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1. Introduction

Engineering work function of graphene oxide
from p to n type using a low power atmospheric
pressure plasma jetf

Avishek Dey, (22 Paheli Ghosh, @ Nicholas St. J. Braithwaite®

and Satheesh Krishnamurthy () *2

2 James Bowen,

In this work, we demonstrate doping graphene oxide (GO) films using a low power atmospheric
pressure plasma jet (APPJ) with subsequent tuning of the work function. The surface potential of the
plasma functionalized GO films could be tuned by 120 + 10 mV by varying plasma parameters. X-ray
spectroscopy used to probe these changes in electronic structure of systematically functionalized GO
films by plasma. Detailed investigation using X-ray photoelectron spectroscopy and near edge X-ray
absorption fine structure spectroscopy revealed the reactive nitrogen species in the plasma induce finite
changes in the surface chemistry of the GO films, introducing additional density of states near the top of
the valence band edge. Nitrogen introduced by the atmospheric pressure plasma is predominantly in a
graphitic configuration with a varying concentration of pyridinic nitrogen. Additionally, evidence of
gradual de-epoxidation of these GO films with increasing plasma exposure was also observed. We
attribute this variation in work function values to the configuration of nitrogen in the graphitic structure
as revealed by X-ray spectroscopy. With pyridinic nitrogen the electronic states of GO became electron
deficient, inducing a p-type doping whereas an increase in graphitic nitrogen increased the electron
density of GO leading to an n-type doping effect. Nitrogen doping was also found to decrease the
resistivity from 138 MQ sq™' to 4 MQ sq~l These findings are extremely useful in fabricating
heterojunction devices like sensors and optoelectronic devices where band structure alignment is key to
device performance when GO is used as a charge transport layer. This technique can be extended to
other known 2D systems.

edges of the graphene sheet.> The work function is a funda-
mental electronic property of a material and can be used to

Graphene, since its discovery in 2004 has attracted enormous
interest due to its physical and chemical properties, and wide
applications.” Graphene oxide (GO) has emerged as an attrac-
tive alternative to graphene due to low cost, large scale produc-
tion and solution processability. GO is prepared by oxidative
exfoliation of graphite.” Due to the presence of polar oxygen
functional groups GO is highly hydrophilic and is easily
dispersible in water, as well as many organic solvents. These
oxygen-containing functional groups play a crucial role in
defining its optical and electronic properties.® The basal plane
of GO is decorated with hydroxyl and epoxy functional groups
while carboxyl, carbonyl and phenol groups are attached to the
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interpret the relative position of the Fermi level.* The work
function is defined as the energy required to remove an
electron from the highest occupied level in the Fermi distribu-
tion of a solid to vacuum. For efficient transport of electrons or
holes in a heterojunction device, the work function of the
materials play a crucial, since work function determines how
the bands will align at the contacts.

Recently there has been an increased interest in applications
of GO for interfacial layers®® and transparent electrode
materials in optoelectronic devices”® e.g. liquid crystal displays
(LCDs), organic light emitting diodes (OLEDs), touch screens,
dye-sensitized solar cells (DSSCs) and as supercapacitor
electrodes.’ Tuning the work function of GO is key to achieving
high performance devices. The most common methods to tune
the work function of GO are by reduction via thermal, chemical
and electrochemical processes.'® Molecular dynamics and den-
sity functional theory calculations by Kumar et al.** provided a
detailed insight into the impact of various oxygen functional
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groups on the work function of reduced graphene oxide (rGO).
According to them, the work function of rGO can be tuned up to
~2.5 €V by varying the composition of oxygen-containing
functional groups. Sygellou et al'® studied the variation in
work function of GO via three different reduction processes.
They found the work function decreases by ~1 eV between GO
and reduced GO. Other approaches to tailor the work function
of GO include Au-ion incorporation,™® UV irradiation** and
exposure to soft X-rays."> In the case of p-channel in organic
field-effect transistors (OFETs)'® efficient injection of holes is
achieved by matching the work function of electrodes with the
highest occupied molecular orbital (HOMO) level of the organic
semiconductor. For LEDs efficient electron injection is achieved
by matching the work function with lowest unoccupied molecular
orbital (LUMO) of the active layer. The ability to tune the work
function makes GO a suitable candidate for use as charge injec-
tion layers for both as electron and hole transport layers.”

Doping GO with nitrogen has been a widely used strategy to
improve its properties, for example as a catalyst for oxygen
reduction reactions, in biosensors, in ultracapacitors, and as
electrodes in lithium ion batteries.'”” Due to its comparable
atomic radius and five valence electrons, nitrogen is considered
as the ideal element for substituting carbon atoms in GO.
A recent review by Dey et al. focuses on the advantages of
plasma over other functionalisation techniques. Out of the
various techniques used so far, functionalising with plasma is
the most promising one as plasma processing does not involve
chemical precursors and by-products.'® Atmospheric pressure
plasma jets (APPJs) deliver charged particles, neutral meta-
stable species, radicals and radiation in the UV and visible
regions conveniently in a processing plume."® Liu et al. treated
graphene counter-electrodes, made via screen printing process
with atmospheric pressure plasma operated at 700 W. They
found that by introducing these plasma treated reduced gra-
phene oxide (rGO) as counter electrodes, DSSCs showed power
conversion efficiencies of 5.19% comparable to those of
furnace-calcined counter electrode while requiring a much
shorter process time.”® Alotaibi et al. used atmospheric air
plasma operated at a high power (300 W, 20 kHz) and a high
potential of ~10 kV to reduce graphene oxide to conductive
graphene films.*! All these processes are not a low temperature
process as the plasma is an arc discharge. Other attempts include
APPJ treatment of graphene to increase hydrophilicity” and
introduction of bandgap at an input power of 150 W.>* In this
study it will be shown that a APP] can be used as tool for
controlled doping graphene oxide. Kelvin probe force microscopy
(KPFM) was used to depict any changes in electronic properties of
these plasma functionalised GO films. And to understand the
changes in electronic properties with element specificity, these
plasma functionalised GO films were investigated using X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption
fine structure spectroscopy (NEXAFS).

APP] is non-equilibrium in nature and is operated at 4 W,
which is lowest input power reported till date. Here the low
power associated with the plasma source provides a significant
advantage over other plasma-based techniques reported so far.
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Additionally, the degree of damage to the GO films following
the plasma treatment is negligible as seen form atomic force
microscopy and scanning electron microscopy. This allows GO
films to be functionalised directly on flexible and polymeric
substrates. Major advantage of this technique is the ability to
perform surface chemical and electronic modifications in a
controlled manner at low temperature and atmospheric pressure
with minimal power consumption. This opens future pathways
for roll-to-roll processing of GO films for large-scale, flexible
electronics applications.

2. Experimental details
Synthesis of GO

The GO was prepared from natural graphite flakes following a
modified Hummers’ method,>* which involves the oxidative
exfoliation of graphite. During reaction, the strong oxidative
species intercalate between the graphite layers, increasing the
interlayer spacing (from 0.34 nm to ~1.08 nm). The loosely
bound layers are then delaminated using ultrasonication to
extract GO. To produce films, 10 mg of GO was ultra-sonicated
in 100 mL of distilled water for one hour. This solution was
centrifuged at 8000 rpm for 10 min and the supernatant was
drop cast onto a silicon substrate of approximate dimensions
5 mm x 5 mm. The substrates were then heated at 80 °C in an
oven to remove excess water.

Functionalization of GO

Plasma treatment of the synthesised GO was the final step.
Experimental setup to carry out the functionalization process is
presented in Fig. 1. A gas mixture of helium and nitrogen was
used to ignite the plasma. The design and operating principle
of the plasma jet is described below. GO films were kept at a
minimum distance of 5 mm from the substrates to avoid arcing
between the sample and electrodes. Flow rates were optimised
to achieve the least input power, 4 W in this case. The GO films
were then exposed to APPJ for 5 s, 10 s, 20 s, 30 s, 1 min, 2 min
and 3 min. This process yielded 8 types of specimen including
the untreated material.

Characterization

Scanning Kelvin probe microscopy (SKPM) also known as
Kelvin probe force microscopy (KPFM) measurements were
carried out to realize changes in work function of the GO films
with plasma functionalization. The measurements were per-
formed using an Asylum Research MFP-3D atomic force micro-
scope. Surface potential measurements were performed with
Pt-Ir coated silicon probes (PPP-EFM, Nanosensors) with
nominal force constant of 2.8 N m~". The tip was biased at
+3 V with a drive amplitude of 300 mV. The image parameters
were set at scan size of 10 pm x 10 pm, scan rate 1 Hz, 512 X
512 pixels. In SKPM the instrument detects the surface potential
(SP) as the work function difference between the tip and the
sample surface, i.e. SP = @i, — Pgample- To calibrate the work
function of the Pt-Ir tip, sputter cleaned polycrystalline silver

This journal is © the Owner Societies 2020
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Fig. 1 RF-microplasma jet used for the functionalisation of GO with
(a) plasma on and (b) plasma off conditions. Equivalent electrical circuit
(c) of the device.

was used. For silver the SP was measured to be 0.29 mV.
Considering for polycrystalline silver ®gjjer = 4.26 €V, Pry,
was calculated to be ~4.55 eV.

To understand the changes in electronic and chemical
structure of the GO films upon plasma functionalization,
X-ray spectroscopies (XPS and NEXAFS) were carried out at
beamline 8-2 at the Stanford Synchrotron Radiation Light-
source (SSRL).>> The incoming flux (I,) was measured using a
gold grid placed in the beam path upstream of the chamber
and was used to normalize the spectra to avoid any artefact due
to beam instability and monochromator absorption features.
All samples were mounted on an aluminium stick using a
conductive carbon tape and transferred to the main chamber
via load lock, both chambers were under an ultra-high vacuum
of <1 x 107® Torr (<1.33 x 10~ ° Pa).

NEXAFS spectroscopy is a powerful element-specific tool to
probe the local geometric and electronic structure of carbon
related materials. NEXAFS spectra correspond to transitions
from core level to unoccupied or partially occupied DOS in the
electronic structure and provides a unique fingerprint of local
structure. For nitrogen-functionalized graphene structures
where deconvolution of XPS features is ambiguous, NEXAFS
becomes effective in distinguishing between different bonding
configurations.”® Carbon and oxygen K-edge NEXAFS spectra
showing 1s-m* and 1s-c* transitions were acquired in total
electron yield (TEY) mode for GO and functionalized GO samples.
To interpret the NEXAFS data, first a linear background was

This journal is © the Owner Societies 2020
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subtracted from the region before the carbon absorption edge.
The subtracted spectra were normalized in the post-continuum
region to have ‘one unit’ in the background signal at 330 eV,
following the protocols of Banerjee et al.>® C K-edge spectra
were calibrated to the exciton feature of HOPG at 291.65 eV and
O K-edge spectra were calibrated to oxide dip from the gold
mesh (531.2 eV) respectively. XPS data analysis was performed
with CasaXPS software using a Shirley background subtraction.?”
Preferably to give equal weightage to instrumental broadening
(Gaussian) and intrinsic lifetime broadening of the core holes
(Lorentzian). A combination of Gaussian (50%) and Lorentzian
(50%) line shape functions were used to fit the core level spectra
except HOPG. The sheet resistance of plasma-functionalized
graphene oxide films was measured using a Jandel RM3000+
four-point probe.

3. Results and discussions

The atmospheric pressure plasma jet used for functionalization
of graphene oxide films is shown in Fig. 1. Plasma is ignited by
applying radio frequency (RF) power between two stainless steel
electrodes through a series LC circuit. The LC circuit is chosen
to have a resonance frequency of 13.56 MHz. In this case the
circuit consists of a tuneable capacitor (Cex = 2-22 pF) and an
inductor (L = 16.5 uH, Micrometals T68-6 core).”® When the
applied RF frequency matches to that of the LC circuit, the
voltage drop across the electrodes gets amplified, a resonance
effect, to initiate the discharge. At resonance, the voltage across
the electrodes has been found to be 100 times that of the input
voltage. But with an active discharge between the electrodes,
this value drops by a factor of 2 due to the power dissipated in
the discharge. In actual practice when the plasma is on, the
discharge gap also needs to be considered and is to be added to
the series LC circuit as shown in Fig. 1(c). To account for any shift
in the resonance frequency, the drive frequency of the signal
generator is tuned accordingly to achieve the desired resonance.

With helium flowing between the electrodes at 2000 stan-
dard cubic centimetres per second (sccm), discharge could be
generated for a power as low as 1 W. However, when nitrogen
(1% of helium) is added to the system, the minimum power
increases to 4 W to sustain the discharge. This power is
significantly less than previously reported plasma jet sources
for nanomaterial functionalization."® The micro atmospheric
pressure plasma jet (LAPP]) used for functionalization has been
developed by Marinov et al*® The plasma of helium and
nitrogen gas mixture was generated at a constant RF value of
13.56 MHz. The pAPP] was based on a series LC resonance with
the discharge gap being a part of the resonant circuit. With
an applied RF power, the voltage across the discharge gap is
amplified at resonance, enabling the ignition of the plasma.
A power of 4 W was used to ignite the admixture of helium and
nitrogen. Helium and nitrogen were kept at a constant flow rate
of 2000 and 16 sccm respectively throughout the functionaliza-
tion process using mass flow controllers. In this section, optical
emission spectroscopy of the plasma is presented. The nature
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Fig. 2 Optical emission spectra of He + N, plasma, (a) in UV region (b) in
visible region. The spectra shows the abundant presence of a range of
nitrogen species in the plasma.

of the plasma depends on the gas phase composition, i.e. the
excited atoms, ions and molecules. Fig. 2 presents the optical
emission spectra (OES) of the plasma. The emission spectra
reveal a variety of nitrogen emission peaks within the wave-
length range of 200 nm to 880 nm. In the UV region, Fig. 2(a),
several lines are observed between 316 nm to 406 nm corres-
ponding to the second positive (C°IT, — B’Il,) molecular series
of neutral N, molecules. Additional peak at peaks at 391 nm
and 427 nm correspond to the first-negative transitions of N,"
molecular ions. There also exist strong peaks in the region
of 215 nm to 271 nm originating from the NO(y) system
(A= — X°TI), representative of the presence of oxygen in the
afterglow. Since the plasma is not just confined within the
electrode for APPJ, so oxygen incorporation is highly likely.
A prominent line at 308 nm corresponding to hydroxide (OH)
emission is visible in the spectrum, which is attributed to the
impurities in the gas supply. The visible region is dominated by
the first positive molecular series of nitrogen (B*I1, —» A’%").>%%
The helium line at 706 nm, Fig. 2(b), in the nitrogen-enriched
helium flow is strongly suppressed with respect to pure helium
plasma. This is mainly due to the “quenching” of excited helium
atoms on collision with nitrogen molecules resulting in excited
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nitrogen species in the plasma.®' As a result, nitrogen becomes
the dominant species. The following equation presents the
interaction between the helium atoms and molecules with the
nitrogen molecules:

He* + He* » He + He" + e~
He*(n = 3) + He —» He," + e~

After N, addition:

He* + N, - He + N,  + e~
He,(*2,") + N, » He + He + N, + e~
He," + N, - He + He + N,*

He' + 3N, — He + 2N + 2N, + 0.3 eV

XPS is a surface analysis technique and has been used here
to gain insight into the changes in atomic concentration, local
chemical environment, and co-ordination geometry of the GO
thin films with plasma functionalization. By careful analysis of
the core level spectra (C1s, Ols, Nis) it will be possible to
understand the mechanism behind the changes in chemical
environment. For nitrogen doped into graphitic lattice, there
are multiple possible bonding configurations. Each of these
bonding configurations effect the electronic structure of GO
differently. The three most common configurations as shown
in Fig. S1 (ESIt) are graphitic, pyridinic and pyrrolic nitrogen."”
Graphitic N, also referred to as quaternary N, is placed in the
hexagonal lattice with three carbon neighbours. The two-fold
coordinated state is called pyridinic N, whereas the nitrogen
bonded into the five-membered heterocyclic ring is known as
pyrrolic N. Of these bonding types, graphitic and pyridinic N
are sp” hybridized and pyrrolic N is sp® hybridized. In addition
to these, N oxides of pyridinic N have also been reported.*?
Pyridine N donates one p electron to the aromatic © system
while pyrrolic N contributes two electrons. Pyridinic N is highly
reactive and is stable only under high vacuum conditions.
Pyridinic N has not been of much interest as it fails in enhancing
the properties of GO.** Graphitic N is the most effective for
promoting the applications of N-doped GO in oxygen reduction
reactions (ORR),>* sensor,> water oxidation®> and electro-
magnetic devices.>® On the other hand Pyrrolic N have been
found to significantly enhance the Li storage capability,®” as the
binding energy of the Li ion to pyrrole nitrogen is higher (1.3 eV)
compared with quaternary nitrogen sites (0.95 eV). Though these
bonding environments cannot be resolved directly in the carbon
spectra, but can be extracted by deconvolving the nitrogen
spectra revealing individual contributions (within +0.1 eV of
binding energy). The core level photoelectron spectra for carbon
and oxygen is presented in Fig. 3. Spectra from individual
functionalized states are overlaid to discern the effect of time
varying plasma exposure on the GO films. All the spectra were
energy calibrated to gold core lines at 84 eV (Au 4f;/,) and C1s of
HOPG at 284.5 eV. The spectra for individual samples were

This journal is © the Owner Societies 2020
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Fig. 3 Core level photoelectron spectra for (a) carbon, (b) oxygen. Spectra from individual GO films are overlaid upon each other to recognize the effect
of plasma functionalization. There is substantial changes occurring in surface chemistry of GO with plasma exposure.

aligned with respect to the SiO, at 103 eV, as expected form the
Si0, substrate.*® Fig. 3(a) and (b) show clear variation in the
line-shape of the C1s and O1s spectra as function of plasma
exposure. For the Cls spectrum, the main peak is located
around 284.6 £ 0.1 eV, which is typical for C-C in aromatic
ring. The regions between 286-288 eV and 288-290 eV corre-
spond to the contributions from carbon singly bonded and
doubly bonded to oxygen respectively.>**° These observations
are consistent with the Lerf-Klinowski model of graphene
oxide.*" According to this model the basal planes of graphene
is decorated with epoxide (C-O-C) and hydroxyl (C-OH)
moieties, and the edges sites are decorated with carboxylic acid
(0-C=0), quinoidal, ketone, and lactone (C—O0) groups. For
oxygen spectra, the peak width (FWHM) increases considerably
with plasma functionalization ie. 1.5 eV for pristine GO to
2.3 eV for GO with 180 s exposure. This is due to the change in
bonding environment of oxygen resulting from the addition of
higher binding components in the spectra.

The contribution from different bonding environments of
carbon in the graphitic structure is deconvolved using peak
fitting, as shown in Fig. S2 (ESIf). Due to the semi-metallic
nature of HOPG the carbon spectrum was fitted with asymmetric
Doniach-Sunjic line shape. This function gives an asymptotic
nature to the Doniach-Sunjic line shape function.*> While the
spectra related to GO were fitted with a combined Gaussian and
Lorentzian line shape functions. Table 1 presents the binding
energy value along with the FWHM and percentage composition
of C-C, C-O, C=0 components that have been used to fit the
C1s spectra of GO and the functionalized GO films.

It has been reported that the disorder induced carbon
appears at a binding energy of 0.5 eV above the graphitic
sp> carbon (284.5 eV).*> However, after considering the full
width at half maxima (FWHM) of HOPG (0.72 eV) and that of
the as synthesized GO (1.25 eV), it will not be a good approxi-
mation to deconvolve the C-C peak of GO into two peaks. But
the absolute value of FWHM should be good measure of the

This journal is © the Owner Societies 2020

Table 1 The fitting parameters extracted from XPS analysis of GO and
plasma functionalized GO films as shown in Fig. S3 (ESI)

GO sample (s) Component % Concentration FWHM
0 C-C 73.0 1.25
Cc-O0 22.3 1.80
C=0 4.7 1.90
5 C-C 69.2 1.28
C-0 23.8 2.50
C—0 7.0 1.90
10 C-C 70.7 1.30
Cc-0 24.0 2.00
C=0 5.3 2.00
20 C-C 70.3 1.32
C-0 23.8 1.75
C—0 5.8 1.80
30 C-C 66.9 1.34
Cc-0 25.4 2.10
C=0 7.7 1.89
60 C-C 63.7 1.35
c-O0 25.8 2.20
C—0 10.5 1.60
120 C-C 68.7 1.38
Cc-0 23.1 1.45
C—=0 8.2 1.74
180 C-C 68.3 1.40
C-0 24.2 1.50
C=0 7.5 1.90

increase/decrease in sp® carbon concentration. With increased
exposure to plasma this peak broadens from 1.25 eV (0 s) to
1.39 eV (180 s) as shown in Fig. 4a. This broadening can
be attributed to the increase in concentration of nitrogen.
The nitrogen dopants are known to increase disorder in the sp>
framework.*’ Increase in C=O0 functionalities with time during
exposure to the plasma can be attributed to an increased

Phys. Chem. Chem. Phys., 2020, 22, 7685-7698 | 7689
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Fig. 4 Plasma induced changes in the FWHM of (a) C—C component of fitted C1s spectrum (b) Ols spectrum. Both FWHM of C-C and O1s are saturated
after 30 s, reveling the fast nature of plasma induced surface functionalisation.

concentration of defects. These defects originate from the
impact of high energy ionic species present in the plasma. As
already mentioned carbonyl/carboxyl groups found at the edge
sites and dangling bonds (formed by C-C bond breaking) are
more susceptible to the formation of C=O0 species. According
to Bagri et al.** defects formed by breaking of C-C bonds in the
basal plane are always decorated by the carbonyl (C—=O0) groups.
Once the C-C bond breaks, to compensate for the electron
valence C—=O0 (double bond) is formed at that site.** The fitted
spectra showed a consistent trail for both these functionalities.
As the C-C concentration decreased from 73 to 68%, C—O
increased from 4 to 9%. Despite this interplay between C-C
and C—=0, the concentration of single bonded species showed
a small increase 22 to 24%. However, the FWHM for this state
(C-0O) decreased by 0.5 eV (2 eV to 1.55 eV). This apparent
reduction in FWHM resembles the dominance of either of
C-OH or C-O-C with extended exposure to plasma.

This increase in the C-O (single bond) moieties reflects in
the O1s spectrum as increase in FWHM (as shown in Fig. 4b).
As both aliphatic and aromatic C-O appears at he the higher
binding energy thus broadening the O1s line shape. Previous
reports suggest that carbonyl groups are formed by rearrange-
ments of epoxy groups.”® As epoxy groups in graphene leads to
a non-planar sp® bonding configuration and creates significant
strain on the neighbouring C-C bonds while C—=0O bonds are
sp” hybridized and strain free.*> Rani et al.> found that upon
oxygen plasma treatment of GO the carbonyl components
increased rather than epoxide. They inferred that the thermal
energy of plasma favours clustering of the sp> domains and
oxygen atoms attach randomly, converting sp® bonds to sp?,
and as the plasma exposure increased the epoxides rearranged
to form carbonyls.>® Due to low temperature associated with
the plasma jet, effect of temperature can be neglected in
this experiment. Nevertheless, the kinetic energy of the ions,
dissociated upon impact may provide the necessary energy
required for the bond rearrangements.

The reorganisation of the bonding configuration between
carbon and oxygen as revealed from the carbon spectra is reflected
in the oxygen spectra as well (Fig. 3b). For GO the O1s peak is
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positioned around 531.4 eV with an asymmetric tail (534 eV).
With increasing plasma exposure, there is a significant
broadening of the O1s peak along with shift toward higher
binding energy. The peak contains contribution from three
types of oxygen (Fig. S3, ESIT): oxygen double bonded to carbon in
aromatic structure (531.3 eV), oxygen singly bonded to aliphatic
carbon (532.4 eV) and oxygen singly bonded to aromatic carbon
(533.3 €V). Detailed spectroscopic analysis by Ganguly et al
revealed that OH-moieties on basal plane are the most stable
species.*® Thus, from the C1s and O1s spectra it can be predicted
that surface epoxides are dissociating to form carbonyl and
phenol groups. Nonetheless, the presence of OH radicals in the
plasma may also be a reason for this change. Confirmation of this
theory would need further spectroscopic studies.

The nitrogen spectra are fitted with two components at
398.8° £ 0.1 eV and 401.1 £ 0.1 eV as shown in Fig. 5(a). These
correspond to pyridinic and graphitic nitrogen configurations
respectively.*®*” All spectra are intensity normalized to reveal
the changes in bonding environment of nitrogen with plasma
functionalization. Fig. 5(b) show the relative concentration of
nitrogen with respect to carbon. After 180 s of plasma exposure
a nitrogen doping of 6.3% has been achieved. Additionally, the
doping has been achieved while preserving the morphological
of these GO films. This could prove to be major advantage while
functionalising the interfaces/contact of organic devices. It is
apparent from Fig. 5(a) that all functionalized samples have a
prominent graphitic nitrogen signature. However, the spectral
signature from pyridinic nitrogen increases until the 10 s mark
and then decreases with longer plasma exposure. The variation
in relative concentration of graphitic and pyridinic nitrogen is
shown in Fig. 5(c). Since pyridinic nitrogen occupy the edge
sites of graphene structure, it is easier to saturate the graphitic
cluster with pyridinic nitrogen. While, with increased exposure
to plasma, the concentration of graphitic nitrogen at the basal
plane increases. Molecular dynamics (MD) simulations by XF
Li et al.*® revealed that to trap nitrogen in the graphitic lattice,
point defects and vacancies are crucial (a crucial process/
factor). It can be interpreted from the XPS results that during
the initial stage of functionalization the excited nitrogen
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species in the plasma tend to attack the pre-existing defects and
edge sites forming both graphitic and pyridine like configura-
tions. However, with longer exposure the energetic nitrogen
species in the plasma substitute carbon in the graphitic basal
plane via defect formation and results in increased concen-
tration of stable quaternary nitrogen states.
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Fig. 6 Valence band spectra of GO and functionalized GO films. The
density of states are perturbed after plasma functionalisation. Showing the
ability to dope nitrogen inducing changes in electronic structure of GO.
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Introduction of nitrogen into the graphitic lattice influences
the delocalized m electron system of graphene oxide. Nitrogen,
having an excess electron, will enhance the total density of
states (DOS) below the Fermi level of GO. The bonding configu-
ration of nitrogen play a crucial role in defining this increased
DOS. N in the quaternary state (sp”> N) contributes two electrons
to the m system of the carbon network. Similarly, pyridine
N atoms also contribute a lone pair to the n system.*® For
graphitic nitrogen, of the five p electrons, three electrons are
used to form o bonds and the remaining two form bonding ()
and antibonding (n*) states.® However, for pyridinic N the two
electrons contribute to the localized N lone pair state.”®

Fig. 6 presents the overlaid valence band spectra of GO and
functionalized GO samples. The spectra were acquired with an
incident photon energy of 230 eV. For GO, the density of states
near Fermi level (0 to 4 eV) is dominated by the carbon 2p =
states. The 2p o contributions are at ~ 8 eV and these two states
overlap at around 6 eV binding energy. The feature at ~13 eV
corresponds to the C2s ¢ band and 2s-2p states hybridize at
10.6 eV.”" The inclusion of electron rich nitrogen into the
carbon network would result in the formation of donor levels
near the conduction band edge and hence raising the Fermi
level. After careful calibration of the energy levels, it is clear
from the increased intensity that the n derived states are
influenced by the increased concentration of N in the system
(inset of Fig. 6). This also reflects to the substitution of C-C

Phys. Chem. Chem. Phys., 2020, 22, 7685-7698 | 7691


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cp06174f

Open Access Article. Published on 23 January 2020. Downloaded on 7/28/2025 6:30:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

bonds by C-N bonds. Souto et al. have found that the top of the
valence band for diamond-like films undergoes profound changes
upon nitrogen incorporation.*® Similar observations were also
made by Luo et al. for graphene doped with pyridinic N.>°

The increase in DOS with nitrogen doping can be inter-
preted as the addition of three new bands (marked 1, 2 and 3 in
Fig. 6) resulting from C-N bond formation. The band located
at ~5 eV (marked as point 1) arises from N lone pair state
(a pair of electrons strongly localized on the nitrogen atom).
The feature at ~7 eV is associated with electrons occupying
the © orbitals of C-N bonds while the ¢ orbitals of C-N bonds
are located between 9.5 to 11 eV.*® As shown in Fig. 6, there
is a consistent increase in the states 1, 2 and 3 until 120 s.
This increasing in intensity reflects to nitrogen substitution in
the graphitic lattice. However, the state 2 shows a drop in
the intensity after 120 s mark. This can be due to the decrease
in C-C orbital overlap of resulting from increase in C-N bonds.
Luo et al. reported similar results for graphene doped with
pyridinic N.°® They found that nitrogen substituted in the
carbon network would enhance C-N 2p electronic states while
depressing the contribution from C—C 2p density of states.
The DOS of states simulated by Souto et al.*® also showed similar
trend, when N is progressively incorporated in the graphitic
cluster. The possible reason for this decrease intensity of state 2,
could be for increased nitrogen content the C-N coordination
goes from a planar sp® structure to three-dimensional sp?
structure where the N = electrons turn into nonbonding lone
pairs. Thus, from valence band spectra it is apparent that there is
a strong electronic coupling between the GO and the incorpo-
rated nitrogen atoms.

NEXAFS spectroscopy is a powerful tool to probe the electro-
nic structure of GO upon functionalization using plasma jet.
Here, low energy X-ray photons are used to excite core level
electrons to unoccupied states above the Fermi level governed
by dipole selections rules i.e. Al = £1. These dipole allowed
transitions are highly sensitive to the local electronic structure,
chemical configuration, oxidation state, molecular orientation
and symmetry.>* Also, NEXAFS can provide better insight into
the molecular structure than XPS. In XPS the ground state
electrons are strongly perturbed by the created core hole, while in
NEXAFS the screening effect is pronounced leading to negligible
influence on the ground state electron cloud. In XPS the line
shapes for core level features are significantly broader resulting
from multiple final state transitions, whereas in NEXAFS a limited
number of final states are (dipole) allowed. Thus, the overlapped
features in C1s and O1s core level spectra can be easily resolved at
the corresponding K-edge NEXAFS spectra.

Fig. 7 shows the C K-edge NEXAFS spectra of the GO films,
acquired at an incident angle of 54.7° (magic angle) of the X-ray
beam. This technique has been used to negate the anisotropic
orientation of m and o states of graphitic structure. The core
level transitions at 285.4 eV and 292.8 eV are representative of
the n* and c* resonances respectively from sp> bonded C=C
structure. However, the absence of exciton feature at 291.65 eV
is indicative of the absence of long-range order, a fact typical for
GO, due to the presence of abundant defects. According to
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Lee et al.>® the lowest energy peak (285.4 eV) corresponds to the

transition of core level C1s electrons to antibonding n states
along the M-L points of the graphene Brillouin zone and the broad
peak at 292.8 eV originates from transitions to the dispersion less
o states at the I' point of graphene Brillouin zone.

For GO the higher energy transitions (~310 eV) are quite
featureless in comparison to HOPG, the main reason being the
larger interlayer distance for GO (~1 nm) in comparison to
graphite (0.34 nm).>* A smaller interlayer spacing increases
scattering of the excited electron wave function by neighbouring
atoms (multiple-scattering theory). Although the transitions
from various functional groups are present above and below
the ionization potential (IP), resonances below the IP can be
more precisely defined. This is primarily because of the m*
features being more prominent and intense with respect to the
o* transitions which are broader in nature and tend to overlap.
For example, the peak at 292.8 eV can have contributions from
n* C-O and o* C-O absorptions along with the continuum
background. Thus, a detailed analysis of the n* transitions
should be definitive enough for the determination of surface
chemical changes.

The region below the IP shown in Fig. 7 consists of spectral
features at 290 eV, 289 eV, 287.8 eV, and 287 eV along with
the C—C resonance at 285.4 €V.”> The carbonyl core for the
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double-bonded oxygen functionalities (C=O0) can be associated
with carboxyl or ketone environment. For carboxylic group the
m* transitions are reported at 288.9 £ 0.2 eV. However, this
position will shift depending on the electronegativity of the
carbonyl core. For ketone groups this transitions are found at
lower photon energies.>® The single-bonded oxygen function-
alities in the form of phenol (-OH) and epoxy groups (C-O-C)
are known to shift the n* resonance of sp” structure to higher
energy values. From the previous reported studies on graphene
oxide, transition at 287 eV is due to the -OH moieties and
287.8 €V is due to epoxide moieties.>® The resonances related
to C-N bonding overlaps with oxygen moieties at 287 eV and
289 eV. Dennis et al. observed the n* resonances of C-N bonds
are at 286.8 eV and 288.6 eV in the C K-edge NEXAFS of
imidazole.>® Due to the low atomic concentration of nitrogen
and the overlapped features it’s hard to delimit the absolute
contribution of C-O and C-N functionalities at the C K edge.
From Fig. 7 it is apparent C-N/C-O transitions are getting
intense along with a noticeable drop in the intensity of epoxide
resonance. This effect is in-line with the known theories of
GO reduction where C-O-C are reported to be less stable than
C-OH functionalities. The peak at 289 eV can be associated
with the C=0 n* resonances in carboxyl groups (COOH). The
reported values for C=O transitions in GO are between 288.5 to
289 eV whereas C=0 in a ketone environment is found at lower
energies. The feature around 290 eV can have contribution from
several unresolved components. Kuznetsova et al.’” assigned this
peak to o* transitions of C-O by comparing acid-treated carbon
nanotubes with 9-phenanthrol and xanthene, while Gandhiraman
et al.>® associated this with Rydberg mixed OH-derived states from
hydroxylated and ether-linked C-species (-O-C-OH). Seeing the
trend of phenol (-OH, increasing) and epoxy groups (C-O-C,
decreasing) it would be appropriate to justify this peak as epoxide
derived o* transitions of C-O.

Form the carbon spectra, a presence of oxygen in different
bonding environment is obvious. At the O K-edge (Fig. 8) two
distinctive features are discernible, one at ~531 eV and the
other around 537 eV. The n* region has three main resonances
at 530.4 eV, 531.4 eV and 532.5 eV. Lower energy absorption
peaks at 530.4 eV and 531.4 eV are n* resonances form carbonyl
core of carboxylic groups (-COOH).>> A feature around 533.5 eV
is expected from the epoxy groups.’®>° Due to the strong
oxidation process, molecules of oxygen and water get trapped
between the layers of graphene oxide. X-ray absorption studies
of molecular oxygen revealed that the n* resonances for O-O is
at 530.8 eV.°”°! Due to prolonged plasma exposure, the defects
created in the lattice might have resulted in the escape of
intercalated oxygen, resulting in the intensity drop at ~531 eV.
Since, XPS measurements and C K-edge NEXAFS spectra do not
reflect to the decrease in concentration of C—=0 groups. On the
other hand, the o* region consists of rather broad and over-
lapped transitions. Features around 536 eV, 539 eV and 545 eV
are primarily assigned to o* states of O-H, C-O and C=O
of carbonyl groups respectively. The noticeable broadening
observed in the O1s XPS spectra points to the increase in
surface bound hydroxyl groups and can be corroborated by
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Fig. 8 O K-edge NEXAFS spectra of GO and functionalized GO. The
changes at n* and o* features reveals the evolution of oxygen species
attached with the graphitic backbone of GO.

the O K-edge absorption spectra. The difference in spectral
feature from hydroxyl-derived (O-H) c* states validates this
claim. Gradual de-epoxiation with plasma treatment is also
evident for these results. As the n* and o* transitions (regions 3
and 5) representative of C-O-C show decreased contribution in
the spectra with progressive plasma exposure. The c* transi-
tions of C-O-C are relatively broader than other functionalities
and have been reported to exist between 539 to 543 eV and the
region beyond that is related to a carbonyl group (C—O)
bonded to an aromatic ring.

XPS and NEXAFS changes at core level C and Oxygen show
GO undergoes sufficient surface chemical modifications upon
plasma functionalization. But the dissociation of the epoxy
groups with increase in hydroxyl content needs an explanation.
Similar phenomenon was observed by Stankovich et al. for
hydrazine reduced GO.°> They proposed a mechanism in which
hydrazine ring-opens epoxides to form hydrazino alcohols and
eventually dissociates via the formation of an aminoaziridine
moiety. In this case the ring opening might be due to the
nucleophilic attack of the excited nitrogen species in the plasma.
As the carbon in an epoxide ring is a strong electrophile and
would result in ring opening with the formation of new C-OH
and C-N bonds as shown in Fig. 9. Ring opening is also favoured
due to the release of stresses in the structure.

Kelvin probe microscopy is a two-step process. In the first
step, the AFM tip scans over the surface to take the standard
topographical image, while in the second step the biased tip
rises to a desired height (30 nm in this case) to take the surface
potential measurements over the same area. Fig. S4 (ESIY)
presents the topography image of GO and the functionalised
GO films over an area of 100 um?. All the topography images
are typical for GO thin films with abundant wrinkles on the
surface.®® However no substantial changes in topography could
be observed from the AFM and SEM images post plasma
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Fig. 9 Schematics of epoxide ring opening via nucleophilic attack. Nitro-

gen is attracted to the carbon in an epoxide ring due to its strong
electrophilic nature.

treatment (Fig. S4 and S5, ESIT). The average roughness value of
all the samples were calculated to be 3.0 £ 0.5 nm. Thus, the
low power plasma used in this case does not induce noticeable
physical damage (sputtering) to the GO surface, effecting only
the surface electronic and chemical properties.

Introduction of nitrogen into the graphitic lattice distorts
the © electron cloud, inducing shift of its Fermi level and hence
influences the work function. KPFM can lead to a better under-
standing of the changes in the electronic properties of GO at
different stages of the plasma functionalization process. In
KPFM the conducting tip with an applied bias scanning over
a surface is highly sensitive to any changes in local surface
potential. Fig. 10(a) shows the surface potential map of pristine
GO and Fig. 10(b) is the surface potential distribution over the
same area. The histogram plot of the surface potential showed
a Gaussian distribution profile. The mean value of this dis-
tribution can be considered as the average surface potential
difference between the tip and GO film. Considering the work
function of the tip to be 4.55 eV the work function of the GO
film is calculated to 4.967 eV, which matches well with the
reported values.®® This process was adopted to calculate the
average SP for all the functionalised GO films. In SKPM it is not
appropriate to quantify the measured work function values
exactly with that of the sample, however the relative differences
in surface potential are of an absolute nature.

The effect of nitrogen configuration on the electronic structure
of graphene has been reported by Schiros et al.®® The nitrogen
atom has five valence electrons, and in nitrogen-doped graphene
the nitrogen bonds to the carbon structure via three ¢ bonds and
one n bond. For graphitic nitrogen part of outer electrons is
transferred to the surrounding carbon atoms, making the graphitic
structure more electron rich (n-doping). However, for pyridinic
nitrogen the electron lone pair is localised on the nitrogen atom
at the edge site. Thus, the electron density over the neighbouring
carbon atoms is reduce resulting in p doping.*®

From Fig. 11 it is apparent that, at the initial stages (until
10 s) the work function of GO increases and with increasing
nitrogen concentration the work function drops below the
initial value for as-synthesised GO. This variation in SP have
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Fig. 11 Variation in surface potential of GO with duration of APPJ treatment.
The distribution reveals the transformation of GO from p-type to n-type.

strong correlation with the N1s XPS spectra (Fig. 5). Here the
relative concentration of pyridine nitrogen is maximum at 10 s
and then gradually decreases with longer plasma exposure.
The p-doping effect caused by pyridine nitrogen increases the
work function of GO. But with the increase in the in-plane
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Fig. 12 Variation in sheet resistance of GO after treatment with APPJ
generated using different gas admixtures.

graphitic nitrogen the GO energy bands will be more electron
rich resulting in n-type doping effect and decrease in the work
function values.

Sheet resistance measurements were undertaken to quantify
the variation in film conductivity after plasma treatment. Sheet
resistance of pristine GO was measured as 138.0 MQ sq~*. The
sheet resistance decreased to 4.0 MQ sq ' after 3 minutes of
exposure to He + N, plasma jet, indicating a 34.5x increase in
conductivity. The enhancement in conductivity can be corre-
lated with the N1s XPS spectra after 3 minutes of plasma
treatment which indicates the predominance of graphitic
nitrogen that makes the GO structure electron-rich (n-type).
Furthermore, the GO films were treated with He + H, plasma jet
for 3 minutes which resulted in improvement in conductivity
by more than two orders of magnitude (0.24 MQ sq ). This
improved film conductivity suggests recovering of the sp” frame-
work upon deoxygenation of graphene oxide with He + H, plasma
jet. Reduction/deoxygenation can occur either due to the high
energy electrons or ions such as He' from the carrier gas during
physical bombardment or due to the active species including
hydrogen radicals (*H), ions (He" and H') and neutral mole-
cules in the plasma jet.®”®® The variation in sheet resistance of
GO after treatment with different admixtures of gases can be
observed in Fig. 12.

4. Conclusion

The properties of GO can be enhanced by various chemical and
physical techniques, but they lack the promise in precision.
With major advantages being clean, reliable and ideal for
industrial processes, APPJ is shown to be a promising candi-
date for surface functionalization GO. In this study, a low power
(4 W) plasma jet has been used to induce finite changes
in surface chemistry and electronic properties of GO. Detailed
X-ray spectroscopic studies revealed that the active species in
plasma can react with GO changing its surface chemistry.
The nitrogen ions can substitute carbon from the graphitic
structure to form in-plane C-N bonds as revealed by the core
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level X-ray studies. Addition of nitrogen in the graphitic lattice
introduces electronic density of states raising the Fermi level
of GO. Finally, Kelvin probe studies showed that the bonding
configuration can influence the work function of GO. Pyridinic
nitrogen transforms GO to p-type while graphitic nitrogen
increases the electron density of GO and transforming it to n
type. Pointing to the fact that a low power APPJ can effectively
tune the work function of GO and hence the conductivity.
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