase of ID/IG upon GO reduction is normal and could be
attributed to the generation of edges and holes. Furthermore, the G peak position shifts
from 1599 cm-1 for GO to 1589 cm-1 for graphene, indicating the restoration of
conjugated structure upon pyrolysis. Interestingly, the G peak of NG-melamine-900
further shifts to ~ 1580 cm-1. The downshift of G peak in NG is consistent with the
previous report, signifying the successful N doping.[160]
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Figure 39. (a) Bright field TEM image and (b) Energy-filtered TEM image of NGmelamine-900. Green background and red dots represent C and N respectively. (c)
EELS acquired from the area shown in (a). Reproduced from [154] with permission from
the PCCP Owner Societies.

Figure 40. (a) FTIR spectra of GO, melamine and NG-melamine-900 and (b) Raman
spectra of GO, graphene and NG-melamine-900. The dash lines indicate the positions of
peaks that are specifically discussed. Reproduced from [154] with permission from the
PCCP Owner Societies.
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Table 2. Peak assignment of FTIR spectra of GO and melamine.[110, 156]
Peak position
Assignment
wavenumber (cm-1)
GO
3420 (broad)
1724
1637
1582
1382
1076 (broad)

O-H , absorbed water
C=O (carboxylic and ketone)
absorbed water
unoxidized aromatic region
O-H
C-O (phenolic, epoxy, and ketone groups)

Melamine
3470, 3426, 3338, 3130, 1650
1562, 1468, 1431, 815
1030

NH2
1,3,5-s-triazine ring
C-N

Figure 41. XPS survey and high resolution C 1s, N 1s, O 1s spectra of NG-melamine900. Reproduced from [154] with permission from the PCCP Owner Societies.
The XPS is used as a primary tool to characterize the chemical composition of
NG. Figure 41 shows the XPS spectra of NG-melamine-900. The survey spectrum clearly
indicates the existence of N in NG-melamine-900, estimated to be 8.05 %, as well as
some residual O-containing groups. The high N content is similar to that determined by
EELS. The high resolution C 1s peak is centered at 284.7 eV, typical for the sp2 graphitic
carbon, and has a tail at higher binding energy as a result of carbon atoms bonded to
heteroatoms (O and N). Peak deconvolution is carried out to fit the C 1s spectra into four
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components, which are sp2 C (284.7 eV), C-O/C=N (286.0 eV), C-N (287.2 eV) and C=O
(288.3 eV).[161] It is found that 74.1 % C is from graphite structure, 17.9 % from CO/C=N bonds, 6.0 % from C-N and 1.9 % from C=O bonds. The N 1s spectrum of NGmelamine-900 can be deconvoluted into four components at 398.1, 399.6, 401.2, and
403.0 eV, corresponding to pyridinic N, pyrrolic N, graphitic N, and oxidized N
respectively.[152] The percentage of graphitic N is up to 24.6 %, which could be
attributed to the structural similarity between melamine and graphitic N. The existence of
pyrrolic N, which is not present in precursor melamine, is probably a product of the
reaction between GO and amino groups in melamine. Furthermore, the O 1s spectrum
was reasonably fitted into a single peak at 532.1 eV, indicating that hydroxyls, probably
in a phenol form, are major O-containing groups in NG-melamine-900.[90] This is
consistence with the FTIR results. The high thermal stability of phenol was also reported
recently.[162]

Figure 42. Evolution of N-containing groups in NGs from XPS characterizations: (a)
total N content (b) percentage of each N-containing group and (c) N-containing group
content as a function of pyrolysis temperature. Lines are for visual aids. Reproduced from
[154] with permission from the PCCP Owner Societies.
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It is found that the pyrolysis temperature is the primary factor determining the
structure of NGs. The evolution of N-containing groups upon pyrolysis is studied by
analyzing a series of XPS spectra of NG-melmaine. The total N content is obtained from
XPS survey spectrum and plotted in Figure 42a as a function of pyrolysis temperature. A
high N content of 43.0% is found in NG-melamine-400, indicating an initial stage of the
condensation of melamine and formation of carbon nitride. This is consistent with the
SDT profile which gives a temperature of ~348 °C for the sublimation and condensation
of melamine. The N content continuously decreases when increasing the temperature to
700 °C, due to further condensation of melamine by deammonation reaction. However, it
is found that the N content of NG-melamine-700, NG-melamine-800 and NG-melamine900 shows similar values of 8.55%, 8.53%, and 8.05%, respectively. The fact that N
content does not vary much between 700 - 900 °C likely results from that at temperatures
higher than 700 °C, condensed melamine fully incorporates into the graphitic structure
and become thermally stable. At a higher temperature of 1000 °C, the N content starts to
drop to 6.24 %.
There are two possible pathways for N-doping during pyrolysis. The first pathway
is that carbon nitride, produced by decomposition of melamine, acts as an intermediate
for the formation of N dopants in NG. Another pathway is via chemical reactions of
melamine with surface functional groups and subsequent thermal transformations during
pyrolysis. To elucidate the doping mechanism for pyrolysis of GO-melamine, the
following controlled experiments were carried out: 1) GO-melamine mixture was washed
by copious water before pyrolysis to remove excessive melamine. It was found that the N
content in resulting NG is significantly lower (< 3 %), indicating that excessive
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melamine, which are critical for the formation of carbon nitride, plays a role in doping
process. However, we found that further increase the melamine/GO ratio to 10 does not
lead to a higher N content in NG, probably because only carbon nitride adjacent to
graphene could be converted to NG. 2) The GO-melamine was pre-reduced before
pyrolysis (300 °C in H2/Ar) to remove oxygen-containing functional groups that can react
with melamine. The resulting NG from reduced GO-melamine has a N content of 7.41 %,
which is closed to NG reported in main text, indicating the minor role of oxygencontaining functional groups in the doping process. Therefore, we conclude that the
conversion of carbon nitride to NG is a dominate pathway for N-doping.
To study the transformation of N-containing groups during pyrolysis, the
percentage of different N-containing groups is obtained from XPS N 1s spectra and
plotted in Figure 42b. It is found that the percentage of N-containing groups shows
dramatic changes at temperatures below 700 °C as a result of transformation reactions
between different N functionalities, and becomes relatively stable at higher temperatures.
The absolute N-containing group content is calculated and shown in Figure 42c. The
following points can be addressed to gain insight into the chemical reactions during
pyrolysis: (1) amino N dramatically decreases from 13.4 % in NG-melamine-400 to 1.7
% in NG-melmaine-500 and disappears at 600 °C and higher, which is consistent with the
FTIR result that ammonia peaks are only observed in NG-melamine-400 but not in other
NG samples (> 400 °C) (Figure 43). The rapid decrease of amino N confirms that
condensation of melamine is through elimination of ammonia, which is completed at
temperatures below 600 °C. (2) pyridinic N, a major N-containing group in NG, increases
slightly between 400-500 °C, from 15.4 % in NG-melamine-400 to 17 % in NG-
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melamine-500, and meanwhile, pyrrolic N drops from 9 % in NG-melamine-400 to 1.2 %
in NG-melamine-500. Thus, it is possible that some of pyrrolic N becomes pyridinic N
(or graphitic N) at 400-500 °C. This is in contrast to previous report that pyrrolic N is
stable until 600 °C.[152] (3) The percentage of N functionalities in NG, especially the
high content of graphitic N, is significantly different from typical carbon nitride prepared
from melamine,[163] confirming that N is effectively doped into the graphitic lattice
instead of forming carbon nitride clusters on graphene.

Figure 43. FTIR spectra of NG-melamine-400, NG-melamine-500 and graphene.
4.3.1.3 GO-PPy
GO-PPy was synthesized via an in-situ polymerization of pyrrole in a GO
solution. The PPy grow preferentially on the surface of GO sheet due to the electrostatic
interaction between positively charged pyrrole and negatively charge GO, and the π-π
interaction between pyrrole ring and conjugated segment in GO. As a result of this strong
interaction, GO acts as a structuring agent that PPy forms a thin layer on GO (Figure
44a), which is in contrast to the granular-like ppy obtained without adding GO (Figure
Figure 45). The incorporation of PPy also changes the stacking of GO sheets, from a 2D
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closely stacked layer to a 3D porous structure (Figure 44b). This phenomenon has also
been found in the preparation of GO-conducting polymer hydrogel, which was attributed
to the increased ratio of bonding/repulsive forces that stabilizes the GO hydrogel
network: by adding conducting polymers such as PPy, the negative charges on GO is
neutralized that weaken the electrostatic repulsive force, and one polymer chain can
interact with multiple GO sheets to strengthen the bonding force.[164, 165]
During the pyrolysis of GO-PPy, the PPy decomposes and re-constructs, forming
NG that attaches on reduced GO surface. As a result, clean multi-layer graphene sheet
was observed after pyrolysis (Figure 44c). The semi-transparency of NG-PPy-900 sheet
under electron beam indicates a very small thickness. Interestingly, the 3D structure was
largely preserved after pyrolysis at 900 °C, as seen Figure 44d, which could be attributed
to the open porous structure that facilitates the diffusion of gaseous species generated by
the decomposition of labile functional groups in GO-PPy. In comparison, the exfoliation
of GO occurred when closely packed GO was pyrolyzed at the same temperature (Figure
38). The 3D NG-PPy-900 architecture gives rise to a high portion of meso- and micropores, revealed by the nitrogen adsorption/desorption isotherm which shows a type-IV
curve with an H2-type of hysteresis loop (Figure 46). Brunauer-Emmett-Teller (BET)
surface area of NG-PPy-900 is measured to be ~370 m2/g and the averaged pore diameter
is ~ 5.3 nm (Figure 46 inset). Moreover, the XRD pattern of NG-PPy-900 shown in
Figure 47 has a very broad peak centered at ~ 26.0 °, indicating the partially ordered
stacking of NG with an interlayer spacing of 0.342 nm that is close to 0.335 nm for
graphite.
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Figure 44. TEM (a) and SEM (b) images of GO-PPy; TEM (c) and SEM (d) images of
NG-PPy-900. Reprinted with permission from [126]. Copyright 2013 Elsevier.

Figure 45. SEM images of the PPy synthesized without adding GO.
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Figure 46. Nitrogen adsorption-desorption isotherm of NG-PPy-900; inset is the pore size
distribution calculated from the adsorption branch on the basis of the Barrett-JoynerHalenda (BJH) model. Reprinted with permission from [126]. Copyright 2013 Elsevier.

Figure 47. XRD pattern of NG-PPy-900.
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Figure 48. N mapping of NG-PPy-900 and corresponding EDS spectrum; red dotes
indicate the N doped sites. Reprinted with permission from [126]. Copyright 2013
Elsevier.
The N doping in NG-PPy-900 could be directly visualized from the N elemental
mapping result by energy dispersive spectrum (EDS). As seen in Figure 48, the N
heteroatoms distribute uniformly throughout the surfaces of NG-PPy-900. The chemical
composition of NG-PPy-900 was further characterized by XPS. As shown in Figure 49a,
the survey spectrum of NG-PPy-900 reveals the presence of C, O, and N without any
other impurities and the N content is found to be ~ 2-3 at% from the spectra collected at
different locations. High resolution XPS was used as a primary tool to investigate the
NG structure. The asymmetric high resolution C 1s peak has a tail at high binding
energies indicating that a large portion of C atoms are connected with N and O
heteroatoms (Figure 49b). Peak decovolution reveals four components at 284.7, 285.8,
287.2, 288.4 eV in the C 1s spectrum of NG-PPy-900. In addition, the high resolution O
1s spectrum indicates that the O atoms exist mainly in the form of C=O and C-OH
(Figure 49b).
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Figure 49. XPS (a) survey spectrum and high resolution (b) C 1s, (c) O 1s (d) N 1s
spectra of NG-PPy-900. Reprinted with permission from [126]. Copyright 2013 Elsevier.

Figure 50. Evolution of N functionalities in NG-PPy with pyrolysis temperature.
Reprinted with permission from [126]. Copyright 2013 Elsevier.
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Figure 51. XPS high resolution N 1s spectrum of GO-PPy.
The high resolution N 1s spectrum is very useful to probe the nature of N
functionalities in NG. Peak deconvolution shown in Figure 49d suggests four types of N
functionalities in NG-PPy-900, which are pyridinic N (298.3 eV), pyrrolic N (400.2 eV),
graphitic N (401.2 eV), and oxidized N (403.0 eV). The NG-PPy-900 has ~ 44%
graphitic N, which is much higher than those (~20 %) reported in previous works where
melamine and urea were used as the N source.[154, 166] This high percentage of
graphitic N in NG-PPy-900 may be attributed to the structure of the N source PPy; the N
atoms in PPy can be easily converted to graphitic N. To investigate the transformation of
N functionalities during pyrolysis, the percentages of N functionalities in NGs prepared
at different temperatures are plotted in Figure 50. The entire N in the initial GO-PPy is in
the form of pyrrolic N as a result of the structural regularity of PPy monomers (Figure
51). As the GO-PPy being heated to elevated temperatures (>300 °C), the pyrrolic N
percentage decreases while the pyridinic N percentage increases monotonically,
indicating a transformation from pyrrolic N to pyridinic N. However, the pyridinic N
percentage starts to drop at temperatures greater than 600 °C with a simultaneously
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increase of graphitic N percentage, implying the transformation of pyridinic N to
graphitic N. Moreover, it is also possible that pyrrolic N directly transforms to graphitic
N at temperatures above 500 °C. Therefore, the high pyrrolic N content in the starting
GO-PPy could be a major reason that such a high graphitic N content was obtained in
NG.
The chemical reaction during pyrolysis and the structural evolution of NG were
also investigated using SDT, Raman and FTIR spectroscopy. It is found from the SDT
curve (Figure 52) that the decomposition of PPy starts at ~ 270 °C, leading to a gradual
weight loss and a broad exothermal peak centered at 300 °C. This extensive chemical
reaction above 270 °C corresponds well with the evolution of N functionality determined
by XPS. The Raman spectrum of graphene has been used to evaluate the structural
disorder. As seen in Figure 53a, the ID/IG ratio is 1.10 for as prepared GO-PPy, and
decreases to ~ 0.94-0.97 for NGs pyrolyzed at 300-600 °C, which is indicative of thermal
reduction of GO and the restoration of the conjugated system. However, the ID/IG ratio
starts to increase at higher temperatures, reaching 1.11 for NG-PPy-900 and 1.17 for NGPPy-1000, due probably to the decomposition of epoxy and hydroxyl groups that could
cause cracking of the in-plane C=C and the generation of more defects. Figure 53b shows
the FTIR spectra of GO-PPy and NGs pyrolyzed at different temperatures, which have
broad and overlapped peaks suggesting the complexity of their chemical structures. The
characteristic peaks of PPy ring at ~1542 and ~ 1466 cm-1 are observed in the spectrum
of NG-PPy-300, but slowly diminished in those of NGs pyrolyzed at greater
temperatures, indicating the break of PPy rings during pyrolysis. Moreover, the peaks at
~ 1580 and ~ 1384 cm-1 are resulted from C=C and O-H groups respectively.[82, 110]
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The broad peaks at 1300-800 cm-1 could be assigned to C-N and C-O groups. [82, 154,
166]

Figure 52. SDT curve of PPy in nitrogen atomsphere with a heat rate of 20 °C/min.

Figure 53. (a) Raman spectra of NG-PPys prepared at different temperatures (inset, ID/IG
ratio of NGs prepared at different temperatures). (b) FTIR spectra of NG-PPys prepared
at different temperatures. The transmittances were normalized to the strongest peak.
4.3.1.4 GO-PANI
GO-PANI was synthesized via an in situ polymerization reaction, where aniline
monomer was polymerized in an acidic GO solution using ammonium persulfate as the
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catalyst. The GO acts as a structuring agent so that a uniform layer of PANI was coated
on GO sheet (Figure 54a). In comparison, PANI nanorods were obtained without adding
GO (Figure 55). The GO-PANI sheets stack into a 3D porous structure as a result of the
introduction of PANI (Figure 54b), which changes the attractive/repulsive force ratio
between GO sheets.[164, 165] This phenomenon has been discussed in previous studies
on GO-conducting polymer hydrogels.[164, 165] Clean multi-layer graphene with lots of
wrinkles was produced after pyrolysis, as shown in Figure 54c. The semi-transparent
nature of NG-PANI-1000 under TEM observation indicates a small thickness. The SEM
image shown in Figure 54d reveals that the 3D assembly of NG-PANI-1000 was largely
preserved after pyrolysis. The 3D architecture leads to a high portion of meso- and
micro-pores. Figure 56 shows the nitrogen adsorption/desorption isotherm of NG-PANI1000, which has a type-IV curve with an H2-type of hysteresis loop.[167] The BET
surface area of NG-PANI-1000 is measured to be ~377 m2/g with an average pore
diameter of ~ 11.5 nm (Figure 56 inset).The XRD pattern of NG-1000 shown in Figure
57 has a broad peak at ~ 26.2 °, corresponding to an inter-layer spacing of 0.340 nm that
is close to 0.335 nm for graphite.
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Figure 54. (a) TEM and (b) SEM image of GO-PANI; (c) TEM and (d) SEM image of
NG-PANI-1000. Reprinted with permission from[168]. Copyright 2013 Elsevier.

Figure 55. SEM image of PANI synthesized without adding GO.
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Figure 56. Nitrogen adsorption-desorption isotherm of NG-1000; inset is the pore size
distribution calculated from the adsorption branch on the basis of the Barrett-JoynerHalenda (BJH) model. Reprinted with permission from[168]. Copyright 2013 Elsevier.

Figure 57. XRD pattern of NG-PANI-1000. The sharp peak at ~ 33 º results from the Si
substrate.
XPS is used to probe the chemical composition and structure of NGs. As shown
in Figure 58a, the survey spectrum of NG-PANI-1000 reveals the presence of C, N and O
without any other impurities. The N content is found to be 2.4 at%. The successful Ndoping was also confirmed by elemental mapping using energy dispersive spectroscopy
(Figure 59). The high resolution N 1s spectrum was used primarily to determine the
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bonding configurations of N atoms in NG. As seen in Figure 58a inset, the peak
deconvolution suggests four components in NG-PANI-1000 centered at 398.2, 400.0,
401.0, and 403.0 eV, corresponding to pyridinic N, pyrrolic N, graphitic N and oxidized
N, respectively. [169, 170] The graphitic N percentage is as high as 51.1%, which is vital
to high catalytic activity. In addition, the high resolution C 1s spectrum shows a peak
centered at 284.7 eV, and a tail at higher binding energies that is caused by hetero N and
O atoms in NG (Figure 58b). Moreover, the deconvolution of high resolution O 1s
spectrum suggests that the O atoms exist in –OH groups and absorbed water molecules
(Figure 58c).

Figure 58. XPS (a) survey spectrum of NG-PANI-1000 and high resolution N 1s
spectrum; high resolution (b) C 1s and (c) O1s spectra of NG-PANI-1000. Reprinted with
permission from[168]. Copyright 2013 Elsevier.

Figure 59. Energy dispersive spectrum of NG-PANI-1000.
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Figure 60. Evolution of N functionalities in NG-PANI with pyrolysis temperature.
Reprinted with permission from[168]. Copyright 2013 Elsevier.

Figure 61. High resolution N 1s spectrum of GO-PANI.
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Figure 62. Possible chemical reactions during the pyrolysis of GO-PANI.
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The evolution of N functionalities during pyrolysis was investigated by plotting
the percentages of N functionalities with respect to the pyrolysis temperature, as shown in
Figure 60. The N atoms in as prepared GO-PANI exist in imine and amine groups (Figure
61). After being pyrolyzed, pyridinic N forms as a result of the cross-linking of PANI
chains,[171, 172] while pyrrolic N is generated from amines N.[154, 166] When
increasing the pyrolysis temperature, the decomposition and re-construction of PANI lead
to a monotonic decrease in percentage of the pyrrolic N,1 and an increase in percentage of
the pyridinic N and graphitic N, suggesting a transformation of pyrrolic N to pyridinic N
and graphitic N. A possible cross-linking reaction of PANI chains is shown in Figure 62.
Moreover, the pyridinic N percentage drops at temperatures greater than 700 °C, due
probably to the transformation of pyridinic N to graphitic N. The change in N
functionalities during pyrolysis of GO-PANI is generally consistent with our previous
findings. [154, 166]
The pyrolysis of PANI was monitored by SDT analysis (Figure 63), which reveals
several major physical changes and chemical reactions during the pyrolysis of PANI,
including the loss of adsorbed water at ~ 100 °C, desorption of volatile compounds and
dopant between 200-300 °C, and structural decomposition of PANI at temperatures
greater than ~350 °C. It was also reported that the cross-linking reaction of PANI occurs
at temperature above 170 °C.[171, 172] These chemical reactions of PANI are in line
with transformations of N functionalities in NG. The structural change of NGs during
1

It is impractical to distinguish pyrrolic N and amine N because their XPS peaks are very

close. Here pyrrolic N represents both pyrrolic N and residual amine N. However, we
believe the contribution of amine N is very small due to its thermal unstability.

89

pyrolysis was further investigated using Raman and FTIR spectroscopies. Raman
spectroscopy is useful to measure the structural disorder in graphene materials. Figure
64a shows the Raman spectra of GO-PANI and NG-PANIs pyrolyzed at different
temperatures. It is found that the ID/IG ratio decreases from 1.17 initially for GO-PANI to
0.95-0.99 for NG-PANI-300 – NG-PANI-600, due to thermal reduction of GO. Then the
ID/IG ratio starts to increases to ~ 1.1 for NG-PANI-800 – NG-PANI-1100 due to the
decomposition of epoxy and hydroxyl groups that leads to the in-plane C=C crack. As
shown in Figure 64b, the FTIR spectrum of GO-PANI shows characteristic peaks for
both GO and PANI. Peaks at ~3440, 1632, and 1384 cm-1 could be attributed to O-H
stretching in hydroxyls and physisorbed water, HOH bending in physisorbed water, and
C-O bending in phenol groups respectively.[82] The broad peak between 1000-1200 cm-1
results from the stretching of C-O and C-C. PANI has characteristic peaks at ~ 1464 cm-1
from the benzenoid structure, ~ 1300 cm-1from the C-N stretching of a secondary
aromatic amine, and ~1237 cm-1 from the C-N·+ stretching in the polaron structure.[173]
As the GO-PANI being pyrolyzed at 300 °C, the peak at ~1562 cm-1 , a shoulder peak in
GO-PANI, becomes very obvious, which could be attributed to C=C stretching in
reduced GO and the quinonoid structure of PANI.[110, 173] Moreover, the peaks at
~1632, ~1300 and 1237 cm-1 disappear, due to the removal of physisorbed water and the
decomposition of PANI. In the spectrum of NG-PANI-400, the peak at 1464 cm-1are
much diminished as a result of the decomposition of benzenoid structure. Finally in NGPANI-1000, O-H in phenols, C-O and C-N are major residual functional groups.
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Figure 63. SDT curve of PANI in a nitrogen atmosphere with a ramping rate of 20
°C/min.

Figure 64. (a) Raman spectra of NG-PANIs prepared at different temperatures and the
inset is the corresponding ID/IG ratio; (b) FTIR of NG-PANIs prepared at different
temperatures. Reprinted with permission from[168]. Copyright 2013 Elsevier.
4.3.1.5 Effect of synthesis conditions on the structure of NG
In the synthesis of NGs, the pyrolysis temperature and the structure of Ncontaining precursors are two parameters that can be used to control the structure of NG.
We have used four N-containing precursors for NG preparation, and for each Ncontaining precursor, the structure of NGs prepared at different temperatures were
studied in detail. On the basis of the aforementioned results, it is possible to discuss the
effect of synthesis conditions on the NG structure.
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Figure 65 shows the schematic of N functionality evolution during pyrolysis and
their corresponding temperature ranges, which is helpful to discuss the effect of pyrolysis
temperature. The amino N is the least thermally stability group, being fully converted to
either pyridinic N or pyrrolic N at temperature below 400 °C. At temperatures of ~ 300700 °C, pyrrolic N is converted to either pyridinic N or graphitic, suggested by the
simultaneously decrease of pyrrolic N percentage and the increase of pyridinic N and
graphitic N percentages. At higher temperatures than 700 °C, graphitic N is the only
thermally stable functionalities. Moreover, the conversion of N functionality is
accompanied by the loss of N atoms, and as a result, the total N content decreases with
the temperature. Overall, high pyrolysis temperature is beneficial for producing NGs with
high graphitic N content; intermediate pyrolysis temperature leads to high percentage of
pyridinic and pyrrolic N; low pyrolysis temperature is necessary for high percentage of
amino N.
Figure 66 compares the XPS N 1s spectra of NGs prepared from different Ncontaining precursors that have the best ORR catalytic activity in their category (Section
4.3.2). It is evident that the small molecules, urea and melamine, produce NGs with high
pyridinic N percentage, while the conjugated polymers, PPy and PANI, produces NGs
with high graphitic N percentage. This trend is because that N atoms in PPy and PANI
are in conjugated systems that share more structural similarity with the graphitic N,
making them easier to be converted to graphitic N.
Overall, high pyrolysis temperature and N-containing conjugated polymers are
optimal to prepare NGs with high graphitic N that is critical for ORR catalysis. Further,
these discussions also provide important guideline for the preparation of NGs for
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applications beyond ORR catalyst. For example, NGs can be used as anode of lithiumion battery, where the pyridinic N is the most beneficial group; therefore, intermediate
pyrolysis temperature and small molecule N-containing precursors may produce NG with
larger capacity, better rate and cycling performance.[174-177]

Figure 65. Effect of pyrolysis temperature on the structure of NGs: schematic of chemical
reactions at different temperature range and the N evolution of NG-PPy.
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Figure 66. Effect of N-containing precursors on the structure of NG.
4.3.2 Catalytic activity of synthesized NG
4.3.2.1 GO-urea
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Figure 67. Electrochemical characterizations of NG-urea-800: (a) CVs in 0.1 M KOH at a
scan rate of 100 mV/s; (b) LSVs of glassy carbon electrode (GC), graphene, NG-urea800 in 0.1 M oxygen saturated KOH at a scan rate of 10 mV/s; (c) RDE measurement of
NG-urea-800 in 0.1 M oxygen saturated KOH at a scan rate of 10 mV/s (inset: number of
electron transfer as a function of potential); (d) Koutecky–Levich plots of NG-urea-800 at
different electrode potentials; (e) CVs of NG-urea-800 before and after stability test
(2000 cycles in oxygen saturated 0.1 M KOH at a scan rate of 100 mV/s); (f) CVs of NGurea-800 with and without 3 M methanol (in oxygen saturated 0.1 M KOH at a scan rate
of 100 mV/s). Reprinted with permission from [151]. Copyright 2012 Wiley.
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Figure 67 shows the electrochemical characterizations of NG-urea-800 as a metalfree catalyst for ORR. In a nitrogen saturated KOH solution, a clean capacitive CV
background is seen (Figure 67a). The introduction of oxygen leads to a large cathodic
current with a peak at ~ -0.32 V, indicating the ORR catalytic activity. The onset
potential for ORR is an important criterion to evaluate the activity of electrocatalyst. As
shown in Figure 67b, the graphene control sample shows a positively shifted onset
potential at - 0.18 V compared to -0.24 V measured on glassy carbon (GC) and ~ -0.4 V
measured on CVD grown graphene,[24] due probably to the existence of large amount of
holes and edges which have higher electrochemical activity than basal plane. However,
the NG-urea-800 shows a much higher activity, as evidenced by the onset potential of 0.10 V, which could be attributed to the effect of N-doping. The ORR on a catalyst
surface could through either a two-electron process producing peroxide or a four-electron
process producing water as the product. It is obvious that the four-electron pathway is
more efficient and favorable. The number of electron transfer per oxygen molecule on
NG was determined from RDE measurements, as seen in Figure 67. The Koutecky–
Levich equation was used to analyze the number of electron transfer:[24]
1
1
1
1
1




1/ 2
J J L J K B
JK ,
B  0.2nFC0 ( D0 ) 2 / 3 v 1/ 6

where J, JL, Jk are measured current density, diffusion-limiting current densities and
kinetic-limiting current density respectively; ω is the rotation speed in rpm, F is the
Faraday constant (96485 C/mol), D0 is the diffusion coefficient of oxygen in 0.1 M KOH
(1.9×10-5 cm2/s), υ is the kinetic viscosity (0.01 cm2/s), and C0 is the bulk concentration
of oxygen (1.2×10-6 mol/ cm3). 0.2 is a constant when the rotation speed is expressed in
96

rpm. From the fitting result shown in Figure 67d, it is found that ORR on NG-urea-800 is
dominated by an efficient four-electron process with water as the product. The number of
electron transfer is 4.0 at -0.5 V, which gradually decreases to 3.6 at -1.0 V.

Figure 68. CV curves of Pt before and after 2000 CV cycles in oxygen saturated 0.1 M
KOH without 3 M methanol and the CV curve in oxygen saturated 0.1 M KOH with 3 M
methanol.
In addition, the reliability tests reveal that NG-urea-800 has high cycling stability
and tolerance to crossover effect. As seen in Figure 67e, after 2000 consecutive CV
cycles in oxygen saturated KOH, the CV does not show significant change in shape and
area. This is in contrast to the loss of the active surface area for Pt/C catalystas a result of
possible migration, dissolution or aggregation of Pt nanoparticles (Figure 68). The high
stability of NG-urea-800 could be attributed to the strong covalent bonds between the
active sites and graphitic lattice. Moreover, methanol, a common fuel for fuel cells, is
added to the KOH electrolyte to examine the resistance of NG-urea-800 to crossover
effect. As seen in Figure 67f, the CV of NG-urea-800 in the presence of 3 M methanol
does not change much, indicating that methanol does not interfere with the ORR reaction
on cathode. However, the oxidation of methanol occurs on Pt/C surface which greatly
compromise the fuel cell efficiency (Figure 68).
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4.3.2.2 GO-melamine
The catalytic activity of NG-melamine-900 was first examined using CV in the
nitrogen or oxygen saturated 0.1 M KOH solution. Figure 69a shows a typical CV for
NG-melamine-900. In nitrogen saturated KOH, a featureless capacitive current
background was observed between -1.0 and 0.2 V. After introducing oxygen, a large
cathodic current with a peak at -0.34 V is clearly observed, evidencing the catalytic
activity of NG-melamine-900 toward ORR. The onset potential of oxygen reduction was
measured by LSV. As seen in Figure 69b, NG-melamine-900 exhibits an onset potential
of -0.10 V. In comparison, the graphene control sample has an onset potential of -0.19 V,
and the state-of-art Pt/C catalyst shows higher activity by an onset potential of -0.03 V.
However, the advantage of NG-melamine-900 over Pt/C is clearly seen in the stability
and crossover tests. As seen in Figure 69c, after 2,000 CV cycles, NG-melamine-900
shows a negligible degradation. Moreover, the addition of 3M methanol, a common fuel
in fuel cells, does not change the CV of NG-melamine-900 significantly (Figure 69d).
The ORR reaction on NG-melamine-900 is also studied by RDE, as seen in
Figure 70. The number of electron transfer per oxygen molecule is calculated by
Koutecky–Levich equations, and found to be 3.3-3.7 at potentials ranging from -1 to -0.3
V (Figure 70 inset). This suggests that the ORR catalyzed by NG-melamine-900 is
dominated by a one-step four-electron pathway producing water molecules.
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Figure 69. Electrochemical characterizations of NG-melamine-900: (a) CVs in 0.1 M
KOH at a scan rate of 100 mV/s; (b) LSVs of graphene, NG-melamine-900and Pt/C in
0.1 M oxygen saturated KOH at a scan rate of 10 mV/s; (c) CVs of NG-melamine-900
before and after stability test (2000 cycles in oxygen saturated 0.1 M KOH at a scan rate
of 100 mV/s); (d) CVs of NG-melamine-900 with and without 3 M methanol.
Reproduced from [154] with permission from the PCCP Owner Societies.
The catalytic activity of NG-melamine-900 is highly dependent on the pyrolysis
temperature, which could be attributed to the competition between N content and
electrical conductivity. As seen in Figure 71, NG-melamine-400 and NG-melamine-500
show onset potentials at -0.25 and -0.21 V respectively. Their limited catalytic activities,
although with high N content, could be attributed to the existence of a significant amount
of electrically insulating carbon nitride. As a result, electrons cannot effective propagate
through the carbon nitride/NG structure. The low electrical conductivities of NGmelamine-400 and NG-melamine-500 are revealed by the negligible capacitive
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backgrounds in their CVs (Figure 72). The removal of carbon nitride at higher
temperature leads to an improved electrical conductivity and thus an enhanced capacitive
current background (Figure 72). The onset potentials of NG-melamines (> 600°C) shift
positively as a consequence. However, once the pyrolysis temperature is higher than 900
°C, the N content decreases, resulting in a slightly lower activity for NG-Melamine-1000
(Figure 71).

Figure 70. RDE measurement of NG-melamine-900 in 0.1 M oxygen saturated KOH at a
scan rate of 10 mV/s; inset: number of electron transfer as a function of potential.
Reproduced from [154] with permission from the PCCP Owner Societies.

Figure 71. LSV curves of NG-melamines in a 0.1 M oxygen saturated KOH at a scan rate
of 10 mV/s.
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Figure 72. CVs of graphene, NG-Melamine-400, NG-melamine-500, and NG-melamine600.
4.3.2.3 GO-PPy
The catalytic activity of NG-PPy-900 was examined in a conventional threeelectrode system using nitrogen or oxygen saturated 0.1 M KOH as electrolyte. The CV
curve of NG-PPy-900 (Figure 73a) shows a clean capacitive current background in the
nitrogen saturated electrolyte, whereas an obvious cathodic current appears in the oxygen
saturated electrolyte with a peak at - 0.22 V, indicating the occurrence of ORR on the
NG-PPy-900 surface. We used RDE measurement to investigate the ORR kinetics of
NG-PPy-900 (Figure 73b). The number of electron transfer is calculated to be 3.8-3.9
between -0.3 and -0.6 V from the slope of Koutecky-Levich plots (Figure 5b inset),
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suggesting a predominant four-electron ORR catalyzed by NG-PPy-900. The superior
stability and tolerance to crossover effect were also seen in NG-PPy-900. For example,
after 2000 CV cycles in the oxygen saturated 0.1 M KOH, minimal change was observed
in the CV curve of NG-PPy-900 (Figure 74a). Moreover, the presence of 3 M methanol
did not hinder the catalytic ORR on NG-PPy-900 (Figure 74b).
The pyrolysis temperature has a profound influence on the catalytic activity of
NGs. As seen in Figure 73c and d, 900 °C appears to be an optimal temperature since
NG-PPy-900 displays a larger kinetic limiting current (9.0 mA/cm2 at -0.4 V) with a
desired four-electron pathway (3.8 at -0.4 V), compared to samples pyrolyzed at 800 and
1000 °C. It is obvious that the dependence of catalytic activity on the pyrolysis
temperature is correlated with the aforementioned evolution of NG-PPy structure during
pyrolysis, from which some useful insights can be gained into the structure-property
relation of NG-PPy as ORR catalyst. Firstly, the catalytic activity of NG-PPy increases
with pyrolysis temperature between 400 – 900 ° C, which can be seen from the positively
shifted onset potential (Figure 75). This increase of catalytic activity with pyrolysis
temperature is in line with the increase of graphitic N content, but does not agree with the
change of pyridinic N content that starts to drop above 600 °C. This result provides
additional evidence that graphitic N, instead of pyridinic N, is the N functionality most
responsible for ORR catalytic activity. Secondly, pyrolysis at a temperature higher than
900 °C causes the decomposition of some N functionalities and a resulting decrease of
catalytic activity. As a result, the highest catalytic activity is obtained at an intermediate
temperature of 900 °C. Thirdly, besides the N functionalities, the defects and graphene
edges, which can enhance the ORR catalytic activity of N-doped carbon materials,[178]
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could also partially account for the catalytic activity and its change with pyrolysis
temperature. It has been shown from the Raman spectra (Figure 53a) that more defects
are produced at high temperatures (>800 °C). The generation of defects could improve
the catalytic activity and mitigate the catalytic activity drop caused by the low N content.
Consequently, NG-PPy-1000, though with a smaller number of electron transfer (3.2 at 0.4 V), shows a comparable kinetic-limiting current (8.5 mA/cm2 at -0.4 V).
In addition to ORR, we also tested the catalytic property of NG-PPy-900 toward
oxygen evolution reaction (OER), the reverse reaction of ORR. As seen in Figure 76,
when the CV scan was extended to water oxidation regime, large anodic current appeared
due to the oxidation of water. Moreover, cathodic current peak in the ORR regime was
observed as a result of the reduction of evolved oxygen. It is found that the OER catalytic
activity of NG-PPy-900 are superior to undoped graphene, commercial Pt/C and glassy
carbon electrode (Figure 76 inset), signifying the potential application of NG as a
bifunctional electrocatalyst for both ORR and OER for unitized regenerative fuel
cells[179] and rechargeable metal-air batteries.[180]
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Figure 73. Electrochemical characterizations of NGs for ORR. (a) CV curves of NG-PPy900 in nitrogen or oxygen saturated 0.1 M KOH with a scan rate of 100 mV/s. (b) RDE
measurement of NG-PPy-900 in oxygen saturated 0.1 M KOH with a scan rate of 10
mV/s; the inset shows corresponding Koutecky-Levich plots at different potentials. (c)
LSV curves and (d) catalytic activity of graphene, and NGs prepared at different
temperatures in oxygen saturated 0.1 M KOH with a scan rate of 10 mV/s and a rotation
rate of 1600 rpm. Reprinted with permission from [126]. Copyright 2013 Elsevier.

Figure 74. CV curves of NG-PPy-900 (a) before and after 2000 CV cycles in oxygensaturated 0.1 M KOH, and (b) in oxygen-saturated 0.1 M KOH containing 3 M methanol.
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Figure 75. LSV curves of NGs prepared at different temperatures in nitrogen or oxygen
saturated 0.1 M KOH with a scan rate of 10 mV/s.

Figure 76. CV curves of NG-PPy-900 in nitrogen saturated 0.1 M KOH with a scanning
rate of 100 mV/s. The inset is LSV of NG-900, graphene control, Pt/C and glassy carbon
electrode in 0.1 M KOH with a scanning rate of 10 mV/s. Reprinted with permission
from [126]. Copyright 2013 Elsevier.
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4.3.2.4 GO-PANI
The catalytic properties of NG-PANI-1000 were investigated in a conventional
three-electrode system. As seen in Figure 77a, CV of NG-PANI-1000 reveals a pure
capacitive current background in nitrogen saturated electrolyte. In oxygen saturated
electrolyte, a prominent cathodic current appears with a peak centered at -0.22 V,
indicating a high ORR catalytic activity. RDE measurement was used to characterize the
kinetics of ORR catalyzed by NG-PANI-1000, as shown in Figure 77b. The number of
electron transfer is calculated to 3.8-3.9 between -0.35 and -0.5 V from the KouteckyLevich plots (Figure 77b inset), suggesting that the ORR on NG-PANI-1000 surface
produces water via a desirable four-electron pathway. The kinetic limiting current is 8.9
mA/cm-2 at -0.35 V, and up to 11.6 mA/cm-2 at -0.40 V. Moreover, the reliability test of
NG-PANI-1000 showed superior long-term stability and resistance to methanol crossover
to the commercial Pt/C catalyst (Figure 78). After 2000 CV cycles in oxygen saturated
electrolyte, the CV curve of NG-PANI-1000 showed minimal changes. Moreover, the
addition of 3 M methanol didn’t hinder the ORR on NG-PANI-1000.
It was found the ORR catalytic activity of NG-PANI depends strongly on the
pyrolysis temperature. The numbers of electron transfer at -0.35 V are 3.21, 3.31, 3.93,
and 3.48, respectively, for NG-PANI-800, NG-PANI-900, NG-PANI-1000, and NGPANI-1100 (Figure 79). This dependence is resulted from the previously mentioned
evolution of NG-PANI structure during pyrolysis. As shown in Figure 60, the graphitic N
content increased with pyrolysis temperature, leading to a higher catalytic activity.
However, at temperature greater than 1000 °C, the decomposition of N functionalities
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occurred, which lowers the N content (N content in NG-PANI-1000 is 1.1 at%) and the
resulting catalytic activity.

Figure 77. Electrocatalytic activity of NG-PANI-1000 toward ORR and OER. (a) CV
curves of NG-PANI-1000 in nitrogen or oxygen saturated 0.1 M KOH with a scanning
rate of 100 mV/s. (b) RDE measurement of NGs in oxygen saturated electrolyte with a
scanning rate of 10 mV/s. Inset is the Koutecky–Levich plots at different potentials. (c)
CV curves of NG-PANI-1000 in nitrogen saturated 0.1 M KOH with a scanning rate of
100 mV/s. (d) LSV of NG-PANI-1000, graphene, Pt/C and glassy carbon electrode in
0.1 M KOH with a scanning rate of 10 mV/s. Reprinted with permission from[168].
Copyright 2013 Elsevier.
We extended the CV potential range step by step to water oxidation regime to
study the catalytic activity of NG-1000 toward OER. As seen in Figure 77c, the large
anodic current appears when the electrode potential was scanned between -0.6 and 0.8 V,
indicating the occurrence of OER on NG-PANI-1000 surface. Moreover, the evolved
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oxygen can be reduced, leading to a cathodic current peak in the ORR regime. When the
potential was further extended to 1.0 V, the OER current and the resulting ORR current
increased dramatically. The ORR current also increased with the number of cycles due
probably to the accumulation of evolved oxygen. It was found that OER catalytic activity
of NG-PANI-1000 is higher than those of undoped graphene, the commercial Pt/C
catalyst, and the glassy carbon electrode, as evidenced by the LSV curves of these
materials shown in Figure 77d.

Figure 78. Reliability tests of NG-PANI-1000. (a) CV curves of NG-PANI-1000 before
and after 2000 CV cycles in oxygen saturated 0.1 M KOH. (b) CV curves of NG-PANI1000 in oxygen saturated 0.1 M KOH with and without 3 M methanol.

Figure 79. RDE measurements of NG-PANI-800 (a), NG-PANI-900 (b) and NG-PANI1000 (c) in oxygen saturated electrolyte with a scanning rate of 10 mV/s. Insets are the
corresponding Koutecky–Levich plots at different potentials.
4.3.2.5 Structure-property relationship of NG from different synthesis routes
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Table 3 summarizes the N content, graphitic N percentage and catalytic
performance of our NGs and other materials reported in literatures. Depending on the
preparation methods, the typical total N content in NG ranges from ~ 2 to 8 at%, and the
percentage of graphitic N is ~ 20 %. It can be seen that all the NGs have numbers of
electron transfer larger than 3, suggesting that they catalyze four-electron reduction
oxygen to water. Moreover, the kinetic limiting current is positively correlated with the
percentage of graphitic N, supporting the argument that graphitic N is most responsible
for catalyzing ORR.
Table 3. The catalytic properties of NGs prepared by difference methods.
Preparation method

N
content

Graphitic N
Percentage

Number of Electron
Transfer (Potentials)

Kinetic Limiting
current (Potentials)

High
Stability

Tolerance to
crossover
effect

CVD[24]

~4
at%

-

3.6-4 (-0.4 to-0.8 V
vs. Ag/AgCl)

-

Yes

Yes

NH3 heat
treatment[181]

2.8 at%

13.9%

3.8 (-0.5 V vs.
SHE)

-

Yes

Yes

Chemical
modification and
heat treatment[182]

1.73
at%

-

3.2-3.5 (-0.3 to -0.4
V vs. Ag/AgCl)

-

Yes

-

Pyrolysis of GO and
urea

7.86
at%

24.0 %

3.6-4 (-1.0 to -0.5 V
vs. Ag/AgCl)

1.4 mA/cm2 (-0.4
V)

Yes

Yes

Pyrolysis of GO and
melamine

8.05
at%

24.6%

3.3–3.7 (-0.3 to -1.0
V vs. Ag/AgCl)

4.6 mA/cm2 (-0.4
V)

Yes

Yes

Pyrolysis of GO and
PPy

2-3
at%

44%

3.8-3.9 (-0.3 to - 0.6
V vs. Ag/AgCl)

9.0 mA/cm2 (-0.4
V)

Yes

Yes

Pyrolysis of GO and
PANI

2.4 at%

51%

3.8-3.9 (-0.3 to -0.6
V vs. Ag/AgCl)

11.6 mA/cm2 (-0.4
V)

Yes

Yes

4.4 Conclusions
We developed a simple method for large-scale preparation of NG via pyrolysis of
GO and N-containing molecules. Two small molecules (urea and melamine) and two
polymers (PPy and PANI) were studied, and the structures of resulting NGs were
characterized in detail, which gave in-depth understanding on the doping mechanism and
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the evolution of N-functionalities with temperature. As expected, the structure of Ncontaining molecules and pyrolysis temperature play major roles in determining the
structure of NG. Higher pyrolysis temperature increases the percentage of graphitic N,
due to its high thermal stability. Moreover, structurally similar N functionalities are easier
to be converted to graphitic N. As a result, NG-PANI-1000 has a high graphitic N
percentage of up to 51% (relative to the total N content). The electrochemical
characterizations revealed that NGs prepared from all four precursors can catalyze fourelectron ORR for the formation of water, and exhibit superior cycling stability and antimethanol poisoning effect. Moreover, the RDE study of ORR kinetics on different NGs
suggests that high graphitic N is helpful to increase the kinetic limiting current, which is
generally in line with previous theoretical and experimental studies that graphitic N is
most responsible for ORR catalytic activity. Overall, this chapter depicts a low-cost and
scalable method to prepare NG with controlled structure, which is very promising as a
catalyst for fuel cells and metal-air batteries.

110

CHAPTER 5
SUPERHYDROPHOBIC ALKYLAMINE-FUNCTIONALIZED
GRAPHITE OXIDE FILM
5.1 Introduction
The lotus effect evokes lots of studies on self-cleaning superhydrophobic surface,
which exhibits a static water contact angle larger than 150 º and hysteresis smaller than
10º.[183-189] These surfaces have been widely used for anti-stiction and anticontamination

films

in

opto-electronics,

biochemical

sensors,

and

microelectromechanical systems (MEMS).[190-192] Various methods and materials have
been applied to generate superhydrophobic surfaces including carbon based materials
such

as

self-cleaning

carbon

nanotube

(CNT)

forests,

pillars,

films

or

nanocomposites.[193-197] Unfortunately, the fabrication of CNT-based self-cleaning
surfaces is generally limited by its high cost and wafer-sized production.
Recently, graphene, an allotrope of carbon, and related materials have attracted
considerable attention due to their high structural strength, excellent electrical properties
and so on.[2, 9] Several experimental and simulation studies have been focused on the
surface property and wettability of graphene/graphite films.[198, 199] Epitaxial grown
graphene exhibits a contact angle of 92.5 º, which is close to 91 º for highly oriented
pyrolytic graphite.[91] The graphene film, due to an enhanced surface roughness, has a
larger contact angle of 127 º.[200] Koratkar et al. reported that the surface roughness can
be tuned by changing the solvent composition, which produce graphene films ranging
from superhydrophobic to superhydrophilic.[201]
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GO is a derivative of graphene consisting of oxygen functional groups on their
basal planes and edges, which can be synthesized by chemical oxidation of graphite. GO
is well dispersed in polar solvents, due to the hydrophilic functional groups. The ease of
synthesis and the good processiblity make GO a promising precursor for graphene and its
derivatives. Understanding the wettability of GO film is very important for the in depth
study of graphene-based functional materials. Untreated GO films are hydrophilic with a
water contact angle of 67.4 ˚.[200] So far, few studies have been conducted on tuning the
wettability of GO films, and have been limited to the functionalization of GO with
phenylisocynate to produced enhanced hydrophobic GO films.[73]
In this study, we demonstrate a facile way to synthesize superhydrophobic GO
films with water contact angles of 163.2 º ± 1.5 º by functionalizing GO with
octadecylamine (ODA). ODA has a long hydrocarbon chain, which will lower the surface
energy of ODA functionalized GO (ODA-GO). The ODA-GO films exhibit an enhanced
surface roughness, which is essential for its superhydrophobicity. Superhydrophobic
surfaces based on ODA-GO can be obtained by various methods, suggesting the potential
application in superhydrophobic coating.
5.2 Experimental
5.2.1

Functionalization of GO and preparation of ODA-GO films
100 mg GO was dispersed in 100 mL ethanol containing 400 mg ODA. The

suspension was sonicated for 2 hours. The ODA-GO was separated by filtration using a
nylon membrane (0.02 μm, Whatman) and finally washed with ethanol to remove the
excess ODA. The obtained ODA-GO film was dried in vacuum, and treated at 150 ºC for
1 hour. The thermal-treated ODA-GO was re-dispersed in ethanol and filtrated to form
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the superhydrophobic ODA-GO film. The modification of GO with other alkylamines,
incluing hexylamine (HA), dodecylamine (DDA), and hexadecylamine (HDA), followed
the same experimental procedure.
5.2.2

Characterizations
The FTIR characterizations were performed at ambient temperature with a

spectrometer (Nicolet, Magna IR 560), which is equipped with diffuse reflectance
accessories. XRD analysis was carried out with a Philips X-pert alpha-1diffactometer,
using Cu Kα radiation (45 kV and 40 mA). TGA was measured on a thermogravimetric
analyzer (TGA-2050, TA Instruments). Samples were heated at a rate of 20 °C/min in
ambient atmosphere. Wyko Optical Profilometer (Veeco Instruments) was used to test the
film roughness by both vertical scanning (VSI) and phase shifting interferometry (PSI).
The surface roughness was measured in two lateral scales, 0.9 ×1.2 mm2 and 187.2 ×
246.0 µm2. Contact angle measurements were performed at ambient conditions using a
Rame-Hart goniometer with a charge-coupled device camera equipped for image capture.
Contact angle was measured right after dropping a 4 uL water droplet on each film. SEM
LEO 1550 was used to investigate the surface morphology under an accelerating voltage
of 4 kV.
5.3 Results and Discussion
5.3.1 Grafting of ODA on GO surface
GO is a non-stoichiometric material with lots of oxygen-containing functional
groups dispersed both in the basal plane and along the edges. The chemical structure of
GO has been extensively studied but still controversial. It is generally agreed that the
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hydroxyl and epoxy groups are major functionalities that mainly exist in the basal plane
with other functional groups located at the edges, including carboxylic and carbonyl
groups.[82] These oxygen-containing functional groups make the GO hydrophilic with a
surface free energy of 62.1 mJ/m2.[200] To lower the surface free energy and turn it into
hydrophobic, ODA was selected to chemically modify the GO. After functionalization,
octadecyl groups are exposed instead of hydrophilic functionalities on GO sheets. The
surface energy of octadecane is 29.98 mJ/m-2 (Lange’s Handbook of Chemistry,13th
edition). Therefore, the ODA-GO is expected to have a similar surface energy to
octadecane, which is lower than that for graphite, 54.8 mJ/m2; GO, 62.1 mJ/m2; and
graphene, 46.7 mJ/m2.[200]

Figure 80. The structure change of GO in the ODA reaction and thermal treatment.
Reprinted with permission from [157].Copyright 2011 American Chemical Society.
A schematic description of the process is shown in Figure 80. The interaction
between GO and ODA has three possibilities: hydrogen bonding, electrostatic attraction
between carboxylic group and protonated amine, and nucleophilic substitution between
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epoxy and amine.[202] A previous study shows that the nucleophilic substitution reaction
dominates this reaction.[202] The amine group acts as a nucleophile and attacks the
carbon atom in epoxy groups, grafting the long hydrocarbon chain of the ODA onto GO
sheets. In addition, the hydrogen bonding and electrostatic attraction also exist, due to the
presence of hydroxide and carboxylic groups.
The FTIR spectra of GO, ODA and ODA-GO, as shown in
Figure 81, give information of the chemical reactions in the ODA
functionalization step. In the spectrum of ODA, there are three strong peaks above 3000
cm-1 which disappeared after reacting with GO, indicating a strong interaction between –
NH2 groups and GO. For the starting GO, the peaks at ~ 3420 cm-1, ~1630 cm-1, are
related to the –OH and C=C bonds, respectively. In the ODA functionalization, these
bonds were intact, and thus the corresponding peaks did not change significantly either in
intensity or position. The peak at ~1720 cm-1 is from carboxylic groups. Its intensity
decreased after ODA functionalization, indicating that carboxylic groups interact with
ODA molecules. The broad peak at ~960 - ~1160 cm-1 can be attributed to C-O bonds in
epoxy groups. The epoxy groups are reacting sites with ODA, generating C-OH and C-N
bonds. The C-O (epoxy and alcohols) and C-N peaks are overlapped in the same region
of wavenumbers, leading to the broader ~ 1100 cm-1 peak for ODA-GO. The most
significant change in FTIR spectrum of ODA-GO was the large intensity increase for
peaks from ~2850 to ~3000 cm-1 and at ~1460 cm-1, corresponding to the C-H stretching
and deformation. This is due to the introduction of long hydrocarbon chain into GO
sheets.
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Figure 82 shows the TGA curves for GO, ODA, ODA-GO and thermal-treated
ODA-GO. ODA showed a rapid weight loss starting at temperature as low as 120 ºC, and
a ~90% weight loss is observed between 120 ºC and 230 ºC. However, GO was thermally
stable below 180 ºC, only with a moderate weight loss that results from the removal of
adsorbed water. The GO started to decompose and exhibited a ~ 24 % weight loss
between 180 ºC and 230 ºC, due to the decomposition of labile oxygen-containing
functionalites. At the temperature range of 230 ºC to 500 ºC, GO decomposed at a lower
rate. However, when the temperature was higher than 500 ºC, GO decomposed rapidly,
and completely decomposed at ~ 540 ºC.

Figure 81. FTIR spectra of GO, ODA-GO, and ODA. Reprinted with permission from
[157].Copyright 2011 American Chemical Society.
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Figure 82. The TGA curves of GO, ODA, ODA-GO and thermal-treated ODA-GO. The
TGA was conducted in air at a ramping rate of 20 C/min. Reprinted with permission
from [157].Copyright 2011 American Chemical Society.
The effects of ODA functionalization and 150 ºC thermal treatment on the
thermal behavior of GO can be discussed in terms of desorption of water, physically
bonded ODA and chemical bonded ODA. Below 100 ºC, ODA-GO and thermal-treated
ODA showed nearly zero weight loss, indicating an enhanced hydrophobicity that
minimizes the amount of absorbed water. However, ODA-GO, different from GO,
showed a gradual weight loss of ~ 10 % from 150 ºC to 180 ºC, which could be attributed
to the desorption of physical bonded ODA.[203] These ODA molecular may be
positively charged and electrostatically bonded with negatively charged carboxylic
groups, which prevents them from being washed away by ethanol. The carboxylic groups
are stable during the ODA functionalization but decompose in the thermal treatment at
150 ºC. Thus an enhanced thermal stability was observed for thermal-treated ODA-GO
with negligible weight loss below 180 ºC. The removal of hydrophilic carboxylic groups,
together with physically bonded ODA molecules, contributes to lowering of the surface
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energy of ODA-GO film, which will be discussed later. Between 180 ºC and 230 ºC,
ODA-GO showed no rapid weight loss, which is different from both GO and ODA. The
reduced weight loss for ODA-GO suggests that 1) some labile oxygen-containing groups
on GO were partially decomposed during the reaction with ODA; 2) only small amount
of ODA is physically bonded to GO. However, at higher temperature, ODA-GO showed
a higher weight loss rates than GO. Previous studies show that the decomposition of
chemical bonded amine occurs at the temperature range of 200 ºC to 500 ºC.[204-206]
Therefore, the higher weight loss rate for ODA-GO is due to the decomposition of
covalent bonded ODA, together with the decomposition of GO. The thermal treated
ODA-GO showed a similar curve to ODA-GO between 230 ºC and 500 ºC, suggesting
that the covalent bonded ODA is stable during the thermal treatment at 150 ºC.

Figure 83. XRD pattern of ODA-GO film. Reprinted with permission from
[157].Copyright 2011 American Chemical Society.
The chemical structure change of GO after functionalization also affects its
stacking. The XRD pattern of ODA-GO film is shown in Figure 83. The peak at ~4.3 
can be assigned to the graphite (002) diffraction. According to the Bragg equation, the
corresponding distance between two adjacent ODA-GO sheets is ~ 2.1 nm. This value is

118

comparable to the calculated value of ~2.5 nm using the equation derived by
Bourlinos:[202]
D002(Å) = 6.1 + Ic sinθ
where 6.1 is the thickness of GO sheets in Å , Ic is the length of hydrocarbon chain of
amine molecule ( Ic = 1.5 + 1.265(n – 1), n, number of carbon atoms), and θ = 54 which
describes the orientation of amine molecule relative to the GO sheet. Bourlinos’ model is
based on the assumption that hydrocarbon chains are tilted toward the basal plane of GO
sheet, rather than parallel. This assumption is valid, as presented in their paper, because
hydroxide groups exist in the basal plane after functionaliztion, which make the basal
plane hydrophilic. The hydrophobic chain is less likely to contact the basal plane.
Another sound reason is the “self-support” effect by the high density hydrocarbon chains.
The steric effect will prevent long chains from parallel conformation.
5.3.2. Fabrication of superhydrophobobic ODA-GO film
After functionalization and thermal treatment, the resulting ODA-GO was
dispersed in ethanol and filtrated to form a film. The surface morphology of starting GO
film and ODA-GO film are shown in Figure 84. Compared with the starting GO film
(Figure 84a), the ODA-GO film (Figure 84b) exhibited an enhanced surface roughness,
which consisted of many separated ODA-GO domains with lateral dimensions range
from several to tens of micrometers. The origin of the large surface roughness of ODAGO can be explained in terms of dispersion behaviors. The unmodified GO is well
dispersed in ethanol, a polar solvent, leading to a slow vacuum filtration process. Thus
GO sheets form a well-stacked film with a smooth surface, which is thermodynamically
stable. However, for ODA-GO and thermal-treated ODA-GO, their hydrophobic nature
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leads to poor dispersion in ethanol and the formation of aggregated domains. These large
domains tend to be randomly oriented in the resulting film due to a fast filtration process.
Thus significant surface roughness can be produced, which is critical for fabricating
superhydrophobic surfaces. To determine the average roughness, we used Wyko optical
profliometer to measure the thermal-treated ODA-GO film (Table 4). Figure 84c shows a
3D image of the thermal-treated ODA-GO film. The thermal-treated ODA-GO film
showed an average mean square roughness (Ra) of ~ 9.24 μm with a peak-to-valley value
(Rt) of ~121 μm. This surface roughness is much larger than GO film, which has a R a of
2.14 μm with a Rt of ~ 53 μm.

Figure 84.SEM images of (a) starting GO film and (b) ODA-GO film after thermal
treatment and (c) the surface roughness measurement result for ODA-GO film. Reprinted
with permission from [157].Copyright 2011 American Chemical Society.
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Figure 85. Contact angle results for GO film, ODA-GO film, and thermal-treated ODAGO film. Reprinted with permission from [157].Copyright 2011 American Chemical
Society.
Table 4. Surface roughness measurement of GO, ODA-GO and thermally treated ODAGO films
GO
ODA-GO

Vertical step interferometry (VSI)
0.9 ×1.2 mm2
187.2 × 246.0 µm2
2.14 µm (52.57
1.24 µm (21.54
µm)*
µm)
5.35 µm (92.70 µm) 5.23 µm (89.19
µm)
9.24 µm (121.07
9.94 µm (126.91
µm)
µm)

Phase shifting interferometry (PSI)
0.9 ×1.2 mm2
187.2 × 246.0 µm2
1.76 µm (12.36 µm)
1.10 µm (9.77 µm)
2.05 µm (12.38 µm)

Thermal-treated
2.77 µm (16.62 µm)
ODA-GO
* average mean square roughness (peak-to-valley value)

2.57 µm (15.17 µm)
too rough to be
measured

Figure 86. (a) Photograph of ODA-GO suspension in ethanol (~ 1.5 mg/ml), the inset
shows drop-coating method to coat ODA-GO on silicon and (b) the measured contact
angle. Reprinted with permission from [157].Copyright 2011 American Chemical
Society.
The influences of surface energy and surface roughness on the wetting property of
GO films are confirmed by the contact angle measurements, which are shown in Figure
85. The starting GO film exhibited a contact angle of 53.8 º, due to the hydrophilic
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oxygen-containing groups

on surface. After ODA

functionalization, attached

hydrophobic hydrocarbon chains make the ODA-GO film hydrophobic, and the Ra for
ODA-GO is 5.35 µm (Table 4). Thus the contact angle increases to 132.4 º. However, the
superhydrophobicity was not achieved until the ODA-GO was treated at 150 °C for 1hr
and re-dispersed to fabricate the film. The significance of thermal treatment, as
demonstrated before, is to remove the remained labile oxygen-containing groups that are
hydrophilic, and physisorbed ODA molecules. Compared to as-prepared ODA-GO, the
surface energy of thermal-treated ODA-GO sheet is further reduced by the thermal
treatment. As a result, the dispersion of thermal-treated ODA-GO in ethanol becomes
worse, which leads to a large Ra of 9.24 μm. Both the low surface energy and enhanced
surface roughness make the thermal-treated ODA-GO film superhydrophobic with a high
contact angle of 163.2 º and a low hysteresis of 3.1 º.
To demonstrate the potential application of ODA-GO in superhydrophobic
coating, ODA-GO was dispersed in ethanol forming ~ 1.5 mg/ml dispersion, as shown in
Figure 86a. A thin ODA-GO coating on silicon substrate was achieved using a dropcoating method (Figure 86a, inset). The contact angle on this surface was 165.6 º, which
was similar to that on films fabricated by the filtration method. In another experiment,
dry solid ODA-GO particles were spray coated on a silicon substrate and it also formed a
superhydrophobic surface. We believe that the ODA-GO coated superhydrophobic
surfaces can be achieved by various coating methods. Therefore ODA-GO is a practical
material for low-cost and large-scale superhydrophobic coating.
5.3.3. Effect of alkyl chain length on the superhydrophobicity
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In addition to ODA, other alkylamines with various chain length was used to
modified GO, which includes HA, DDA, and HAD. The surface morphologies of
functionalized GO films were imaged in SEM, as shown in Figure 87. It can be seen in
Figure 87a and b that HA-GO as well as DDA-GO have relatively smooth surface. Some
aggregated domains are densely packed and the surface roughness is small. However, for
HDA-GO and ODA-GO, there are many large domains with the lateral dimensions of
tens of micrometer, which are randomly oriented; this special morphology results in a
large surface roughness. The difference in the surface morphology of functionalized GO
can be explained by their dispersion behaviors. To fabricate a film, functionalized GO is
firstly dispersed in ethanol by sonication, followed by a vacuum-assisted filtration. If the
functionalized GO is well-dispersed in ethanol, the filtration process tends to be slow and
forming a smooth surface which is thermodynamically stable. However, if the dispersion
is poor, the filtration would be very fast, which leads to a very rough surface. The
dispersion of functionalized GO is related to the surface energy. Due to the relatively
high surface energy of ethanol, a better dispersion is expected for functionalized GO
which has a high surface energy. Therefore, we believe that HA-GO and DDA-GO have
higher surface energy than HAD-GO and DDA-GO. The water contact angle
measurements are shown in Figure 88. The HA-GO, DDA-GO, HDA-GO and ODA-GO
exhibit a contact angle of 98.0 ± 2.3 °, 111.7 ± 2.5 °, 154.2 ± 2.6 °, and 163 ± 1.5 °,
respectively.

It can be seen clearly only HDA-and ODA-GO films achieve

superhydrophobic surfaces. This could be explained by differently molecular structure of
aliphatic amines. Due to the fact that all functionalization reactions were carried out in
the same conditions, a similar density of functionalization is expected. In this case, the
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amine molecule with a longer hydrocarbon chain would lead to more decrease of surface
energy since it has larger free volume and can cover larger area on GO sheet. Therefore,
the surface energies of functionalized GO follow the order of HA-GO > DDA-GO >
HDA-GO > ODA-GO. Moreover, the surface roughness increases when using an amines
molecule with longer hydrocarbon tail, which has been discussed previously. The
combined effect of surface energy and surface roughness lead to different contact angles
of functionalized GO films.

Figure 87. SEM images of (a) HA-GO, (b)DDA-GO,(c) HAD-GO, and (d) ODA-GA
films. Reprinted with permission from [207]. Copyright 2011 IEEE.
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Figure 88. Water contact angle measurement of functionalized GO: (a) HA-GO, (b)DDAGO,(c) HAD-GO,(d)ODA-GA. Reprinted with permission from [207]. Copyright 2011
IEEE.
5.4 Conclusions
The superhydrophobic functionalized GO film can be easily prepared via reacting
GO with ODA, followed by a short thermal treatment process. The long hydrocarbon
chain in ODA reduces the surface energy of GO sheet. The functionalized GO film
exhibits a high contact angle (163.2 º) and low hysteresis (3.1 º). The self-cleaning GO
film shows potential application in low-cost and large-scale superhydrophobic coating.
This strategy can help improve our understanding of GO surface functionalization and
realize the multi-functional applications of GO films.
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CHAPTER 6
CONCLUSIONS AND SUGGESTED WORK
6.1 Conclusions
Although graphene holds many promises for a wide range of applications, the
pristine graphene usually shows unsatisfactory performances, due to some intrinsic
limitations including the low charge carrier density, tendency to aggregate and poor
interaction with matrix, etc . The purpose of this thesis is to explore novel methods for
the functionalization of graphene toward improved performance characteristics in the
area of energy storage of conversion, primarily focusing on supercapacitors and
electrocatalysis of oxygen reduction. Besides the fundamental chemistry, the scalability
of functionalized GO production is another important consideration in designing the
experimental approaches. In most the thesis work, GO is chosen as the graphene
precursors mainly because its low-cost and scalability compared with other graphene
preparation methods, making it the most plausible way for industry scale application of
graphene. Though it is easy to make GO, the chemistry of GO is often mysterious when
people try to utilize it in various areas; this could be attributed to the amorphous nature
and structural complexity, resulting in difficulties in characterizing the molecular
structure of GO and GO derivatives. Another challenge is the meta-stability of GO that
makes it very sensitive to the temperature, storage time, pH values and solvents. As a
consequence, most of researches in this area are empirical. Nevertheless, we provide
solid evidence in the thesis work that the functionalization of graphene is a very powerful
method to modify the chemistry and physics of graphene-based materials.
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We first studied the thermal behavior of GO dispersed in solvents at the
temperatures of 100 °C and 150 °C, and confirmed the reduction of GO during this
process. Structural characterizations show that the nature of the solvothermal reduction is
a disproportionate reaction. An interesting observation is that the solvent used to disperse
GO greatly affects the rate of reduction reaction, which can be explained by some
theoretical findings that the interaction between solvent molecules and functional groups
could promote the diffusion rate of epoxy groups and plays an important role in the
reaction. As a result, different solvents show different abilities to assisting this reaction:
DMF and water speed up the reduction rate, whereas EG slows down the reduction rate.
On the basis of the solvothermal reaction, OG was prepared using DMF as the solvent, in
which the type and amount of residual functional groups were controlled by adjusting the
reduction time. Under the optimal conditions, OG shows superior specific capacitance
values up to 276 F/g that was measured in the H2SO4 electrolyte using a three-electrode
system. Details characterizations and control experiments revealed the important role of
oxygen functional groups, which can improve the wetting behavior and introduce the
pseudocapacitance.
The second part of research is the controlled synthesis of NG for ORR catalysis.
GO was used as the precursor and reacted with N-containing molecules to incorporate the
N atoms into the graphitic lattice. After that, high temperature pyrolysis was used to
reconstruct the structure of such GO derivatives to obtain NG. In the research, four Ncontaining molecules were investigated, including urea, melamine, PPy and PANI. The
essential parts of this work are the characterizations of the structure of resulting NGs,
studies on the evolution of N-containing functional groups during pyrolysis, and
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correlations between the NG structure and the electrocatalytic properties. Through
extensive experimental work, we found that the structure of N-containing molecules and
pyrolysis temperature are two major factors that determine the structure of NG.
Structurally similar N functionalities are easier to be converted to graphitic N. For
example, the N atoms in conjugated systems in the case of PPy and PANI tend to
transform to graphitic N more efficiently. Moreover, higher pyrolysis temperature tends
to increase the graphitic N percentage because of its relatively high thermal stability. As a
result, NG-PANI-1000 showed the highest graphitic N percentage of up to 51% (relative
to total N content). In terms of the electrochemical properties, NGs prepared from all four
precursors, though with different graphitic N contents, catalyze four-electron ORR for the
formation of water, and exhibit superior cycling stability and anti-methanol poisoning
effect. However, as revealed by RDE measurements, the graphitic N content has a direct
influence on the kinetic limiting current: high graphitic N percentage increase the kinetic
limiting current. This finding is consistent with previous theoretical and experimental
studies that graphitic N is most responsible for ORR catalytic activity; high graphitic N
percentage may provide more active catalytic sites.
In the third part, we used alkylamine to modify GO in order to engineer its surface
energy and the morphology of GO-derivative films. The long hydrocarbon chain in
alkyamines could reduce the surface energy of GO sheet, in which the length of
hydrogencarbon chain plays a critical role. The superhydrophobic functionalized GO film
can be prepared via ODA modification of GO which can achieve high water contact
angle (163.2 º) and low hysteresis (3.1 º). The self-cleaning GO film shows potential
application in low-cost and large-scale superhydrophobic coating.
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Overall, we demonstrated that GO, as one of the most important precursors for
graphene production, is a versatile platform for producing functionalized graphene, by
either selective removal of oxygen functional groups, or incorporation of other
molecules/structures. The superior performances of OG and NG as supercapacitor
electrodes and ORR electrocatalysts render the functionalization of graphene a generic
and effective strategy for tuning the chemistry and physics of graphene-based materials
for various applications.
6.2 Suggested work
6.2.1 Molecular spacer modified graphene architecture for supercapacitors
Current graphene-based electrodes for supercapacitors have limited specific
capacitance of 100-200 F/g, 2 far below the theoretical value of ~ 550 F/g. This
unsatisfactory performance of graphene results from the fundamental issues of severe
aggregation that reduces the usable surface area and the inertness of graphene basal plane
in adsorbing ions. It is possible to overcome these limitations by tailoring the structure,
the stacking, and chemical reactivity of graphene nanosheets. However, no such a method
is available yet. Moreover, the correlation between microscopic chemical structure and
the macroscopic properties of graphene-based materials is largely unknown, which is
2

These values were measured in a two-electrode system and the graphene-based

electrodes were prepared with an industry acceptable thickness. When a three-electrode
system or a thinner electrode was used, the specific capacitance would be higher, which
could be found in many literature; however, those values are not representative of the true
material performance.
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another hurdle for the rational design of graphene-based materials for supercapacitor
applications.
A potential strategy to fundamentally solve these issues is to develop molecular
spacer modified graphene architecture for high performance supercapacitor electrodes,
which could enable tremendously large usable surface area, excellent electrical
conductivity, and pseudocapacitive capability. The proposed approach is schematically
shown in Figure 89. The key points include:
1) Molecular spacers of various dimensions will be grafted onto the basal plane of
graphene surface to avoid the aggregation of graphene sheets and tune its interlayer
spacing for matching the ion size in electrolyte. This approach could address the issue of
aggregation for fully utilizing the EDLC to a value of 400-500 F/g.
2) Pseudocapacitive groups will be integrated onto the backbone of the molecule
spacer, which offers further increased capacitance, fast charge/discharge rate and good
cycling capability. This approach targets at addressing the issue of low EDLC of
graphitic structure to achieve additional pseudocapacitance of 400-800 F/g, while
maintaining the superior stability and rate performance of supercapacitor electrode.
Therefore, the overall specific capacitance will be 800-1300 F/g for the proposed
graphene structure; the energy density per active electrode will be ~ 28 Wh/kg in aqueous
electrolyte, ~ 170 Wh/kg in organic electrolyte, and above 400 Wh/kg in ionic liquid. As
the active electrode material accounts for 30 wt % of a packaged supercapacitor,[68] the
energy density in a device level will be above 8 Wh/kg for aqueous electrolyte, above 50
Wh/kg for organic electrolyte, and above 120 Wh/kg for ionic liquids. Such a high energy
density is 2× higher than lead-acid batteries, reaching the lower end of conventional
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lithium ion batteries. Moreover, the power density will be in the level of 5,000-100,000
W/kg, two orders of magnitude higher than conventional batteries, and the life time will
be >10,000 cycles.

Figure 89. Schematic of proposed pseudocapacitive spacer grafted on graphene.
To fully utilize the surface area of graphene, the most important step is to graft
molecular spacers onto the graphene surface, and achieve control over the interlayer
spacing via proper choice of molecular spacers. As schematically shown in Figure 90a,
the interlayer spacing is directly linked to the dimension and coverage of the molecular
spacer. At low spacer coverage, the interlayer spacing will expand unevenly as a result
of the flexibility of graphene sheets. With higher and higher spacer coverage, either
interdigital or non-penetrating structure can form between adjacent graphene layers,
corresponding to a relatively uniform interlayer spacing of 1× and 2× the length of
molecular spacer respectively. Therefore, the length and the coverage of the molecular
spacer will be two primary parameters for tuning the interlayer spacing of graphene.
Other factors affecting the interlayer spacing include the rigidity and width of spacer
backbones, and the tilt angle of the long-axis of molecular spacer relative to graphene
basal plane. Additionally, the chemical and electrochemical stability and the nature of
bonding force to graphene are critical for the cycling life and operation voltage of
electrode. To meet these requirements, inert organic molecules with the capability of
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forming covalent bonds to graphene are high desirable. Figure 90b shows the structure
and lengths of some optional molecular spacers, including flexible alkyl and rigid
aromatic spacers. Specifically, the rigid aromatic spacer will be the focus in the part as it
can be used as the backbone for pseudocapacitive spacer. It is expected that interlayer
spacing can be effectively tuned over a range of 0.6 nm to 5 nm with a step size of ~0.1
nm by changing the molecular spacer and grafting density. 3 By grafting molecular spacer,
fully exfoliated graphene can be prepared with a targeting accessible surface area close to
2000 m2/g.4 Moreover, interlayer spacing could be optimized with respect to each ion
size by measuring the specific capacitance of graphene with gradually changed interlayer
spacing. Here a three-electrode system will be preferential to precisely control the
electrode potential in positive or negative range to investigate the behaviors of anions and
cations respectively, in which the diffusion, adsorption and EDLC formation of ions will
be studied using techniques such as CV, constant current charge-discharge, electrical
3

0.6 nm could be achieved by grafting a benzene ring at low coverage: (0.2

nm+0.34 nm intrinsic interlayer spacing+ ~ 0.1 nm C-C bond between benzene-graphene
). 5 nm could be achieved by grafting octadecylamine high coverage: 2×(2.1nm+0.1 C-N
bond)+0.34. The step size of 0.1 nm is derived by the length of C-C bond, which can be
achieved by adding an end methyl group.
4

The difference from the theoretical surface area is caused by the additional

weight from the molecular spacer and the loss of surface area for anchoring the spacers.
However, in certain cases when aromatic spacers are used, the spacer can also adsorb
ions contributing to the EDLC as a result of the similar structure to the graphitic edge.
This will be a topic of great interest.
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impedance spectroscopy etc. The flexible control over the graphene interlayer spacing
will be extremely useful to engineer the electrode separately for the anode and cathode
with respect to the specific sizes of cations and anions. Using this approach, we target the
EDLC at of 400-500 F/g in typical electrolytes (aqueous and organic electrolyte, ionic
liquids).

Figure 90. (a) Schematics of graphene with molecular spacer and the evolution of
interlayer spacing with the increases of spacer coverage; (B) structures and lengths of
optional molecular spacer including flexible alkyl spacer and rigid aromatic spacer. The
“linker” refers to the molecular structure used to form covalent bond with graphene.
The second step of this approach is to integrate pseudocapacitive functional
groups onto the backbone of the molecular spacer to overcome the restriction of small
EDLC and the poor pseudocapacitive performance of conventional metal oxides and
conducting polymers. The pseudocapacitive segment locates closely to graphene sheets
so that the charge transport will not be affected. Moreover, these pseudocapacitive
segments are immobilized on graphene surfaces via covalent bonding, greatly reducing
the chance of structural deformation. Therefore, such molecular level integration enables
not only large pseudocapacitance but also fast charge transfer and high cycling stability.
Figure 91 shows optional molecules and their redox reactions. Phenol/quinone redox
couple is one of the fastest redox reactions that can be switched at 10 Hz,[208] and
provide a high specific capacitance up to 1800 F/g (Figure 91a). Our research in Chapter
3 demonstrated that functionalized graphene with phenol/quinone modified edges offers
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large pseudocapacitance and superior rate performances to conventional pseudocapacitive
materials. Simple calculation implies that 10 % coverage of phenol/quinone on graphene
(one phenol/quinone group per 10 carbon atoms in graphene) gives rise to a theoretical
specific capacitance of 1,150 F/g.5 Moreover, conducting polymer oligomer is another
catalog of pseudocapacitive spacers, which need to be covalently bonded to graphene
surface (Figure 91b). The covalent bonding will lead to better charge transfer than
physical interactions between conducting polymers and graphene does.

Figure 91. (a) Schematic of the redox reaction using charge/discharge phenol/quinone
group and (b) the structure of some optional pseudocapacitive spacers including
phenol/quinone groups, oligoaniline and oligopyrrole.
The redox reaction of pseudocapacitive materials occurs at a certain potential, at
which a large capacitance is observed. Unfortunately, in most cases, this redox potential
lies in the middle of the operation voltages, which means less energy could be
stored/extracted during charge/discharge. It is therefore desirable to find a
pseudocapacitive reaction that happens at higher potentials. As seen in Figure 92a, the
shift of redox potential from V0 to a high potential of V1 leads to a much higher energy
density, although the specific capacitance does not change. The use of molecular
pseudocapacitive spacer in the proposed work offers a highly advantageous flexibility in
tuning the redox potential via modifying the pseudocapacitive functional groups. To

5

At 10% coverage, the loading of phenol/quinone is 48 wt% so that the theoretical specific
capacitance is 1800*0.48+550*0.52=1150 F/g.
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increase the redox potential, electron-withdrawing groups, such as fluorine, chloride,
nitro and trifluoromethyl, can be grafted on the pseudocapacitive spacer by using
corresponding precursors, as shown in Figure 92b.[209, 210]
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Figure 92. (a) Schematics of the benefit of positively shifted redox potentials in
increasing the energy density: discharge curve at constant current density and CV curves
showing positively shifted redox potential; (b) electron-withdrawing groups that can be
grafted onto phenol/quinone group to shift its redox potential.
The covalent bonding between molecular spacers and graphene is highly
desirable. Compared to molecules bonded through non-covalent interactions such as π-π
stacking, hydrogen bond or weak Van der Waals forces, covalently bonded molecule
spacers have less risk of diffusing out during repeated supercapacitor operation, ensuring
a long cycling life. To covalently bond the molecular spacer to graphene, the following
chemical reactions (Figure 93) will be worth exploring:
1) Nucleophilic addition reaction between the epoxy group and an nucleophile
such as amino group is useful when GO is used as the graphene precursor (Figure 93a);
2) Diazonation and azidation reactions can graft a conjugated aromatic structure
on the sp2 carbon of graphene and are useful for pseudocapacitive spacers where fast
charge transport is needed (Figure 93b and c);
3) Diels-Alder reaction is a green reaction that grafts spacers on graphene basal
plane (Figure 93d).
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Figure 93. Optional chemical reactions for grafting spacer onto graphene/GO: (a)
nucleophilic addition of epoxy group; (b) diazonation reaction; (c)azidation reaction; (d)
Diels–Alder reaction.
To integrate the pseudocapacitive capability, spacers with complex structures will
be grafted onto the graphene surface. The design of spacer structure and grafting methods
is a determining factor for the material performance and cost. There are two generic
approaches, “graft from” and “graft to”
a) “Graft from” approach:

In this approach (Figure 94a), the first

pseudocapacitive segment, after being grafted onto graphene surfaces, will be further
chemically modified to generate an active group for reactions with other segments. The
synthesis of complex molecular spacer will be carried out on graphene surface. The
advantages of this process include high graphene yield, ease to separate and purify
graphene from reaction mixture (centrifuge or filtration). However, the control over the
structure of molecular spacer will be challenging, and molecular spacers with diverse
structures, e.g. different numbers of repeating unit, could be produced. In addition,
excessive amount of reagent will be needed to fully modify the spacers on the graphene
surface.
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b) “Graft to” approach: The second method is “graft to” approach, in which presynthesized molecular spacer with complex structures will be one-step grafted onto
graphene surface (Figure 94b). This approach will have better control over the uniformity
of spacer structure. However, the reaction between molecular spacer and graphene
typically has low yield and thus excessive amount of pre-synthesized spacer is needed.
Considering that multi-step synthesis of spacer, the cost-effectiveness could be a major
issue of this approach.
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Figure 94. Schematics of grafting pseudocapacitive molecular spacers onto graphene via
(a) “graft from” approach and (b) “graft to” approach. X refers the repeating unit in the
pseudocapacitive molecular spacer.
The spacer coverage on graphene is a critical parameter in the proposed work,
which affects all the materials properties of graphene. The study on these effects will not
only benefit the improvement of specific capacitance, but also provide guidelines for
tuning the macroscopic properties of graphene-based materials for other applications.
a) Electrical conductivity of graphene: The equivalent series resistances (ESR)
and rate capability of supercapacitors are directly affected by the electrical conductivity
of electrode materials. Graphene is superior to activated carbon with respect to its high
intrinsic electrical conductivity. However, the grafting of molecular spacer will inevitably
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introduce defective sp3 bonds into graphene sp2 network, producing scattering center and
lowering down the charge carrier mobility.[211] On the other hand, the electron/hole
doping effect of molecular spacer increases the charge carrier density, compensating
decreased the charge carrier mobility.[211] As a result, a complex relationship is
expected between the graphene electrical conductivity and spacer coverage. It is expected
that at low coverage of molecular spacer, the degradation of electrical conductivity is
negligible, while at high coverage the electrical conductivity decrease rapidly,
contributing to the internal resistance and lowering the power performance.
b) Interlayer spacing and specific area: the interlayer spacing will increases
obviously with the addition of molecular spacer, and reach a value comparable to the
length of spacer at intermediate coverage corresponding to the interdigital structure, and a
value comparable to 2× of the spacer length at high coverage corresponding to the nonpenetrating structure. Accordingly, the specific surface area will increase rapidly with
adding molecular spacer until reaching a fully extended stage corresponding to the
theoretically surface area. Then it will decrease slightly with coverage due to the
additional weight from the spacer.
c) Pseudocapacitance: the pseudocapacitance is expected to increase linearly with
coverage at a relatively wide range.
Overall, there will be a “sweet spot” that produces an optimized specific
capacitance (Figure 95). In order to find this sweet spot, graphene with gradually changed
spacer coverage need to be prepared via tuning a reactant ratio and reaction time.
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Figure 95. The sweet spot of specific capacitance and different material properties as a
function of molecular spacer coverage.
6.2.2 Three-dimensional doped graphene framework-based hybrid
catalysts/electrodes
The results depicted in Chapter 4 provide a highly controllable, scalable and
flexible method to prepare doped graphene materials for various applications. The
knowledge gained through this research could be extended beyond the preparation of NG
for ORR to the general areas of electrocatalysis or other electrochemically active
electrode. Several promising directions are
– 3D framework to enhance the mass transport
Most of the electrochemical reactions occur at the three-phase boundary, which
means that for the reaction to proceed it requires the electron form the electrode, the
reactants from the medium, and the catalytic active sites on the electrode materials
(Figure 96). As a result, high electrical conductivity, large amount of catalytic sites, and
good diffusion of reactants are critical for high catalytic performance. We have been
focusing on increasing the number of active sites while maintaining good electrical
conductivity, while paid less attention to enhance the mass transport. The findings on 3D
assembly of graphene by adding PPy and PANI provide new opportunities to produce 3D
graphene structure. Such 3D framework could be preserved after freeze drying or
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supercritical drying. Moreover, the 3D structure offers better mechanical robustness,
making it possible to direct use it as the electrode without adding binders and the tedious
electrode preparation process.
– Boron, phosphorus or sulfur doping or co-doping
There are many options to dope graphene other than N. Several papers have
reported B-, P-, and S-doped graphene that also exhibit ORR catalytic activity.[212-216]
Therefore, it will be meaningful to utilize our process to formulate B-, P-, and S-doped or
co-doped graphene for electrocatalysis applications.
– Synergetic effect between the dopants and other nanomaterials
Instead of as active catalyst, the doped graphene could be used as catalyst support
for other nanomaterials (Figure 96b), such as metallic nanoparticles, quantum dots,
biomaterials etc.[217-219] The special chemical and electronic property of doped
graphene may have synergetic effect with these nanomaterials and bring in more
intriguing applications.
– Extended applications in batteries, supercapacitors and electrocatalysis
The NG has other applications in lithium-ion batteries,[174] supercapacitors,[99]
carbon dioxide storage[220] and carbocatalysis.[221] It will be very interesting to
characterize our NGs for these applications, though the desirable N-functional groups
may be different.

Figure 96. Schematic of (a) three-phase reaction and (b) the hybrid of doped graphene
and nanoparticles.
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APPENDIX A
ROBUST VERTICALLY ALIGNED CARBON NANOTUBECARBON FIBER PAPER HYBRID AS VERSATILE ELECTRODES
FOR SUPERCAPACITORS AND CAPACITIVE DEIONIZATIOND
Introduction
The vertically aligned carbon nanotube (VACNT) array is a promising electrode
material for supercapacitors,[222-225] batteries,[226-228] sensors[229, 230] and
capacitive deionizer because of the outstanding material properties of CNT such as high
specific surface area, excellent electrical conductivity and superior chemical stability.
The vertical alignment in VACNT is another attracting feature for its application in
energy storage and conversion devices. This special architecture leads to much shortened
electrolyte diffusion paths compared to the tortuous ones for conventional electrodes.
The enhanced mass transport along the alignment direction results in superior rate
performance and the possibility of making ultra-thick battery electrodes or 3D batteries.
Several research groups have demonstrated that the VACNT-based supercapacitor
electrodes offered superior power density to conventional activated carbon and nonaligned CNTs.[222, 223] The VACNT was also used as a 3D platform for the deposition
of active materials for high power lithium ion batteries, lithium sulfur batteries, etc.[226228]
VACNT is usually synthesized using a chemical vapor deposition method. The
substrate for VACNT growth typically consists of metal nanoparticles on several
insulating layers, such as silicon oxide, alumina oxide etc. These insulating layers help

141

immobilize the catalyst particles for efficient CNT growth, which however turns out to be
a great obstacle for many applications where electrical conductivity is required.
Therefore, the hybrid material of VACNT on a conductive substrate is attracting for
practical applications. The growth of VACNT directly on conductive substrate was
researched and has been realized in several reports.[225, 231, 232] Unfortunately, the
overall quality of CNTs and the controllability of growth are not as good as those of
CNTs made by conventional growth methods. The transfer of VACNT to conducting
substrate is another straightforward solution. Successful transfer of VACNT has been
achieved by using low temperature melting solder[233] or through covalent bonding with
various self-assembled monolayer.[234, 235] Good electrical conductivity and wellmaintained alignment were obtained in those reports; however, the sophisticated process
and the use of reactive materials limit the practical applications of VACNT. Dry contact
transfer and polymer adhesive transfer technologies are thus developed with a simplified
process, which utilizes the strong Van der Waals interaction and polymer adhesion force
respectively. [236-240] A potential issue for these methods is the mechanical robustness,
which is critical for practical applications but was not studied in those reports.
In this work, we fabricated a hybrid structure of VACNT arrays on carbon fiber
paper (CFP) substrate and studied its performance as supercapacitor and deionizer
electrodes. The VACNT-CFP is fabricated by transferring VACNT on to CFP substrate
with the help of silicone as an adhesive. This process is schematically depicted in Figure
97. Various CNTs can be transferred independent on their height and dimensions. The
silicone elastomer is chosen because it is highly chemically stable, resistant to most of
solvents, and most importantly, flexible and stretchable that will not alter the mechanical
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property of substrate. Though VACANT can be transferred to arbitrary substrate using
this approach, the CFP is specially chosen because of its low cost, good electrical
conductivity and chemical inertness. With large contact area between VACNT and CFP,
surprisingly low interface resistance is found between VACNT-CFP despite the pure Van
der Waals interaction. Such all-carbon hybrid with a small amount of silicone adhesives
is an attracting material as the electrode for energy storage devices because of the
superior chemical stability. Indeed, excellent performance was found when the VACNTCFP was tested as supercapacitor and deionizer electrodes.

Vertically aligned Carbon
Nanotube (VACNT)

Flip

Silicone coating

Carbon Fiber Paper (CFP)

Two-step cure
Remove the Si substrate

VACNT-CFP assemble

Figure 97. Schematic illustration of the fabrication process of VACNT-CFP assembles.
Reprinted with permission from [241]. Copyright 2013 Elsevier.
Experimental
VACNT growth
VACNT arrays were synthesized in a 1.5-inch diameter aluminum tube furnace.
The catalysts were prepared by a sequential electron-beam deposition of Al (10 nm) and
Fe (2.0 nm) on Si wafers with a 300 nm SiO2 layer. CNT growth was carried out at 750
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°C with 350 sccm Ar, 150 sccm C2H4, and 300 sccm H2. The water vapor was introduced
into the furnace by bubbling Ar gas through water.
Preparation of VACNT-CFP assembles
In a typical process, silicone resin (Dow Corning HIPEC Q1-4939, Part A: Part
B=1:1) was carefully coated on the as-received carbon fiber paper (CFP, 2050-A from
Fuel cell store) at a loading of ~ 20 mg/cm2. VACNT of 1×1 cm2 was flipped on the CFP.
Then the silicone was cured at 110 °C for 1 hour, during which 20 g weight was applied
to improve the contact between VACNT and CFP. After that, the Si substrate was
removed and the VACNT was left on CFP. Finally, the silicone resin was fully cured at
150 °C for 1 hour.
Characterizations
SEM LEO 1530 was used to characterize the morphology of samples using an
accelerating voltage of 4 kV. Nitrogen-adsorption/desorption measurements were
conducted on an Autosorb-1 analyzer (Quantachrome Instruments, Boynton Beach, FL,
USA). The electrical resistance of VACNT-CFP was measured using a Keithley 2000
multimeter and a Hewlett-Packard 6553A DC power supply. The electrochemical
measurements, including CV, galvanostatic charge/discharge and electrochemical
impedance spectroscopy, were measured on a Versastat 2-channel system (Princeton
Applied Research). The supercapacitor and deionization tests were tested in a beaker-type
cell using a two-electrode configuration. Each VACNT-CFP was clipped to the end of a
CFP strip and the other end of the CFP strip was connected to metal clips. The electrolyte
was 1 M NaCl aqueous solution. Only the VACNT-CFP and CFP strip was immersed in
the electrolyte to avoid the corrosion of metal clips. The distance between VACNT-CFP
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electrodes is ~5 mm. Before the electrochemical measurements, VACNT-CFP was
treated by UV-ozone at room temperature for 20 minutes in order to improve the wetting
of CNTs with aqueous electrolyte.
Results and Discussion
Figure 98a shows the cross-section image of a typical VACNT array with a
thickness of 660 um. The vertical alignment of CNTs is evident from Figure 98 b and c.
The CNTs are multi-walled with a diameter of ~ 20 nm. The high thickness uniformity
ensures good contact between the VACNT surface and CFP, and is a critical factor for
the successful transfer of VACNT. Figure 98d shows the morphology of CFP and the
diameter of each carbon fiber is ~ 8 um. The porous structure of CFP causes empty space
where CNT tips have no direct contact with carbon fibers. This issue is mitigated by the
highly entangled VACNT tips (Figure 98b) which increase the contact area at CNT-CNT,
enabling the transverse contact and electron transport between adjacent CNTs.
Figure 99 shows the morphology of a VACNT-CFP. After transfer, the vertical
alignment of CNTs is well maintained and no buckling of CNT was observed. The top
surface of the VACNT-CFP corresponds to the root of VACNT arrays. As seen in Figure
99b and c, the catalyst particles can be observed as bright dots on the top surface. The
interface morphology between VACNT and CFP is shown in Figure 99d and e. Both CFP
and the bottom of VACNTs are impregnated with silicone, and this provides the adhesion
force for CNT transfer. Examinations of different locations find that the bottom 5 to 20
um of VACNT is covered by silicone. This part of VACNT cannot contribute to the
adsorption of ions, however it only counts less than 5 % of total surface area when thick
VACNTs films are used (>500 um). Therefore, the loss of surface area by using silicone
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resin could be negligible. Moreover, the silicone resin is highly flexible and stretchable
so that flexible VACNT structure can be made if a flexible substrate is used. We
successfully transferred the VACNT on a bulky paper using the same approach. As
shown in Figure 99f, the VACNT-bulky paper shows excellent flexibility.

a

b
660 μm

200 μm
1 μm

c

d

Figure 98. SEM images of (a) the cross-sections of VACNT, (b) bird view of VACNT
top surface, (c) high magnification image of VACNT and (d) CFP. Reprinted with
permission from [241]. Copyright 2013 Elsevier.
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Figure 99. SEM images of (a) VACNT-CFP assemble, (b, c) the top surface of VACNTCFP assembles, and (d, e) the interface between CFP and VACNT. The CNT covered by
silicone resin is darker than uncovered one. (f) Rumpling of flexible VACNT-bulky
paper assemble. Reprinted with permission from [241]. Copyright 2013 Elsevier.

Figure 100. Nitrogen adsorption–desorption isotherm (a) and the pore size distribution (b)
of VACNT, CFP, and VACNT-CFP. The pore size distribution was calculated from the
adsorption branch on the basis of the Barrett–Joyner–Halenda (BJH) model. Reprinted
with permission from [241]. Copyright 2013 Elsevier.
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Figure 100 shows the BET and microporosity measurement of VACNT, CFP and
VACNT-CFP. The surface area of VACNT is 474.3 m2/g, which is typical for multiwalled CNTs. The introduction of VACNT onto CFP increases the surface area from 0.9
m2/g for CPF to 5.8 m2/g for VACNT-CFP, as shown in Figure 100a. Such increase in
surface area is significant, considering the low content of VACNT (< 2 wt%). The pore
size distribution results in Figure 100b show the existence high percentage of 2-10 nm
mesopores in both VACNT and VACNT-CFP, which could make significant contribution
For the electrical measurement of VACNT-CFP assemble, Ti/Au (30/150 nm)
electrodes with a diameter of 500 um were deposited on the top surface of transferred
VACNT and the CFP substrate by electron-beam evaporation (Figure 101inset). The
electrical resistance of VACNT-CFP was measured using a four-probe method. As
shown in Figure 101, typical ohmic contact behaviors in current-voltage are observed for
both CFP and VACNT-CFP. The resistance of the CFP substrate is 0.052 Ω, whereas the
resistance from VACNT top surface to CFP substrate shows a slightly higher value of
0.058 Ω. The increase of resistance results from the contributions of the VACNT-CFP
interface resistance and the resistance of the VACNT, while the latter is largely negligible
because of the high electrical conductivity of VACNT. Therefore, the interface resistance
can be calculated as 0.058-0.052=0.006 Ω. The excellent electrical transport through
VACNT-CFP interface is evident as interface resistance is as low as ~ 0.006 Ω, which is
sufficient for most of energy storage and conversion devices. Because no special
modification was carried out on VACNT and CFP surfaces, the interaction between
VACNT-CFP is pure Van der Waals force. The low interface resistant could be attributed
to the large contact area between VACNT-CFP and thin interface thickness. Though the
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electrons transport through the Van der Waals interaction is inferior to that through
conjugated bonds, the electrical resistivity of graphite in c-axis is still as low as ~ 0.005
Ωcm.[242, 243] The large contact area by entangled CNT tips is equivalent to large
cross-sectional area, which lowers the electrical resistance according to the classic ohms’
law. Compared with previous works, the resistance of VACNT-CFP in this work is
comparable to those of reports using low temperature melting solder[233] and selfassembled monolayer,[234] but significantly lower than those of works using polymeric
adhesives.[237, 239, 240]

Figure 101. Current-voltage curves of CFP and VACNT-CFP. Inset is the picture of
Ti/Au electrode on VACNT surface. Reprinted with permission from [241]. Copyright
2013 Elsevier.
The electrochemical performance of VACNT-CFP was tested in a two-electrode
configuration using 1 M NaCl aqueous solution as the electrolyte. Two nearly identically
VACNT-CFP were fabricated with ~ 1×1 cm2×0.1 cm (VACNT height) VACNT arrays.
Figure 102a shows the CV curves. The VACNT-CFP shows a typical EDLC behavior
with rectangle CVs. The area of CV for VACNT-CFP is considerably larger than CFP
alone, due to the large surface area of VACNTs. In order to investigate the high rate
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performance of VACNT-CPF, we used fast scanning rates from 100 mV/s to 1 V/s,
corresponding to discharge time of 10s to 1s, which is significantly quicker than the
operation of typical activated carbon- and randomly packed CNT-based supercapacitors.
Remarkably, at a high scanning rate of 1 V/s, the shape of the CV curve of VACNT-CFP
is still close to rectangle, indicating the excellent electrical and ionic transport properties.
The areal capacitance of VACNT-CFP is calculated from the CV curve using the
equation: C 

 I dV

SVr

where C is the areal capacitance, I is the current, V is the applied

voltage, S is the area of one VACNT electrode, V is the range of voltage scan and r is
the scanning rate. The areal capacitance is found to be 6.1, 5.2, and 4.5 mF/cm2 at
scanning rates of 100, 500, 1000 mV/s, respectively. Moreover, constant current chargedischarge was carried out using difference current densities (Figure 102b). The linear
charge and discharge curves further confirm the pure EDLC behavior of VACNT-CFP.
The areal capacitance can be calculated by C 

It
, where t is the discharge time. The
SV

areal capacitances are 6.7, 6.3, and 6.1 mF/cm2 respectively at current density of 0.1, 0.2
and 0.5 mA/cm2.
The cycling stability is an important requirement for supercapacitor electrodes.
We carried out cycling test using a charge-discharge current density of 0.5 mA/cm2.
Instead of decreasing, the areal capacitance of VACNT-CFP increase slightly at first
2000 cycles (Figure 102c), owing to the improved wetting by applying a potential.[244]
The capacitance is very stable and shows no degradation after 10,000 cycles. Moreover,
the electrochemical impedance spectroscopy of VACNT-CFP before and after the cycling
tests shows negligible changes (Figure 102d), indicating the superior stability of the
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interfaces between VACANT and CFP. The equivalent series resistance (ESR) is 7.1 ohm
before cycling and 7.6 ohm after cycling. The main source of ESR is the electrical wiring
in the test setup as the CFP-only control sample shows a comparable ESR. The EIS curve
at low frequency region shows a large phase angle of > 80 °, indicating a nearly ideal
EDLC behavior.

Figure 102. (a) CV curves of the VACNT-CFP assemble and CFP control sample at
different scanning rate. Charge-discharge curves (b) and cycling test of VACNT-CFP. (d)
The EIS of VACNT-CFP before and after cycling test. Reprinted with permission from
[241]. Copyright 2013 Elsevier.
Another important application of VACNT is water deionizer, which has the same
working principle with supercapacitors. For this application, the good adhesion of
VACNT on substrate is required in addition to electrochemical properties in order for the
VACNT to survive from the water flow. The mechanical robustness is becoming more
151

critical for miniaturized deionization devices in microelectronic cooling loops where the
flow rate of water can be up to several lither per minute. In order to evaluate the
resistance to the impact of water flow, VACNT-CFP was first put under flowing tap
water. No noticeable damage or change of electrical properties was found, suggesting the
strong interface bonding. Further, we investigated the performance of VACNT-CPF
under flowing electrolyte. A peristaltic pump was used to control the flow rate from 0 up
to 2000 mL/min (Figure 103a). The CVs of VACNT-CFP was recorded and shown in
Figure 103b. The shape of CV shows little changes with the flowing rates, suggesting the
superior mechanical reliability of VACNF-CPF assembles.

Figure 103. (a) The peristaltic pump and setup for testing the performance of VACNTCFP in flowing water. (b) CV curves of VACNT-CFP with different flow rate; the
scanning rate is 100 mV/s. The inset is a picture shows VACNT-CFP survives from the
impact of flowing tap-water. Reprinted with permission from [241]. Copyright 2013
Elsevier.
Summary
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In summary, we successfully fabricated a VACNT-CFP hybrid structure by
transferring VACNT onto a CFP substrate with the help of a silicone resin adhesive.
Surprisingly low interface resistance was observed at the VACNT-CFP interface due to
the large contact area despite the pure Van der Waals interaction. We demonstrate that
the VACNT-CFP can be used as high performance electrodes for supercapacitors and
deionizers with excellent rate performance and mechanical robustness. Such VACNTCFP can be also used as a current collector for ultra-think battery electrode or 3D battery.
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APPENDIX B
PREPARATION OF WATER-BASED CARBON NANOTUBE INKS
AND APPLICATION IN THE INKJET PRINTING OF CARBON
NANOTUBE GAS SENSORS
Introduction
Carbon nanotubes (CNTs) have been widely studied as a functional component in
portable gas sensors operating at ambient temperate and with ultra low/zero power, due to
its excellent property including high electrical conductivity, specific surface area and
chemical stability etc. Various carbon nanotube-based gas sensors have been
demonstrated with high sensitivity for NO2, NH3, NO etc.[245] Recently by using single
walled CNTs, a part per billion (ppt)-level detection of NO2 has been achieved.[246]
However, most of previous studies on CNT-based sensors, focusing on high sensitivity,
require complicated fabrication processes and are very difficult to scale up. This is
largely due to the lack of reliable methods to accurately position CNTs between
microelectrodes, and the high cost of the photolithography process.

Facile and

reproducible fabrication processes are needed for integrating CNTs in real sensor devices
for practical application.
Inkjet printing is as one of key technologies in emerging printed electronic
devices which can achieve precisely and spatially controlled deposition of various
materials on arbitrary substrates, and has found wide application in the miniaturization of
electronic packaging, optical and medical devices as well as sensors.[247] In particular,
inkjet-printed gas sensors have drawn an increasing interest due to its low cost, large-
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scale production and the wide application in public safety related areas. Previous research
efforts have focused on inkjet printing of conducting polymers, such as polyaniline, and
excellent gas sensing capabilities (10 ppb detection of NH3) has been observed.[248]
However, to prepare the ink, sophisticated procedures are often required to control the
morphology and dispersion of conducting polymers in solvent. As an alternative material
for inkjet-printed gas sensor, CNT is advantageous due to its predefined morphology that
simplifies the ink preparation process and the aforementioned gas sensing properties. We
have previously studied the fabrication of CNT-based wireless sensors via inkjet printing,
using CNT in DMF as the ink.[249] The use of proper organic solvents, such as DMF
and NMP, is necessary for the good dispersion of CNTs in these organic solvents.
However, most organic solvents are very toxic, and this brings considerable
environmental and safety concerns. In this regard, water-based CNT ink is highly
desirable for “green” printing technology.
In this study, a water-based CNT ink is developed by direct dispersing
functionalized CNTs in water. The functionalized CNT is prepared via an oxidation
process, which introduces hydrophilic oxygen-containing functional groups on the
surface of CNT. As a result, a good dispersion of CNT in pure water can be obtained
without the help of toxic organic solvent or extra surfactant that are necessarily in
previous studies. [249, 250] In our experiment, multi-walled CNT are used as the starting
material because their outer walls can be used for chemical modification, while the inner
walls maintain the structural integration and thus electrical conductivity. The water-based
CNT ink was inkjet-printed on paper, a low-cost, flexible and light-weight substrate. The
gas sensing property of inkjet-printed CNT is investigated and a higher sensitivity toward
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NO2 is observed. The eco-friendly water-based CNT ink shows a promising application
in large scale production of CNT gas sensors.
Experimental
Preparation of water-based CNT ink
The pristine CNT is purchased from Sun Nano (Nanchang, China), which has a
diameter of 10-20 nm and a length of 10-15 μm. The functionalization of CNT was
carried out via a modified oxidation process in a previous report.[116] In a typical
experiment, 0.5 g as-received CNTs was dispersed in a mixture of 80ml H2SO4 and 94 ml
HNO3. The solution was then sonicated at 60°C for 2 hours (B2500A-MTH, VWR). The
functionalized CNT was separated by vacuum filtration, washed with adequate water to
remove residual acids, and dried overnight at 60 °C in an oven. Then, dried CNT powder
was collected and dispersed in water at a concentration of 5 mg/mL. Sonication was
applied until a uniform dispersion was obtained. Glycerol was added to CNT-water
dispersion with a weight ratio of 1:3 (glycerol: water) to meet the viscosity and surface
tension requirements for inkjet printing.
Inkjet Printing of CNT
A Dimatix Materials Printer (DMP-2800 Series) was used for inkjet printing of
CNT ink onto a Kodak photo paper substrate. A10 pL cartridge was chosen, providing a
2 μm diameter nozzle for accurate deposition while maintaining a good passage of CNT
through the printer. The temperature of printer platen was set to 60°C to assist in the
evaporation of water and glycerol. Additionally, the print head was set at 40°C, with a
voltage on each muzzle which is set independently between 34-40V and calibrated by
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observation on the drop watcher. Careful calibration of the printer was necessary to
ensure the optimal fluid flow and good printing results. The fabrication procedure was
separated into two parts, fabrication of the silver metallic traces and subsequent
deposition of CNTs. First, 10 layers of silver ink (CCI-300, Cabot Corporation) were
deposited and cured under 120°C for 8 hours. Next, the CNT ink was printed via
following procedures: First, 25 layers of CNTs were deposited with periodically cleaning
the print head; then the CNT on paper was baked at 150 °C in an oven to remove the
solvent and any traces of glycerol. The printing process was repeated to achieve 50, 75,
and 100 total layers.

The 75 layers CNT samples have been chosen for sensor

characterizations.
Characterizations
FTIR characterizations were performed at ambient temperature with a
spectrometer (Nicolet, Magna IR 560). Raman characterizations were carried out using
LabRAM ARAMIS, Horiba Jobin Yvon with a 532 nm wavelength laser. The
microscopic structure of printed CNTs on paper was observed in SEM (LEO 1530)
operated at an accelerating voltage of 4 kV. The gas sensing property of printed CNT was
examined by a TIN-TEK FlexStream gas generator. A network analyzer (Rohdes and
Schwarts ZVA 8) was used to measure the impedance of inkjet-printed CNT sensor from
50MHz to 3GHz. All samples used for frequency sweep were printed using 75 layers of
MWCNT and 10 layers of a conductive silver ink. The testing procedure was as follows:
(1) the impedance measurement in air; (2) cleaning by purging pure nitrogen for 5
minutes; (3) introducing 10 ppm NO2 and impedance measurements;(4) purging N2 for
the recovery time measurements.
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Results and Discussion
In general, pristine CNT has very poor dispersion in water due to its intrinsic
hydrophobicity. Therefore, to prepare water-based CNT ink, hydrophilic groups are
introduced into the outside wall via an oxidation process in the acid mixture of H2SO4
and HNO3. Various oxygen containing functional groups on CNT surfaces help achieve a
much better dispersion of CNT in water as a result of their polar and ionic nature. As seen
in Figure 104, a stable CNT solution in water/glycerol with a concentration up to ~ 5
mg/mL in water can be prepared for inkjet printing, which still maintains a good
dispersion after 1 month. These functional groups are investigated by FTIR, as shown in
Figure 105a. The peaks at ~3400, ~ 1717, ~ 1633, ~ 1100 cm-1 are from the –OH, C=O in
carboxyls, unoxidized C=C edges and C-O groups respectively,[48, 110] which confirm
a successful functionalization of CNT. Another function of severe oxidation process is to
cut the long CNT ( > 10 μm) into shorter pieces,[251] which is critical to allow CNTs to
pass the small nozzle (2 μm) during printing. The Raman spectra of CNTs before and
after oxidation are shown in Figure 105b. The peaks at ~ 1330 cm-1 is defect-related D
peak, while the peak at ~1565 cm-1 is called G peak which results from the graphitic
strcuture in CNTs. The intensity ratio of D peak and G peak (ID/IG) ratio is an important
parameter to study the structure of carbon materials. According to the empirical TuinstraKoenig relation, the ID/IG ratio is inversely proportional to the size of nanocrystalline
graphite.[85] The fact that ID/IG ratio increases from 1.25 to 1.41 after oxidation reaction
indicates that more defects, probably in the form of oxygan-containing functional groups,
are created on the CNT surface, which is consistent with FTIR result.
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Figure 104. CNT ink (~5 mg/mL water). Reprinted from [252]. Copyright 2011 ASME.

Figure 105. (a) FTIR spectra of functionalized CNTs and (b) Raman spectra of CNTs
before and after oxidation. Reprinted from [252]. Copyright 2011 ASME.
The water-based CNT ink was directly printed on a paper substrate after a mild
sonication, which is shown in Figure 106. A commercial silver ink was printed before
printing CNT to provide electrical conductivity. The CNTs were printed between silver
lines in the form of a rectangle. The microscope morphology of printed CNT on the paper
substrate was observed by SEM (Figure 107). As seen in Figure 107a, the surface of CNT
is relatively smooth, indicating the uniformity of the water-based CNT ink. From the
zoomed in image in Figure 107b, it is found that CNTs are highly entangled with
polydispersed diameters, ranging from ~ 10 to ~ 50 nm. However, it is very difficult to
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estimate the length of CNT from the SEM images. In order to measure the thickness of
printed CNT layer, bird-view image was taken, which is shown in Figure 107c. The
printed CNT layer on paper substrate is clearly seen. The thickness of 50-layer CNT is
estimated to be ~ 1 um. The boundary between CNT and Ag was also imaged where
CNT is tightly covered on the nanosized Ag particles, forming the electrical contact
(Figure 107d).
The DC conductance of the printed CNT was measured for the various numbers
of layers using a standard digital multimeter. Three samples were measured for each
number of layers and the average values are shown in Table 5. It is found that the DC
conductance increases when more layers of CNTs were printed, due to the larger
conducting cross-section. However, the thickness of printed CNT may not be
proportional to number of layers so that measured DC conductance does not linearly
increase with the number of printed layers.

Figure 106. Optical Image of printed CNT sensors: the black rectangle and bright long
patterns are printed CNTs and silver ink, respectively. Reprinted from [252]. Copyright
2011 ASME.
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Figure 107. SEM images of printed CNT: (a) bird view of CNT surface at an angle of 30
°; (b) morphology of CNT at high magnification; (c) bird view of CNT-paper interface at
an angle of 30 °C; (d) CNT-Ag boundary. Reprinted from [252]. Copyright 2011 ASME.
Table 5. DC Characteristics of printed CNT sensor. Reprinted from [252]. Copyright
2011 ASME.
Number of Layers

25

50

75

100

DC Conductance
[mS]

1.514

2.521

3.717

4.228

To demonstrate the gas sensing capability of inkjet-printed CNT, NO2 was
introduced into the CNT surfaces at different concentrations ranging from 10 - 90 ppm.
Selected result on a printed 75-layer CNT is given in Figure 108. The particular
frequencies were chosen due to their placement in non-licensed spectrum bands,
facilitating device development. In particular, 2.4 GHz belongs to the U.S. industrial,
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scientific and medical (ISM) radio bands. 10 ppm NO2 is introduced to the CNT sensor
as a minimum concentration. A sharp increase of RF conductivity at 2.4 GHz upon that
small concentration of NO2 exposure was observed, indicating a quick response of the
CNT sensor. The response time is in the level of several seconds. After the conductivity
reaches the equilibrium, the increase of conductivity is found to be up to ~ 30%, which is
typical for CNT-based NO2 sensors. After NO2 exposure, N2 was applied again to study
the recovery time of CNT sensor. It is found that the recovery time is very long, which is
typical for CNT-based NO2 sensors. The long recovery time could be attributed to the
strong interaction between CNT and NO2. For example, electron-rich groups on CNTs,
such as –OH groups have strong chemical bonding with the electron-withdrawing
molecule NO2. Moreover, the large thickness of the CNT layer also contributes to long
recovery time.
The mechanism of the electrical property change of CNT by certain gases has not
been clearly understood yet. Among several proposed mechanisms, “charge transfer” has
been most discussed. For CNTs functionalized by oxygen-containing groups, a p-type
behavior is usually observed where holes are main charge carriers.[253] Meanwhile, the
analyte NO2 molecules act as hole donors when interacting with CNTs, which can
transfer ~ 0.1 hole per molecule.[254] Thus in the presence of NO2 the electrical
conductance of CNTs increases as a result of higher charge carrier density. Moreover, it
has been reported defects on the outside wall of CNTs enhance the interaction of NO2
with CNT, which improves the sensitivity.[255] Further researches should be made to
elucidate the sensing mechanism, especially the role of defects, and facilitate carbon
materials for RF wireless sensor applications.
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Figure 108. The conductance change of inkjet-printed 75-layer CNT at 2.4GHz as a
function of time. 10 ppm NO2 was introduced between 5 and 35 mins. Reprinted from
[252]. Copyright 2011 ASME.
The CNT-based gas sensor can be incorporated into an antenna structure as a
passive sensor. The changes in charge transport of CNT would alter the electrical
properties of the antenna such as resonant frequency, backscatter radiated amplitude and
phase etc. The passive antenna based design, such as radio frequency identification
device (RFID), currently finds lots of applications because it readily yields a low or zero
powered wireless solution with ability to create planar and flexible devices. In addition,
there exists the ability to improve sensitivity of the overall device via careful choices in
the antenna design process and nanomaterials. This feasibility study demonstrated a
strong potential of inkjet printed MWCNTs for high sensitivity wireless RF sensors.
Conclusions
An oxidization process is developed to functionalize CNT with hydrophilic
oxygen-containing groups, which improve the dispersion of CNT in water. A CNT-based
gas sensor is fabricated via inkjet printing of the water-based CNT ink, which shows a
high sensitivity of the CNT-based sensor toward NO2. The CNT structure could also be
163

incorporated into an antenna structure for wireless gas sensing. The water-based CNT
ink shows great potential for green and mass production of CNT sensors via inkjet
printing.
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APPENDIX C
EXFOLIATED HEXAGONAL BORON NITRIDE-BASED
POLYMER NANOCOMPOSITE WITH ENHANCED THERMAL
CONDUCTIVITY FOR ELECTRONIC ENCAPSULATION
Introduction
Thermal management is one of the most critical challenges in current electronic
packaging in order to dissipate the large heat flux from high density/high power ICs and
ensure high performance and long lifetime for the electronics.[256-259] In current
packaging schemes, the ICs are mostly encapsulated by polymeric materials which
provide an important pathway for heat dissipation.[258, 259] However, the thermal
conductivity of the typical polymeric encapsulant is far below the practical needs for
efficient heat dissipation. The thermal conductivity of highly silica-filled epoxy underfill
is < 0.5 W/mK. Therefore, the development of highly thermally conductive encapsulant
materials is of great importance for the development of packaging technologies.
The incorporation of high thermal conductivity filler has been widely used to
improve the thermal conductivity of polymer matrix. Typical filler materials include
metals (Ag, Al etc),[260, 261] carbon-based materials (carbon fiber, graphite,
diamond),[262-264] and ceramics (boron nitride and alumina nitride, etc).[265, 266] In
order to achieve the high thermal conductivity for the composite, a high filler loading (>
50 wt%) is necessary for conventional micro sized spherical or flake-like fillers. Such
high loading usually results in problems of poor processablity/flowability and high cost
etc., causing limited practical applications for IC encapsulation. To pursue a fundamental
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improvement in the thermal conductivity of polymer composite, novel nanofillers with
ultrahigh thermal conductivity and a high aspect ratio have attracted numerous attentions.
For example, thermal conductivities higher than 3000 W/mK were observed in carbon
nanotubes and graphene, twice of that for graphite. Moreover, the high aspect ratio of
fillers allows the formation of the thermal percolating network at a lower filler loading.
Chen et al. reported that the thermal percolation of 2D graphite nanoflake suspension
occurs at a very low loading of 0.07-0.2 vol%.[267] The thermal conductivities are
significantly enhanced for the composites of carbon nanotube/epoxy and graphite
nanoplatelet/epoxy.[262, 268, 269] Balandin et al. prepared multilayer graphene-epoxy
nanocomposite, which achieved a high enhancement of thermal conductivity by 2,300%
at a filler loading of 10 vol%.[6] A similar result was reported by Jeon et al.[270] These
researches demonstrate that the high aspect ratio filler enables high the thermal
conductivity at a low filler loadings, which maintains the processablity of the polymer
composite.
Hexagonal boron nitride (h-BN) nanosheet is a promising filler for formulating
high performance encapsulant material.[271-276] Single layer h-BN is an analogy of
graphene with a high theoretical thermal conductivity approaching 1,700–2,000
W/mK.[277] Among the typical 2D materials, the thermal conductivity of single layer
hBN is only inferior to that of graphene because of the isotope impurity scattering; [3,
278, 279] but it is much higher than those of MoS2 and other transition metal
dichalcogenides.[280, 281] Moreover, the h-BN has a large electrical bandgap (~ 5.5 eV)
and a small dielectric constant (3.9), which are highly advantageous over metallic fillers
and carbon nanomaterials when the electrical resistivity and dielectric constant of
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composite are concerned. However, the application of h-BN nanosheet has been less
explored, due to the challenge of the large-scale preparation. In this study, we used a
liquid exfoliation method to prepare h-BN nanosheet in large quantity, and formulated its
epoxy composites whose thermal conductivities are remarkably higher than that of bulk
h-BN based control samples. The high thermal conductivities of h-BN nanosheet/epoxy
composite successfully reduce the thermal interface resistance when it was used as
thermally conductive adhesives between Si and Cu substrate. Moreover, we carried out
detailed

characterizations

on

additional

materials

properties

of

the

h-BN

nanosheets/epoxy nanocomposite, including flowability, coefficient of thermal expansion
(CTE), glass transition temperature, moisture absorption, etc. and discussed its potential
application as underfill or thermal interface materials in electronic packaging.
Experimental
Sample preparation
The preparation of h-BN nanosheets follows the method reported in our previous
work.[282] The starting h-BN powders were supplied by Momentive. The suspension of
h-BN powder (NX-1, 1 μm) in NMP was ball-milled for 48 hours. The milled samples
were sonicated for 5 hour to further exfoliate h-BN into nanosheets. The exfoliated BN
nanosheets were collected by filtration, washed repeatedly by ethanol and dried at 60 °C
in an oven. The exfoliation of different sizes of h-BN powders, including 5, 7, 12 and 45
μm, were carried out using the same process.
BN nanosheet powder was dispersed in epoxy resin and acetone by sonication,
and then acetone was removed by vacuum and mild heating. After that, the curing agent,
hexahydro-4-methyl

phthalic

anhydride,
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and

catalyst,

1-cyanoethyl-2-ethyl-4-

methylimidazole, were added and mixed by stirring and soncation. The sample was
transferred to an aluminum pan and cured at 150 °C for 1 hour.
Characterizations
TEM images were obtained using JEOL TEM 100CX. The morphologies of the
h-BN nanosheet and h-BN nanocomposite were obtained using SEM LEO 1530. The
chemical composition of h-BN nanosheet was determined by XPS (Thermo K-Alpha).
The linear coefficient of thermal expansion (CTE) was measured in a thermal mechanical
analyzer (TMA Q400, TA instruments). Samples were heated in a nitrogen atmosphere at
a ramping rate of 5 °C/min to 250 °C. The thermal diffusivities (α) of h-BN/epoxy
nanocomposites were measured by the laser flash method using LFA 471 (Nanoflash,
Netzsch). The thermal conductivity was calculated by κ = αCpρ, in which ρ and Cp are the
density and heat capacity of the composite. The Cp was measured using differential
scanning calorimetry (DSC, Q-600 TA Instruments). All thermal measurements were
carried out at room temperature. The thermal resistances of tri-layer Si-(h-BN
nanocomposite)-Cu samples were measured in an in-house infrared thermal imaging
setup.[283]
Results and discussion
The exfoliation of bulk h-BN into h-BN nanosheets was carried out in NMP upon
the application of mechanical forces during ball milling and sonication. The starting bulk
h-BN flake has a lateral size of ~ 0.8-1 μm and thickness of 100-300 nm. The ball milling
and sonication provide a combination of various types mechanical forces, including
compression, sheer, scission and vibration, which either peel off thin layer of h-BN from
bulk flakes or break the flake into smaller pieces.[282] The NMP plays an important role
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in this process by stabilizing the thin h-BN nanosheets, preventing them from reagglomeration. The semi-transparent h-BN nanosheets can be clearly observed though
the TEM characterizations (Figure 109a and b), indicating the small thickness. The lateral
size of h-BN nanosheets is usually smaller than 300 nm. At the same time, we also
noticed that thick h-BN flakes co-exist with the h-BN nanosheets (Figure 109c). The
presence of thick h-BN flakes can assist the thermal transport in the composite because
they are less subject to thermal conductivity degradation due to phonon−boundary
scattering, and in the composite h-BN nanosheets can form thermal links that
interconnect the thick h-BN flakes.[6]

Figure 109. TEM images of h-BN naonsheets: (a), (b) single/few layer h-BN nanosheets
and (c) thick h-BN sheets. All the scale bars are 100 nm. Reprinted with permission from
[284]. Copyright 2014 Elsevier.
The chemical composition of h-BN nanosheets was analyzed by XPS in order to
probe the possible impurities that were introduced during the exfoliations process. As
shown in Figure 110, B, N, C and O are present in both h-BN control and h-BN
nanosheets. The O and C exist in the form of boron oxide and boron carbon, which are
typical impurities in h-BN powders. After the exfoliation, the atomic percentages of B
and N, drops whereas the contents of C and O increases (Table 6), suggesting the
additional impurities and NMP residual. These impurities can potentially degrade the
thermal conductivity of h-BN nanosheets as phonon scattering centers.
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Figure 110. XPS survey spectra of h-BN control and nanosheets. Reprinted with
permission from [284]. Copyright 2014 Elsevier.
Table 6. Chemical composition of h-BN control and h-BN nanosheets. Reprinted with
permission from [284]. Copyright 2014 Elsevier.
Atomic Percentage (%)

B

N

C

O

h-BN control

44

44.9

5.9

5.2

h-BN nanosheet

35.8

38.1

16.0

10.1

The h-BN-nanosheet/expoxy composite was prepared using a solvent transfer
method. In order to evaluate the interfacial interaction of h-BN nanosheet with epoxy
resin, we firstly observed the fractured surface of 20 wt% h-BN nanosheet/epoxy
composite using SEM, as shown in Figure 111. The large surface roughness of fractured
surface indicates strong interfacial interaction between h-BN nanosheet and epoxy resin.
As we did not carry out any surface modification of h-BN surfaces, the interaction
between h-BN and epoxy resin are pure Van der Waals force. The surface energy of hBN (cubic phase) films was found to be ~ 40 mJ/m2,[285] which closely matches that of
epoxy resin.[286] As a result, the epoxy resin well wets the h-BN nanosheets, forming
strong interfaces.
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Figure 111. The SEM images of the fractured surface of 20 wt% h-BN nanosheet/epoxy
composite at (a) high and (c) low magnification. Reprinted with permission from [284].
Copyright 2014 Elsevier.
The thermal conductivity of h-BN/epoxy composite was measured by the laser
flash method. The neat epoxy has a thermal conductivity of 0.15 W/mK. The addition of
h-BN leads to the increase of thermal conductivity. The thermal enhancement factor
(TEF) is defined as

 composite   epoxy
 100% ,
 epoxy
in which the  refers to the thermal conductivity. As shownFigure 112, the exfoliated hBN nanosheet is more effective in increasing the thermal conductivity of composite
comparing with the h-BN control. At a loading of 5 wt%, the TEF is 113% for h-BN
nanosheets, while is only 28% for h-BN control. The high aspect ratio of h-BNnanosheets is one of most critical factor for the impressive TEF. Moreover, the
exfoliation of h-BN into single layers also leads to a several-fold improvement of thermal
conductivity. Increasing the filler loadings further increases the TEF and consistently the
h-BN nanosheet has better performance than h-BN control. On the other hand, we noticed
that the effect of using h-BN nanosheets becomes less obvious. For example, the TEF of
30 wt% h-BN nanosheet/epoxy is 316 %, which is only slightly higher than the 247%
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control. This is mainly because that the smaller lateral size of h-BN nanosheets brings in
more filler-filer and filler-epoxy interfaces. The thermal boundary resistance, which is
found to 7.6 × 10−8 m2K/W,[266] takes a dominant role in determining the thermal
conductivity at high filler loadings, overriding the effect of high aspect ratio of fillers.
Consequently, the

thermal conductivity of h-BN control based composite slowly

approaches that of h-BN-nanosheets at high filler loadings.

Figure 112. Thermal enhancement factors of h-BN nanosheet based composites and h-BN
control based nanocomposites. Reprinted with permission from [284]. Copyright 2014
Elsevier.
The smaller lateral size of h-BN nanosheets hinders further improvement of
thermal conductivity for the composite. To overcome this limitation, we explored the use
of larger starting h-BN flakes whose lateral sizes are 5, 7, 12, and 45 μm. However, it is
found that the larger size of starting h-BN does not necessarily lead to the larger size of
h-BN nanosheets. During the exfoliation process, the large BN flakes firstly break into
small pieces that are easier to be exfoliated into nanosheets. Therefore, the dimension of
h-BN nanosheet is weakly dependent on the size of starting h-BN flakes. Moreover, when
large h-BN flakes were used, the yield of exfoliation is much lower. The fact that the
exfoliation of h-BN is more difficult than that of graphite could be attributed to the high
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chemical resistance and intercalation resistance of h-BN,[287] and becomes one of the
major hurdles for developing high performance h-BN nanocomposite.

a

b

c

Figure 113. Schematics of (a) IR thermal imaging test fixture and (b) tri-layer
sandwiched Si-nanocomposite-Cu sample configuration. (c) Rrepresentative thermal
image and temperature profile. Reprinted with permission from [284]. Copyright 2014
Elsevier.
Table 7. Thermal resistance of Si-composite-Cu tri-layer structure. Reprinted with
permission from [284]. Copyright 2014 Elsevier.
Power (W/cm2)

Sample

Temperature

Thermal resistance

Drop (°C)

(cm2K/W)

Neat epoxy

15.4

65.8

4.27

5 wt% h-BN nanosheet

15.7

29.4

1.87

10 wt% h-BN nanosheet

15.7

26.9

1.63

20 wt% h-BN nanosheet

15.7

21.3

1.26

30 wt% h-BN nanosheet

19.7

18.9

0.96

The performance of h-BN nanocomposite for reducing the thermal interface
resistance was evaluated by using an infrared thermal imaging method. The infrared
thermal imaging setup consists of an insulation layer, a ceramic heater, a copper block, a
thermoelectrical cooler and a heat exchanger, as shown in Figure 113a. The sample is
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mounted between the heater and copper block with the help of thermal grease. The heat
flux from the ceramic heater transports across the sample to the cooler, producing a
temperature gradient that is captured by an IR microscope at the edge of sample. A
typical sample configuration for measurement is tri-layer sandwiched Si-nanocompositeCu (Figure 113b), where the heat flux transports from Cu to Si substrate. The thickness of
h-BN/epoxy composite layer is controlled to be ~ 70 μm by adding ~ 0.5 wt% 70 μm
glass beads as spacers. Figure 113c shows a typical thermal image and temperature
profile across the interface. The drop of temperature occurs mainly at the h-BN/epoxy
nanocomposite layer due to its much lower thermal conductivity than those of Cu (398
W/mK) and Si (~ 149 W/mK). The thermal resistance between the Cu and Si substrate
can be calculated by:

R

Thot  Tcold
Q

where R is the thermal resistance, Thot and Tcold are the averaged temperature of Cu and
Si surfaces respectively, and Q is the heat flux supplied to the sample per unit area
controlled by the power applied to the heater. The thermal resistances of various
materials were measurement using this configuration and summarized in Table 7. The
neat epoxy has a high thermal resistance of 4.27 cm2K/W, and the addition of 5 wt% hBN nanosheet dramatically reduces the thermal resistance to 1.87 cm 2K/W. Further
increase of h-BN nanosheet loading continuously reduces the thermal resistance. At 30
wt%, the thermal resistance is 0.96 cm2K/W.
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Figure 114. (a) The viscosity and (b) flow test of neat epoxy and h-BN nanosheet/epoxy
uncured composites; (c) the CTE and Tg and (d) moisture adsorption of h-BN
nanosheet/epoxy cured composites. Reprinted with permission from [284]. Copyright
2014 Elsevier.
In addition to the thermal conductivity, the viscosity of uncured h-BN-epoxy
composite is an important property with regard to the processability for its application as
underfill or adhesive. Low viscosity is highly desirable for the uncured nanocomposite to
easily spread out on the bonding surface and flow into small gaps between IC chips and
bonding substrate. The room temperature viscosity of the neat epoxy resin as low as 0.18
Pa·s. When h-BN nanosheets are added, the viscosity of composite dramatically increases
due to the high surface area of nanofillers, as shown in Figure 114a. Moreover, shear
thinning is observed for h-BN nanosheet/epoxy composites, which could be probably
attributed to the shear alignment of h-BN nanosheet at high shear rate. The results in
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Figure 114a suggest that 10 wt % nanocomposite can be used as the capillary-flow
underfill with acceptable flowability, whereas the 20 wt% nanocomposite is more
suitable for higher pressure to be applied such as stencil printing etc. We further
investigated the flowability of epoxy and nanocomposites for its application as capillary
flow underfill. These experiments were carried out for 80 μm gaps at 60 °C. The neat
epoxy can easily flow 30 mm within 80 s. The 10 wt% nanocomposite flowed 27 mm at
600 s. The flowability dropped rapidly at higher loadings. The 20 wt% nanocomposite
flowed only 7 mm and the flow of 30 wt% nanocomposite was very small (1 mm for 10
mins).
The CTE and Tg of h-BN nanosheets/epoxy composite were measured by TMA
and shown in Figure 114c. The CTE of nanocomposites decreases with the loading of hBN nanosheets reaching 45 ppm/K at 30 wt% loading, due to the negative in plane CTE
of h-BN nanosheets. The Tg of nanocomposites slightly drops from 167 °C for neat
epoxy to 159, 155, and 156 °C for 10 %, 20%, and 30 wt% loadings respectively. The
drop of Tg is due to the large free volume at the filler-epoxy interfaces, especially for
nanosized fillers and has been observed in other nanocomposite systems.[288] We tested
the moisture absorption of h-BN nanosheet/epoxy composites under 85 C and 85 %
relative humidity condition (Figure 114d). The nanocomposites gain weight rapidly
during the first 6 hours and reached saturated values of 1.7, 1.4, and 1.2 wt% after 100
hours for 10 %, 20%, and 30 wt% loadings respectively. The nanocomposites with higher
filler loadings have lower moisture adsorption because that the inorganic h-BN fillers
does not absorb any moisture. The moisture adsorption normalized to the epoxy resin is ~
1.7-1.8 wt% for all three loadings, indicating that the filler-epoxy interface does not
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increase the moisture absorption. These characterizations suggest that the h-BN
nanosheet is suitable for electronic packaging applications.
Conclusions
We prepared h-BN nanosheet using a liquid exfoliation method and its epoxy
nanocomposite, and demonstrated enhanced thermal conductivity compared with the
micron-sized h-BN flake-based control samples, which could be attributed to the high
thermal conductivity and aspect ratio of the nanosheet. However, it is found that thermal
enhancement effect of h-BN nanosheet becomes less obvious when the filler loading
increases as a result of the small lateral size of the nanosheet (a larger amount of fillerfiller and filler epoxy interface) and relatively high thermal boundary resistance.
Nevertheless, the infrared thermal imaging measurement revealed much reduced thermal
interface resistance in trilayer Cu-nanocomposite-Si samples. In addition to the high
thermal conductivity, the h-BN nanosheet/epoxy nanocomposite possesses acceptable
flowability, high Tg, reduced CTE and low moisture absorption, rendering its promising
applications for electronic encapsulation.
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APPENDIX D
MAGNETIC ALIGNMENT OF HEXAGONAL BORON NITRIDE
PLATELETS IN POLYMER MATRIX: TOWARD HIGH
PERFORMANCE ANISOTROPIC POLYMER COMPOSITES FOR
ELECTRONIC ENCAPSULATION
Introduction
The rapid development of new generation electronics, fine-pitch integrated
circuits (ICs) and three-dimensional (3D) integration set stringent requirements for
packaging materials to ensure the long lifetime of electronic devices.[256, 258, 259] High
thermal conductivity, electrical insulating and low CTE polymer composites are in great
need as encapsulants for ICs to provide environmental protection, facilitate the heat
dissipation and relieve the thermal stress. Conventional underfill materials, containing
polymers and silica fillers, are widely used in current electronics but cannot meet these
requirements due to its poor thermal conductivity of lower than 0.5 W/mK that results
from the low intrinsic thermal conductivity of silica fillers (1.4 W/mK). Thermal
interface materials (TIMs), another important example of polymer composite, are filled
with high thermal conductivity ceramic or metallic fillers and have thermal conductivity
of 1-5 W/mK. However, to reach high thermal conductivity, extremely high filler loading
are required (>50 vol%), resulting in the loss of

processiblity and degradation of

mechanical properties.[257, 271, 289] So far, the lack of high performance materials for
IC encapsulation has been one of major bottlenecks for next-generation electronics.
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The unsatisfactory performance of known polymer composites in electronic
packaging is largely due to the slowly developed filler technology. With the excellent
mechanical and adhesive properties of polymers, fillers are added to introduce desired
properties for target applications: silica is used to lower down the CTE for underfills
because of its low CTE of 0.5 ppm/K;[288, 290] high thermal conductivity ceramics are
used in TIMs to improve the thermal conductivity;[271, 274, 289, 291, 292] and metallic
fillers (silver, copper etc.) are used in electrical conductive adhesives (ECAs) to boost the
electrical conductivity.[258, 293] In addition to the intrinsic properties of fillers, the
performances of composites are also affected by filler geometries,[6, 272]
orientations[274] and interfacial properties,[288, 290, 294] which are being actively
researched recently. Among these factors, the filler alignment is less explored because of
technical difficulties in controlling the filler alignment. Several approaches were used to
prepare polymer composites with aligned fillers. Pre-aligned fillers, e.g. carbon nanotube
arrays, were used to prepare the polymer composites with enhanced performance in
alignment direction.[294-297] Shear alignment is another approach in which fillers are
aligned by shear force during the flow or stretch of polymers.[274, 298-302] Moreover,
the gravitational force can lead to horizontal alignment of high aspect ratio fillers.[5, 303]
However, these methods only produce composite materials with pre-defined geometry
and filler alignment direction, and therefore have limited applications. It is highly
desirable to develop new methods for effective filler alignment after the application of
composite and with flexible control over the alignment direction.
Magnetic alignment is very attractive in this regard due to the remote control of
filler alignment and possibility of orienting filler at arbitrary directions.[304, 305] A
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variety of structures can be achieved under optimized conditions.[305-311] In this work,
we explored the magnetic alignment of hexagonal boron nitride (hBN) platelets in epoxy
composites and the resulting materials properties. hBN platelets is an outstanding filler to
demonstrate the impact of filler alignment not only because of its non-spherical shape but
also the anisotropic properties. As seen in Figure 115, hBN platelets have excellent inplane properties including high thermal conductivity of ~ 600 W/mK and low CTE of 2.7 ppm/K. However, the inferior out-of-plane properties, low thermal conductivity of 30
ppm/K and large CTE of 38 ppm/K, cause poor performance for conventional hBN-based
composites in which the fillers are randomly oriented (Figure 115).[271] Therefore,
controlling the orientation of hBN in polymer matrix is critically important for optimizing
the performance of its composites.

κ//= 600 W/mK
CTE//= -2.7 ppm/K

Conventional polymer composite
κ┴= 30 W/mK
CTE┴= 38 ppm/K

Magnetic Field

Hexagonal boron nitride (hBN)

Magnetically responsive
hBN (mhBN)
Anisotropic polymer composite

Figure 115. Anisotropic properties of hBN platelets and schematics of conventional
polymer composite in which hBN platelets are randomly oriented; schematic illustration
of the preparation of magnetically responsive hBN and its alignment hBN under an
external magnetic field for anisotropic polymer composite. Reprinted with permission
from [266].Copyright 2013 American Chemical Society.
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Magnetic alignment requires the filler to respond to the external magnetic field
magnetic. Although hBN is not an intrinsically magnetic material, magnetically
responsive hBN (mhBN) can be prepared from commercial hBN by surface modification
using superparamagnetic iron oxide nanoparticles. The attachment of iron oxide
nanoparticles to hBN surface is through the electrostatic interaction between the
positively charged iron oxide nanoparticles and negatively charged hBN platelets. The
mhBN platelets can orient themselves along the direction of external magnetic field to
minimize the magnetic energy.[305] The size of hBN platelet affects the strength of
magnetic field required for efficient alignment. Using an optimized size reported by Erb
et al, the mhBN platelet can be easily aligned using a rare-earth magnet.[305] As a result,
the mhBN-epoxy composites inherit the anisotropic properties from the mhBN fillers.
This process has been schematically illustrated in Figure 115.
Experimental Section
Materials
Hexagonal boron nitride (AC6041) was provided by Momentive, which has an
averaged particle size of 5 μm and BET surface area of 6.77 m2/g. The magnetic iron
oxide nanoparticles solution (3.9 vol%) were supplied by Ferrotec (EMG 605) with the
saturation magnetization of 22 mT and initial magnetic susceptibility of 3.02. The epoxy
resin are the mixture of diglycidyl ether of bispenol A and 3,4-epoxy cyclohexylmethyl3,4-epoxy cyclohexyl carboxylate. Hexahydro-4-methyl phthalic anhydride and 1cyanoethyl-2-ethyl-4-methylimidazole were used as curing agent and catalyst
respectively. Other chemical were used as received.
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Magnetic modification of hBN
In a typical process, 4 g hBN powder was dispersed in water by gentle stir and
sonication. 400 μL ferrofluid was then added and mixed by stir. The suspension was
incubated overnight to allow the bonding between hBN and iron oxide nanoparticles.
After that, mhBN powder was separated from the suspension by centrifuge at 2000 rpm
for 30 min, and was dried at 60 °C in vacuum.
Preparation of aligned mhBN-epoxy composites
mhBN powder was mixed with epoxy resin by 5 min sonication. A small amount
of acetone was added in this process to help the dispersion of BN, and was then removed
by vacuum at elevated temperatures. After that, the curing agent and catalyst was added
and mixed by stir. The composite was transferred to a Teflon mold and placed in between
two parallel arranged rare-earth magnets. The strength of magnetic field is 400 mT
measured by a Gaussmeter (Lakesure, model 410-SCT). The curing of epoxy was carried
out by placing the whole fixture in an oven, including both Teflon mold and the magnet,
so that the magnetic field was applied throughout the curing process. The curing profile
was 100 °C for 12 hours and 150 °C for 1 hour.
Characterizations
XRD analysis of mhBN and mhBN-epoxy composites was carried out with an
X’Pert PRO Alpha-1 system using Cu Kα radiation (45 kV and 40 mA). The zeta
potential of iron oxide nanoparticles was measured using Malvern Zetasizer Nano ZS.
TEM was carried out using the JEOL TEM 100CX. SEM (LEO 1530 and 1550) was used
to characterize the morphology of mhBN-epoxy composite surfaces using an accelerating
voltage of 4 kV; samples were sputter coated with a thin layer of gold for better imaging.
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The energy dispersive spectroscopy was measured on uncoated mhBN powders using
SEM 1530 equipped with an EDS detector. In order to observe the orientation of mhBN
in the composite, the cracked composite surface was exposed to oxygen reaction ion
etching (RIE) to etch away the outer epoxy layer. The Young’s modulus of neat epoxy
and epoxy composite were measured by TriboIndenter (TI 900, Hysitron) using a 10 μm
cono-spherical probe. TMA (Q-400 TA instrument) was used to measure the CTE of
composites. The thermal diffusivity (α) of mhBN-epoxy composites was measured by the
laser flash method using a LFA 471 (Netzsch). The thermal conductivity was calculated
by κ= αCpρ, in which ρ and Cp are the density and heat capacity of mhBN-epoxy
composite. The Cp was measured using DSC (Q-600 TA instrument). All thermal
measurements were carried out at room temperature. The complex viscosity of uncured
hBN-epoxy composites were measured using discovery hybrid rheometer-2 (HR2, TA
instrument).
Results and Discussion
Magnetic modification of hBN
To prepare mhBN, hBN platelets were dispersed in water and a solution of iron
oxide nanoparticle was then added. Iron oxide nanoparticles are coated by cationic
surfactants and have a zeta potential of 30 mV, indicating the positive surface charge.
The dispersed hBN have negative surface charges and thus a strong electrostatic
interaction with iron oxide nanoparticles.[305, 312] After being added to the hBN
suspension, these magnetic nanoparticles are quickly attached onto the hBN surface.
Consequently, the mhBN can respond to the external magnetic field as shown in Figure
116a. It is found that such electrostatic force is very strong that the magnetic response of
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mhBN is maintained after continuous sonication of the mhBN suspension. The presence
of iron oxide particles is confirmed by the XRD pattern of mhBN (Figure 116b), in which
feature peaks from both hBN and iron oxide are observed. The TEM characterization
reveals that the size of iron oxide nanoparticles ranges from ~ 10 to ~ 25 nm (Figure
116c), and confirms the successful attachment of iron oxide nanoparticles to the surface
of hBN platelets (Figure 116d). Further, the energy dispersive spectroscopy (EDS)
analysis of mhBN reveals the presence of 0.32 at% iron (Figure 117). Moreover, the
elemental mapping by EDS shows a uniform distribution of iron oxide and no large
agglomerate of nanoparticles is observed.
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Figure 116. (a) Images of mBN dispersion in acetone and its response to external
magnetic field when a magnet is placed near the dispersion. (b)XRD pattern of mBN; the
black labels refer to peaks from hBN and the red labels refer peaks from iron oxide
nanoparticles. TEM images of (c) iron oxide nanoparticles and (d) mhBN. Reprinted with
permission from [266].Copyright 2013 American Chemical Society.
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Figure 117. SEM image of hmBN, and the EDS and elemental mapping collected from
the same location. Reprinted with permission from [266].Copyright 2013 American
Chemical Society.
The optimization of mhBN-epoxy composite preparation
The mhBN-epoxy composites were prepared using a solvent transfer method as
described in the experimental section. During the curing of epoxy resin, an external
magnetic field was applied by placing the mold between two magnets (Figure 118),
which guides the orientation of mhBN platelets in the composites. The amount of iron
oxide nanoparticles on mhBN surface is an important factor affecting the magnetic
alignment. We changed the loading of iron oxide nanoparticles on hBN from 0.5, 1, to 2
wt%. The 2 wt% is found to be maximum loading, which achieves the highest
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performance enhancement in terms of thermal conductivity (Figure 119). At 2 wt%, the
magnetic susceptibility of mhBN is calculated to be 0.17 using the method developed by
Erb et al.[305, 313] Moreover, the curing profile of composite was optimized to allow the
efficient alignment of mhBN before the fully curing of epoxy resin. The typical curing
profile of mhBN-epoxy consists of two steps: a pre-cure at lower temperature for 12
hour, and a fully cure at 150 °C for 1 hour. The pre-cure step used temperatures higher
than room temperature in order to lower down the viscosity of the resin for efficient filler
alignment. However, if the temperature is too high, immediate curing of polymer resins
occurs that the mhBN does not have enough time for fully alignment. We tried different
pre-curing temperature, including 60, 100 and 150 °C (no pre-cure cure). It is clear from
Figure 120 that 100 °C is an optimal temperature among the conditions tested which gave
rise to highest thermal conductivity for the composite. It is also found that at
temperatures around or higher than 120 °C the curing of epoxy resin is obvious within 30
min. Therefore, we chose 100 °C as the optimized pre-cure temperature.

Figure 118. The magnet and Teflon mold used to cure mhBN-epoxy composites. The
cured mhBN-epoxy can be easily peeled out of the mode after curing.
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Figure 119. Thermal conductivities of VmhBN-epoxy and RmhBN-epoxy when different
ratios of iron oxide nanoparticles and hBN were used: (a) 1:4 and (b) 1:2 (volume of iron
oxide solution/100 uL to weight of hBN/g, corresponding to the 0.5 and 1 wt% of iron
oxide nanoparticles ) ; (c) comparison of thermal enhancement (1:1 ratio corresponds to 2
wt% of iron oxide nanoparticles).
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Figure 120. The effect of curing profile on the thermal conductivities of VmhBN-epoxy.
Characterizations of mhBN-epoxy composites
The alignment mhBN in composites
Vertical aligned mhBN-epoxy composites (VmhBN-epoxy) were prepared by
applying a vertical magnetic field, and randomly oriented mhBN-epoxy composites
(RmhBN-epoxy) were produced as control samples when no magnetic field was used.
The SEM images of cracked surface of VmhBN-epoxy are shown in Figure 121. The
large roughness of the cracked surface of VmhBN-epoxy compared to that of neat epoxy
indicates strong interfacial interactions between mhBN and epoxy resin. However, the
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orientation of mhBN platelets could not be visualized from SEM images due to the poor
contrast between mhBN and epoxy resin which are both electrically insulating.
Therefore, oxygen reactive ion etching (RIE) was carried out to selectively remove the
outer layer of epoxy resin, resulting in exposed the mhBN platelets. Figure 122a and b
show the SEM images of cracked cross-section of 20 wt% mhBN-epoxy composites after
RIE treatment. It is clear that in VmhBN-epoxy, the mhBN platelets are aligned along the
direction of magnetic field so that the normal of platelets are perpendicular to the
magnetic field direction and within the horizontal plane of the composite. In two
representative cases, the aligned mhBN platelets are projected in the cross-section view
as 1D vertical rods and 2D plates, which are indicated by red and orange arrows
respectively. In contrast, in RmhBN-epoxy, the mhBN platelets are randomly orientated.
One of most obvious indications is the existence of horizontally oriented platelets that are
projected as 1D horizontal rods (indicated by blue arrows). To further prove the vertical
alignment, the top-view SEM images of RIE-treated VmhBN-epoxy (Figure 122c) and
RmhBN-epoxy (Figure 122d) were also collected. As expected, the mhBN platelets
mostly show as 1D rods in VmhBN, whereas plate-shape mhBN can be found in
RmhBN. The observed SEM morphology is very close to the schematic drawings in the
insets and clearly proves the effective magnetic alignment of mhBN in epoxy composites.
Moreover, the magnetic alignment is with high uniformity as the SEM morphology of
VmhBN-epoxy does not show any noticeable variation across the sample.
The XRD analysis of mhBN-epoxy composites in Figure 123 provides additional
support for the magnetic alignment of mhBN. The hBN peaks in RmhBN-epoxy show
similar intensities to those of mhBN powder, whereas dramatically changed peak
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intensities are observed in VmhBN-epoxy, suggesting the change of mhBN platelets
orientations in the composite. Using the epoxy peak at ~ 17 ° as a reference, the hBN
(002) peak becomes six times weaker, the (004) peak disappears, and (100) peak
becomes more than four times stronger in VmhBN-epoxy than those in RmhBN-epoxy.
These changes in the XRD pattern of VmhBN-epoxy can be explained by the reduced
amount of horizontally oriented mhBN and larger amount of vertically oriented mhBN,
as schematically illustrated in Figure 123.
0 wt%

5 wt%

10 wt%

20 wt%

30 wt%

40 wt%

Figure 121. SEM images of the cracked surfaces of neat epoxy and VhmBN-epoxy
composites.

189

a

b

10 μm

10 μm

c

d

10 μm

10 μm

Intensity (a. u.)

Figure 122. SEM cross-section images of RIE-treated 20 wt% (a) VmhBN-epoxy and (b)
VhmBN-epoxy
e
RmhBN-epoxy
composites; Arrows
point to the representative orientations: red and
X-ray
orange arrows indicate vertical alignment while
blue arrows indicate horizontal
alignment. Top-view images of RIE-treated 20 wt% (c) VmhBN-epoxy and (d) RmhBNepoxy composites. Insets in these images schematically show the(002)
oriented
fillers.
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from [266].Copyright
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Society.
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Figure 123. XRD patterns of VhmBN-epoxy and RhmBN-epoxy composites and the
illustration of filler alignment effect on XRD pattern: the horizontally oriented mhBN is
responsive for hBN (002) and (004) peaks and some vertically oriented mhBN are related
to the (100) peak. Reprinted with permission from [266].Copyright 2013 American
Chemical Society.
Thermoechanical properties
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The alignment of mhBN in its epoxy composite greatly impacts its CTEs due to
aforementioned anisotropic properties of hBN. The linear CTEs of mhBN-epoxy
composites were measured along their z direction. As shown in Figure 124, the CTEs of
RmhBN-epoxy at different loadings are in between 60-66 ppm/°C, close to the value for
neat epoxy. In sharp contrast, VmhBN-epoxy shows a dramatic CTE reduction initially
with the increase of filler loading, being as low as 28.7 ppm/°C at 20 wt%. However,
further increase of filler loading above 20 wt% leads to larger CTEs than that of 20 wt%
mhBN-epoxy. The less reduction of CTE at higher filler loading is because the alignment
of mhBN requires low viscosity to allow the free rotation of mhBN platelets in epoxy
resin. As the loading of mhBN increases above 20 wt%, the viscosity of mhBN-epoxy
increases significantly (Figure 125) that inhibits the filler alignment. Indeed, the
examination of SEM cross-section images of 30 and 40 wt% VmhBN-epoxy reveals
significant amount of unaligned mhBN platelets (Figure 126), which do not appear in
VmhBN-epoxy composites at lower loadings.
To better understand the CTE reduction effect by filler alignment, the following
analytical models are used to predict the CTE of VmhBN-epoxy considering the
anisotropic properties of hBN:
– Rule of mixture

 c  f f  (1  f ) m
where  c ,  f and  m are the CTE of the composite, filler and matrix, respectively; f
is the volume fraction of the filler. In our calculation,  f =-2.7 ppm/°C (in-plane CTE of
hBN) and  m =60.6 ppm/°C; f is calculated from the loading of mhBN in the composite
using the density values of 2.1 and 1.2 g/cm3 for mhBN and epoxy resin, respectively.
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– Turner Model[314]

c 

fK f  f  (1  f ) K m m
fK f  (1  f ) K m

where K f and K m are the bulk modulus of the filler and matrix. In the calculation, the

K f =450 GPa and K m =2.4 Gpa.
– Schapery Model[315]
The Schapery model gives an upper limit (  cu ) and a lower limit  cl for the CTE
of composite:
K f ( K m  K cl )( f   m )

 cu   m 

 cl   m 

K cl

Km  K f

K f ( K m  Kcu )( f   m )
Kcu

Km  K f

K cu and K cl are calculated from model using the H-S equation:
K cu  K f 

K cl  K m 

1 f
1
3f

K m  K f 3K f  4G f
f
1
3(1  f )

K f  K m 3K m  4Gm

where G f and Gm are the shear modulus of the filler and matrix. In the calculation, G f
=112 Gpa and Gm = 0.9 Gpa.
The results calculated from these models are compared with the experimental
values in Figure 124. The simple rule of mixture assumes a uniform stress distribution in
the composite and only account for the effect of the CTEs of filler and matrix. However,
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it fails to explain low CTE values, suggesting that the negative in-plane CTE of hBN is
not the sole reason for the dramatic CTE reduction. Turner model assumes a
homogeneous strain in the composite and gives an overestimated CTE reduction,
indicating the critical role of high in-plane modulus of hBN for CTE reduction.[314] The
Schapery model considers both normal and shear stresses between fillers and matrix and
gives the upper and lower limits for CTEs.[315] The experimental CTEs of VmhBNepoxy composites lie within the Schapery limits, showing that the negative in-plane CTE,
high bulk modulus and shear modulus of hBN all contribute to the CTE reduction of
composites. These results also suggest that the large out-of-plane CTE and low bulk
modulus cause the insignificant CTE reduction in RmhBN-epoxy and other hBN-epoxy
composites.

Figure 124. Measured CTEs of VmhBN-epoxy and RmhBN-epoxy and the predicted
CTEs by analytical models considering the anisotropic properties of hBN. Reprinted with
permission from [266].Copyright 2013 American Chemical Society.
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Figure 125. Rheology measurement of uncured hmBN-epoxy with different loadings.
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Figure 126. SEM cross-section images of RIE-treated VmhBN-epoxy of different
loadings.
Thermal Conductivity
The thermal conductivity of mhBN-epoxy composites is greatly enhanced by
filler alignment. Figure 127 shows the z-direction thermal conductivities of VmhBNepoxy and RmhBN-epoxy, and the corresponding thermal enhancement. Here the thermal
enhancement is defined as the percentage of thermal conductivity improvement by
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magnetic alignment of mhBN: (VmhBN epoxy   RmhBN epoxy ) /  RmhBN epoxy (κ refers to thermal
conductivity). It is found that the thermal enhancement increases initially with the filler
loading, reaching 104% at 20 wt%, and drops rapidly to 19 and 8% at 30 and 40 wt%
respectively. The drop of thermal enhancement at high filler loadings is due to the same
reason in the discussion of CTEs, that is, the increased viscosity hinders the alignment of
mhBN during curing. Remarkably, at the optimal filler loading of 20 wt%, the thermal
conductivity of VmhBN-epoxy is 0.85 W/mK, which is 5.7 times of measured value for
neat epoxy (0.15 W/mK) and twice of that for conventional silica-filled underfills. Table
8 compares the thermal conductivity enhancement of VmhBN-epoxy with reported hBNpolymer composite. It is evident that thermal conductivity enhancement of VmhBNepoxy (5.7 times) represents one of the highest for 20 wt% filler loading. Table 8 also
tells that the filler alignment is the major reason for the exciting result because the
RmhBN-epoxy shows 2.8 times enhancement of thermal conductivity, which is
comparable to 1.5-3 times from similar works.

Figure 127. Thermal conductivities of VmhBN-epoxy and RmhBN-epoxy composites
and corresponding thermal enhancement. Reprinted with permission from
[266].Copyright 2013 American Chemical Society.
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Table 8. Thermal conductivity enhancement (  composite /  resin ) of various BN-polymer
composites. Reprinted with permission from [266].Copyright 2013 American Chemical
Society.
Materials

Filler size (μm)

Loading
(wt%)

hBN-epoxy[271]

Thermal
conductivity
enhancement

12

20

~3

60-100

20

~ 5.6

hBN-polyimide[291]

1 and 0.07

20

~ 1.5

hBN-photosensitive
polyimide[292]

0.07

20

~ 1.5

hBN-polyimide[294]

0.7

~ 40

~ 6.8

hBN-epoxy (this work)

5 um

20

5.7 (VmhBN-epoxy)
2.8 (RmhBN-epoxy)

Effective medium approximation of thermal properties for mhBN-epoxy composites
We used a modified effective medium approximation (EMA) to analyze our
experimental data.[316] This model takes into account the thermal conductivity of filler
and matrix, filler geometry and orientation, and thermal boundary resistance (TBR), and
could give important insights into the fundamental parameters governing the thermal
transport in mhBN-epoxy composites.
Basic Framework
For particulate inclusion in polymer matrix, the effective thermal conductivity of
*
*
*
composite K11
, K 22
(in-plane direction) and K 33
(z-direction) can be expressed as

K  K  Km
*
11

*
22

2  f [ 11(1  L11)(1  cos 2  )  33 (1  L33 )(1  cos 2  )]
2  f [ 11L11(1  cos 2  )  33L33(1  cos 2  )]
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,

*
K33
 Km

1  f [ 11(1  L11)(1  cos 2  )  33 (1  L33 ) cos 2  ]
1  f [ 11L11(1  cos 2  )  33L33 cos 2  ]

,

with

ii 

Kiic  K m
K m  Lii ( Kiic  K m ) ,

 ( ) cos  sin d

.
  ( ) sin d
2

cos 
2

Here  is the angle between the composite axis X 3 and local ellipsoidal particle
symmetric axis X 3' , which is the normal of mhBN platelets in this case.  ( ) is a
distribution function describing the orientation of ellipsoidal particles. K iic is the
equivalent thermal conductivity along the X ii' symmetric axis of the ellipsoidal composite
unit cell
Kiic 

1

Kp
Lii K p
Km

,

where K p and K m are the thermal conductivities of ellipsoidal particles and the matrix; Lii
is a geometrical factor dependent on the shape of ellipsoidal particles. For platelets,

L11  L22 

p2
p

cos 1 p, L33  1  2 L11 , where p  a3 / a1 is the
2
2( p  1) 2(1  p 2 )3 / 2

aspect ratio of ellipsoidal particles (for platelets, a1  a2  a3 , thus p  1 ).

  (1  2 p) , when p  1 .
Here  is a dimensionless parameter describing the interfacial properties between
ellipsoidal particles and matrix, defined as
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RBD K m
a3 ,

where the thermal boundary resistance (TBR) RBD  lim (
 , K s 0


Ks

) , assuming interface layer

with a thickness of  and thermal conductivity of K s .
Extraction of TBR
*
For randomly oriented platelets, cos 2  =1/3, the equation for K 33
could be

reduced to:
*
K33
 Km

3  f [211(1  L11)  33(1  L33)]
3  f [211L11  33L33]

For the extraction of TBR, the theoretical in-plane thermal conductivity of hBN
and the measured thermal conductivity of neat epoxy resin are input as known parameter:

K p = 600 W/mK, K m =0.15 W/mK,
The average diameter of hBN platelets is 5 μm, which is obtained from the
material vendor. The thickness is measured from SEM images, which shows a broad
distribution from 100 to 400 nm. As the aspect ratio ( p ) of hBN plays an important in
EMA calculation, several thicknesses are input and calculated individually: p =300
nm/5μm =0.06, p =250 nm/5μm=0.05, p =200 nm/5μm=0.04.
*
Therefore, TBR is the only unknown in the calculation of K 33
. The data fitting

results for p =0.05 are show in Figure 128 as an example and the full results are listed in
Table 9.
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Figure 128. (a) Measured thermal conductivity of hBN-epoxy and mhBN-epoxy
composites cured without an external magnetic field (dots); the predicted thermal
conductivity (colored dash lines) from effective medium approximation (EMA) with the
consideration of thermal boundary resistance (TBR). (b) Data fitting to extract the TBR
of randomly oriented mhBN-epoxy composites assuming p =0.05.
Table 9. Calculated TBRs using different aspect ratios.
P

hBN-epoxy (10-9 m2K/W)

mhBN-epoxy (10-9 m2K/W)

0.06

negligible

218

0.05

83

424

0.04

280

613

Prediction of thermal enhancement
In the laser flash measurement, the thermal conductivity along the X 3 is
*
measured. Therefore, the equation for K 33
was used for thermal conductivity calculation.

For vertical aligned fillers cos 2  =0, other parameters are input as follows:

K p = 600 W/mK, K m =0.15 W/mK, p =0.05, TBR=388×10-9 m2K/W.
Similarly, cos 2  =1 is used for composites with horizontally aligned fillers with
other parameters the sample.
The thermal enhancement is calculated by
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0.30

*
*
K33
(VmhBN  epoxy )  K33
( RmhBN  epoxy )
100%
*
K33( RmhBN  epoxy )
,

and the results are shown in Figure 129.
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Figure 129. Predicted thermal conductivity of VmhBN-epoxy, RmhBN-epoxy and
horizontally aligned mhBN-epoxy composites by EMA and the thermal enhancement
between VmhBN-epoxy and RmhBN-epoxy.
Extraction of TBR for vertically aligned mhBN-epoxy
*
For vertically aligned platelets, cos 2  =0, the equation for K 33
could be reduced

to:

1  f [ 11(1  L11)]
1  f [ 11L11]
where K p = 600 W/mK, K m =0.15 W/mK . We used p =0.04 in the calculation in order
*
K33
 Km

to get physically meaningful result. The data points for fitting are measured thermal
conductivities of neat epoxy, 5, 10, 20 wt% VmhBN-epoxy composites. The fitting result
is shown in Figure 130. It is found that the TBR is as low as 8.3×10-9 m2K/W.
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Figure 130. Data fitting to extract the TBR of vertically aligned mhBN-epoxy composites
Discussions on EMA results
First, we study a possible adverse effect of adding iron oxide nanoparticles on
hBN surface in terms of TBR change. It is well accepted that TBR is a major factor
determining the overall thermal conductivity of composite materials. We have
experimentally observed that the thermal conductivities of RmhBN-epoxy composites are
lower than those of hBN-epoxy composite (Figure 128a), which is an indication of TBR
change. The actual TBR for each composite is extracted by fitting the measured thermal
conductivity to EMA equations (Figure 128b and Table 9). When assuming a filler aspect
ratio of 0.05, the TBR for hBN-epoxy is found to be 76×10-9 m2K/W, which increases
over four times to 388×10-9 m2K/W for RmhBN-epoxy. Although the result of
dramatically increased TBR is qualitative, it tells clearly that the additional iron oxide
nanoparticles in mhBN, with a relatively low thermal conductivity of ~ 6 W/mK,[317]
hinders the thermal transport across the hBN-epoxy interface probably by reducing the
contact area between the hBN-hBN and hBN-epoxy.

201

Despite of the large TBR, a high thermal conductivity is still achieved by
magnetic alignment. The significance of controlling the filler aligned is shown in Figure
129. VmhBN-epoxy theoretically gives higher thermal conductivity than RmhBN-epoxy,
while the horizontally aligned composites have much suppressed thermal conductivities.
The theoretical thermal enhancement increases with filler loading, which is consistent
with the experimental data. This trend can be explained by the increasing contribution of
thermal transport through hBN fillers at higher loadings. Moreover, it is interesting to
note that the predicted thermal enhancement is lower than that observed in our
experiments. For example, at 20 wt%, the predicted thermal enhancement is only ~ 32 %,
compared to the experimental value of 104 %. This disparity could attribute to the
complexity of real systems such as the variation of mhBN size, shape and thickness.
Specifically, there are several aspects that lead the EMA calculation to underestimate
thermal conductivities for VmhBN-epoxy and overestimate those for RmhBN-epoxy.
First, a uniform TBR are simply assumed in EMA calculation. However, in the case of
VmhBN-epoxy, the TBR for the hBN edges-epoxy interface could be much smaller than
that for hBN basal plane-epoxy interface. Such anisotropic TBR has been found in
materials with similar atomic structure to hBN, such as graphite and carbon
nanotubes.[318-321] Tentative fitting of the thermal conductivities of VmhBN-epoxy to
EMA equation indeed shows a one order of magnitude smaller TBR (Figure 130).
Second, the assumed isotropic thermal conductivity for hBN (600 W/mK) overestimates
the thermal conductivity of RmhBN-epoxy as the out-of-plane thermal conductivity of
hBN is considerably smaller (30 W/mK). Third, the gravity force tends to horizontally
orientate the mhBN platelets and lowers the thermal conductivities. Thus a complete
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random orientation assumed in modeling overestimates the thermal conductivity for
RmhBN-epoxy.
Other material properties
The mechanical and dielectric properties of polymer composite are also important
for electronic packaging applications. As shown in Figure 131, the Young’s modulus of
neat epoxy and 20 wt% RmhBN-epoxy are 2.70 and 3.45 GPa respectively. A clear
anisotropicity is observed for 20 wt% VmhBN-epoxy with a higher z-direction modulus
of 4.55 GPa and a lower x-y direction modulus of 3.52 GPa, which results from the
magnetic alignment and high in-plane modulus of hBN. Moreover, dielectric constant
and dielectric loss tangent of 20 wt% VmhBN-epoxy only shows slight increase from
those of neat epoxy (Figure 132). This result could be attributed to the low dielectric
constant and high electric resistivity of hBN fillers, and is highly desirable for underfill
applications.

Figure 131. Young’s modulus of neat epoxy, 20 wt% RmhBN-epoxy and VmhBN-epoxy
along z direction and in x-y direction (arrows indicate the measurement direction).
Reprinted with permission from [266].Copyright 2013 American Chemical Society.
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Figure 132. Dielectric properties of neat epoxy and 20 wt% VmhBN-epoxy.
Finite-element analysis of VmhBN-epoxy as an anisotropic underfill
The VmhBN-epoxy is a promising material for electronic encapsulation where
low CTE and high thermal conductivity are required to meet the increasingly stringent
device reliability and thermal management needs. We used finite-element analysis (FEA)
to investigate the application of VmhBN-epoxy as an underfill from a thermomechanical
point of view. The underfill is an encapsulation material widely used to improve the
reliability of solder interconnects.

Figure 133a shows a schematic of a flipped IC

assembled on an organic substrate with solder bumps that are encapsulated with an
underfill. The details of FEA are depicted in next section. To compare the performance
of VmhBN-epoxy and RmhBN-epoxy, a three-dimensional half-symmetric generalized
plane deformation (GPD) model of the assembly was created, and the model was
simulated to be thermally cycled between 0 and 100 °C. It is known that the corner solder
joints experience the highest thermo-mechanical stress/strains due to coefficient of CTE
mismatch between silicon die and organic substrate. The fatigue life of corner solder
joints can be determined using the accumulated plastic strain as damage metric in a
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Coffin-Manson type relationship.[322] As seen in Figure 133b, the results from the
simulation show that VmhBN-epoxy has a smaller accumulated plastic strain than
RmhBN-epoxy, this is attributed to lower z-direction CTE of VmhBN-epoxy compared
to RmhBN-epoxy. Thus, the predicted solder fatigue life is 2014 cycles for VmhBNepoxy and 1769 cycles for RmhBN-epoxy. This value is beyond the typical industrial
requirements for commercial packages.

Figure 133. FEA of VmhBN-epoxy as a potential underfill in a flip-chip package. (a)
Schematic illustration of the structure of flip-chip packaging used for FEA. The solder
joint interconnections between the substrate and IC chip are encapsulated by underfill for
reliability improvement. (b) The accumulated plastic stain of a peripheral solder joint
when RmhBN-epoxy or VmhBN-epoxy is used as underfills. Reprinted with permission
from [266].Copyright 2013 American Chemical Society.
Details of FEA
FEA was carried out using ANSYS. A global plane displacement 2.5D model was used
as shown in Figure 134. All nodes were coupled in the normal direction in this face and
the parallel face. The parameters and material properties used in the modeling are given
in Table 10 and
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Table 11. The model was cooled down from underfill curing temperature to room
temperature. Then, the model was simulated to cycle between 0 0C and 100 0C. Stable
plastic strain range was achieved after 3 cycles and it was used for calculating life based
coffin-manson relationship, N  (

21.9
) 0.93 , Where, N refers to
Accumulated plastic strain  0.5

solder lifetime in cycles. [322]

Figure 134. The boundary conditions for FEA.
Table 10. Model dimensions for FEA
Parameter

Value

Chip dimensions

10.24 x 10.24 mm

Substrate dimensions

20.48 x 20.48 mm

Die thickness

780 µm

Substrate thickness

780 µm

Solder Height

65 µm

Solder Diameter

~106 µm

Pitch

320 µm

Al pad diameter on chip

85 µm
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Table 11. A list of material properties for FEA
Substrate:
Temperature (0C)

30

95

125

150

270

Exx (Gpa)

22.4

20.68

19.3

17.92

16

Ezz (Gpa)

22.4

20.68

19.3

17.92

16

Eyy (Gpa)

1.6

1.2

1.0

0.6

0.45

Vxz

0.02

0.02

0.02

0.02

0.02

Vxy = Vyz

0.143

0.143

0.143

0.143

0.143

Gxy Gyz Gxz (GPa)

4.782

4.882

4.511

4.42

4.3

CTEx CTEz (ppm)

16

16

16

12

12

CTEy (ppm)

23

23

23

150

150

Silicon Chip
Young’s Modulus (GPa)

129.85

Poisson ratio

0.27

CTE (ppm/K)

2.56

`
Tin-silver solder

Temperature (0C)

-25

25

60

100

150

227

Ex (MPa)

58881

49229

42472

34750

25097

10232

vxy

0.4

0.4

0.4

0.4

0.4

0.4

CTE (ppm/0C)

24

24

24

24

24

24

Aluminum (Chip pad)
Young’s Modulus (GPa)
Poisson ratio
CTE (ppm/K)

68.0
0.33
24
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Underfill
Underfill
VmhBN-epoxy
RmhRN-epoxy

Modulus (GPa)

CTE (ppm/°C)

3.52 – in plane

65.7 – in plane

4.55 – out of plane

28.7 – out of plane

3.45

65.7

Conclusions
In summary, we modify the hBN with magnetic iron oxide nanoparticles and
demonstrate controlled alignment of mhBN in epoxy composite by an external magnetic
field. The resulting mhBN-epoxy composite inherited anisotropic properties from the
hBN fillers. Remarkably, low CTE and high thermal conductivity along the alignment
direction have been achieved at low filler loadings so that the excellent processiblity and
mechanical and dielectric properties of epoxy resin can be maintained in these
composites. To the best of our knowledge, this is the first exploration on the alignment of
hBN in polymer composites and its impact to materials properties. The anisotropic
polymer composite, which can be prepared using a fairly low-cost method, has very
promising applications as underfills or TIMs for advanced microelectronics packaging.
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