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ABSTRACT

Reduced graphene oxide
(rGO) is a material with a unique
set of electrical and physical

properties. The potential of rtGO
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for numerous semiconductor
applications, however, has not been fully realized because the dependence of its band gap
on the chemical structure and, specifically, on the presence of terminal functional groups
has not been systematically studied and, as a result, there are no efficient methods for
tuning the band gap. Here we report that the band gap of rGO can be increased and,
importantly, tuned from 0.264 to 0.786 eV by controlling the surface concentration of
epoxide groups using a developed mild oxidation treatment with nitric acid, HNO;.
Increasing the concentration of an HNOj; treatment solution gradually increases the
surface concentration of epoxides without introducing microscopic defects or d-spacing
changes and, thus, produces functionalized rGO materials with desirable properties for
semiconductor applications. A combination of experimental measurements using infrared
spectroscopy, ultraviolet-visible spectroscopy, X-ray diffraction, X-ray photoelectron
spectroscopy, scanning electron microscopy and density functional theory calculations
demonstrates that epoxides are unique among oxygen-containing functional groups for
allowing to tune the band gap. Unlike epoxides, other oxygen-containing functional
groups are not effective: hydroxyls do not change the band gap, while carbonyls and

carboxyls break the hexagonal carbon-ring structure of rGO.
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1. INTRODUCTION

Graphene is a monolayer of carbon atoms tightly packed into a two-dimensional
lattice of hexagonal rings. Graphene has received significant attention for its unique
electronic and mechanical properties since its first fabrication from graphite by
mechanical exfoliation.!-* In addition, special chemical and physical properties of
graphene make it useful for a variety of applications, including energy storage devices,>’
memory devices,?!? biosensors'!-13 and transparent conducting electrodes.'*!” However,
since pristine graphene has no band gap, its applications in electronic and optoelectronic
devices, such as field effect transistors and solar cells, necessitate both opening and
controlling its band gap.!® 1° Therefore, significant efforts have been made to develop
facile methods for achieving this goal.?%-2! For example, Zhang et al. experimentally
demonstrated a band gap of up to 0.25 eV using a bilayer graphene.?? Chang et al.
reported a band gap increase from 0 to 0.60 eV by doping graphene with B and N
atoms.? Huang et al. theoretically predicted a band gap increase from 0.11 to 3.0 eV by
gradually and partially converting graphene into graphene oxide (GO) due to oxygen

incorporation into graphene from 6.25 to 50%.%*

GO is a chemically oxidized form of graphene, containing both aromatic rings
(sp? carbon) and C atoms with single bonds (sp® carbon).?-2¢ It also contains multiple
oxygen-containing functional groups in its basal planes and edges. Possible functional
groups include hydroxyls, epoxides, carbonyls and carboxyls. Due to their high
concentration, these functional groups break the symmetry of the material and, thus,

make GO electrically insulating, with a band gap of up to 3.6 ¢V.?7-2° By thermal,
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chemical, or photothermal reduction, GO can be converted to reduced graphene oxide
(rGO).30-33 Although some of the functional groups can be retained, rGO becomes
semiconductive due to its restored planar structure.’* The carrier (electron and hole)
mobility in rGO can be higher than 100 cm?/V s due to 2D delocalization of
electrons.?>-37 This mobility is two orders of magnitude higher than that of typical organic
semiconductors (< 1 cm?/V-s). Despite the low cost and flexibility of organic
semiconductors, their use is limited because of their low electrical carrier mobility and

high band gap, from 2.5 to 4.0 eV .3%.3°

The electrical conductivity of rGO is likely to be simultaneously controlled by
two mechanisms: (1) variable-range-hopping (VRH) of charge carriers between rGO
layers and (2) Arrhenius conduction within an rGO layer. Based on the VRH model, the
thermally activated interlayer hopping of carriers depends on the average distance
between rGO layers, i.e., d-spacing.*>43 An increased d-spacing is expected to result in a
lower carrier mobility. As an example, our previous study demonstrates that after
absorbing moisture from air, the conductivity of rGO significantly decreased due to the
swelling effect of water on the d-spacing.** Based on the Arrhenius conduction model,
carriers require thermal activation to move across an rGO layer.*47 As an example, we
previously found that the conduction behavior of rGO was strongly dependent on

temperature.48-5

Previous studies provided some information on dependencies between the
structure of rGO and its band gap and, significantly, established the potential of rGO as a

semiconducting material.3%31-31 For example, Velasco-Soto et al. reported a decrease of
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the optical band gap from 2.7 to 1.15 eV after chemically reducing GO to rGO using
NH,4OH.>2 However, effects of functional groups on the band gap structure of rGO have
not been systematically studied, thus hindering the development of methods for tuning

the band gap of rGO for numerous electronic applications.

In this work, this challenge was addressed by systematically studying effects of
oxygen-containing functional groups. Dependencies of the rGO molecular structure and
its band gap on the concentration of hydroxyl, epoxide, carbonyl and carboxyl groups
were determined. The results demonstrate that the band gap can be controlled by
changing the concentration of epoxide groups on the rGO surface. A simple and efficient
method with a mild HNO; oxidation treatment was developed that allows the

concentration of epoxides to be adjusted and, thus, the rGO band gap to be tuned.

2. MATERIALS AND METHODS

2a. Materials

A high-purity aqueous solution of GO (2 mg/mL, purity > 99%, Cheap Tubes)
was used. The thickness of individual GO layers was from 0.7 to 1.2 nm with a diameter
of 300 to 800 nm. Glass slides (25%75 mm, Thomas Scientific) were used as substrates to
prepare rGO in the form of a thin film for electrical resistance measurements. The Si
wafers (0.005 Q/cm) used for scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS) were purchased from Fisher Scientific. The quartz
slides (Chemglass - CGQ-0640-03 - 25x25 mm) used for ultraviolet-visible (UV-vis)
spectroscopy were purchased from Neobits. HNOj (68-70%, ACS reagent) was
purchased from Sigma-Aldrich. The silver ink (Metalon JS-B40G) used for electrical
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resistance measurements was provided by NovaCentrix.
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2b. Preparation of Inkjet-Printed and HNO;-Treated rGO Films

As illustrated in Figure 1a, rGO films were fabricated by inkjet-printing the GO
solution onto substrates, and were subsequently thermally reduced using the previously
established procedures.> Briefly, substrates were rinsed prior to printing with deionized
water and isopropyl alcohol and treated with oxygen plasma for 10 min using a plasma
cleaner (Harrick Plasma) to make the substrate surface hydrophilic. The GO solution was
printed using a Dimatrix FujiFilm inkjet printer (DMP-2831). This printer was equipped
with a printhead configuration consisting of 16 microfabricated piezoelectric nozzles,
with each nozzle being programmable and addressable with 20 pm positioning resolution.
Printhead height and substrate temperature were maintained at 0.5 mm and 25°C,
respectively. After inkjet printing, the GO samples were reduced at 220°C for 6 h to

convert them into rGO.

(a) (b) rGO films
!—’ g ) ) /,_/R
GO n Prirlead I I I l l l
. 6 lcm Glass slide
GO +
""“:_66‘\"*7
Ther ion
Dip in HNO,

Ay iy

5%-40% HNO,
Figure 1. (a) Illustration of experimental procedures to fabricate inkjet-printed and

HNO-treated rGO films and (b) optical image of rGO films.
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The rGO films were treated by dipping them into an HNO; bath at 60°C for 1 h.
The HNO; concentration was varied from 5 to 40% HNOj;. The obtained HNO;-treated
rGO (“HNOsrGO”) materials were denoted based on the acid solution concentration as
HNO3"*rGO, HNO;'"rGO, HNO;?**rGO, HNO;3***rGO and HNO;*”rGO.
Subsequently, the rGO samples were rinsed with deionized water and dried in air at
ambient conditions for 24 h and then thermally annealed at 70°C for 4 h. A schematic of
rGO films on a glass slide is shown in Figure 1b, and SEM images are shown in Figure 2.
The silver electrodes were directly inkjet-printed on the rGO films for electrical

measurements and thermally annealed at 70°C for 6 h.

B 3
HNO,>%rGO

’

P .

3 e "_ F 7. . f / > g
- HNOrGO ~HNO**rGO - HNO;*%rGO

Figure 2. SEM images of (a) rGO and (b-f) HNO -treated rGO films on Si wafers.

2c¢. Electrical Resistance Measurements

For evaluating the temperature dependence, HNO;rGO samples were placed on a
Sawatec HP-150 hot plate. Each group contained 5 samples, and their resistance was

measured using a standard 2-probe method with a Keithley 2000 multimeter at 30, 41, 53
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and 64°C.

2d. Fourier Transform Infrared (FTIR) Spectroscopy

HNO;rGO films were peeled off from the glass slides using a razor blade, mixed
in a mortar with the KBr powder, which was pre-dried at 120°C, and then compressed
into self-supporting disks. A Bruker-Tensor FTIR spectrometer was used with a
resolution of 4 cm™! and 128 scans per sample. The data were analyzed with OPUS
spectroscopy software to correct the baseline and minimize the influence of H,O and CO,

in the ambient environment.

2e. X-ray Photoelectron Spectroscopy (XPS)

HNO;rGO films were prepared on Si wafers, dried at room temperature and then
thermally reduced at 220°C for 6 h. The HNO;rGO samples were then dipped into an
HNOs solution at 60°C for 1 h, rinsed with water and dried in air. The samples were
analyzed using a Thermo Scientific K-Alpha XPS spectrometer with an Al Ko X-ray
radiation source (photon energy 1486.6 e¢V). Ols and Cls peaks were analyzed using the

Avantage peak deconvolution software.

2f. X-ray Diffraction (XRD)

The sample preparation procedure for XRD was identical to that described above
for the XPS measurements. A Bruker AXS SMART APEXII single-crystal
diffractometer with the X-ray beam generated from a sealed Cu tube at the wavelength of

Cu-Ka at 0.154178 nm was used. The sample-detector distance was 150 mm, and the
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exposure time was 600 s per run. The data were analyzed using the XRD2EVAL program
in Bruker PILOT software. The average d-spacing of the HNO;rGO sample was

calculated by using the Bragg equation:

(1) A=2dsind,

where 4 is the wavelength of the Cu X-ray beam, d is the average d-spacing, and 8 is the

diffraction angle.

2g. Ultraviolet-Visible (UV-vis) Spectroscopy

GO films were printed on quartz slides, thermally reduced at 220°C for 6 h and
treated with HNOj; solutions at 60°C for 1 h. After rinsing with DI-water and drying at
room temperature, the samples were characterized with an Evolution 300 Spectrometer
using a Xenon flash lamp light source. The scan range was set from 280 to 900 nm with a

scanning accuracy of 1 nm and a scan rate of 240 nm/min.

2h. Dispersion-Corrected Density Functional Theory (DFT-D) Calculations

The calculations were performed with the DMol? code in Materials Studio 2017
software by Dassault Systémes BIOVIA Corporation. The calculations used the DNP
basis set (version 3.5) and the GGA PBE functional. Reciprocal-space integration over
the Brillouin zone was performed at the I' point. The density mixing fraction of 0.2 with
direct inversion in the iterative subspace (DIIS size 6) and orbital occupancy with
smearing of 0.005 Ha were used. The orbital cutoff distance was set at 0.37 nm for all

atoms. The Grimme method for the DFT-D correction was applied with a 56 factor of
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0.75 and a damping factor d of 20.0. The positions of all atoms were optimized during
geometry optimization to obtain electronic band structures, density of states and band gap
energies. The band structure was calculated with a separation distance of 0.15 1/nm. The
density of states was calculated with 1 empty band and a k-point grid of 2x2x1.The
computational settings were similar to those that were previously used successfully to

describe molecular properties of surface functional groups, including hydroxyls.>4-38

The rGO structure was modeled as an infinite slab constructed using a periodic
unit cell. Edge sites were not considered in the model because they represented less than
0.2% of all carbon atoms due to the large size of our rGO sheets (300-800 nm). The
optimized structures for graphene and rGO materials with different O/C ratios were
obtained with the following procedure. First, the lattice parameter for a graphite unit cell
with 4 C atoms without any functional groups was optimized at a value of 0.25 nm. A
single layer with 72 C atoms, with a 5-nm vacuum spacing in the ¢ direction, was
generated based on the optimized graphene unit cell and used as the periodic supercell.
The size of the supercell was selected to allow varying the concentration of functional
groups, and the vacuum spacing was selected to avoid interactions between neighboring
graphene layers. Energies are reported at 0 K without zero-point vibrational energy

corrections.

3. RESULTS

The optical transparency results for the HNO;rGO samples evaluated by UV-vis
spectroscopy in Figure 3a show that the absorbance of the HNO;rGO materials decreased
with increasing HNOj; concentration, especially in the visible and infrared light regions.
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For example, at the wavelength of 650 nm, the normalized absorbance of the untreated

rGO was 80.4%. The absorbance decreased to 65.8% for the HNO;!9%rGO and further to

35.6% for the HNO;*”rGO.

() "0 (b)
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o g
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£ 0.64 = 40k-
T 04
§ 20k
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200 400 600 800 1000
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band gap determination.
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The resistance of the untreated rGO was 403.3 kQ at 64°C. The dependence of the
electrical resistance on the HNO; concentration in Figure 3b shows that the resistance
rapidly increased to 7.14 MQ for the HNO3>”rGO and eventually to 68.7 MQ for the
HNO;3*%rGO. The dependence of the normalized resistance on the HNO3 concentration
as a function of temperature in Figure 3¢ demonstrates that the value for the untreated
rGO decreased by 40% when the temperature increased from 30 to 64°C. After the HNO;
treatments, the temperature dependence became even more significant, reducing the
normalized resistance by 69% for the HNO3*”rGO material in the same temperature

range.

The following equation was used to calculate the band gap energy (£,) from the

resistance of the HNO;rGO samples (R) obtained as a function of temperature (7):

@ & :ROCXP[ 2UTT

where R, is the rGO resistance at a reference temperature 7, and £ is the Boltzmann
constant. The E, value gradually increased from 0.264 eV for the untreated rGO to 0.786
eV for the HNO;*”rGO sample (Figure 3d). The resistance and band gap measurements
are shown in Figures 3b and 3d with standard error values based on 6 repeat
measurements.

Optical band gap energies were estimated using the Tauc plot of the UV-vis
results in Figure 3e by extrapolating the linear part of the curves to the intercept with the

hv axis based on the relationship*®:
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(3)  ahv=B(hv-E,),

where o is the absorption coefficient, B is a constant, 4v is the photon energy, and m=1/2
for direct allowed transitions. The optical band gap energies gradually increased from
0.37 eV for the untreated rGO to 1.49 eV for the HNO;**rGO sample (Figure 3e),
exhibiting the same trend as the electrical measurements in Figure 3d but at higher values

due to the low transparency of the rGO films.

o(COH) v(COC) v(C-C) v(C=0) v(O-H)
C-OH é(_)z; @ 8—OH Y con

C-OH

1240 1380 1570 1710 3400

j'i lr/r/ HNO:**rGO :
. | 3 T
3 /N/I\,\/ —
N | | HNO;™rGO |
@ | .
S 1y HNO:*GO |
8 LA 3
= M’\/ T 1
e : | HNO:" "rGO |
— |
A : ' HNO:™rG

/\/\,\/ '

1000 1500 2000 2500 3000 3500 4000

Wavenumber, cm’!

Figure 4. FTIR spectra of the initial and HNO,-treated rGO materials.

The FTIR results in Figure 4 provide information on how the HNOj treatments

Page 14 of 32
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affected the type and concentration of surface functional groups. For the untreated rGO,
the following four characteristic peaks were detected. The first peak at 1240 cm™! is
assigned to 6(COH), the deformation mode of carbon-bonded hydroxyl groups, based on
a similarity with the same vibration at 1257 cm’! in phenol. The second peak at 1570 cm’!
is consistent with v(C-C), stretching of the C-C bonds in the benzene ring at 1596 cm!.
The third peak at 1710 cm! is due to v(C=0), stretching of the C=0 bond in a carboxyl
group (similar to 1788 cm™! for acetic acid). Finally, the fourth broad peak at 3400 cm! is
due to v(O-H), stretching of the O-H bond in isolated hydroxyl groups (similar to 3681
cm™! for methanol) and hydroxyls associated with carboxyl groups (similar to 3583 c¢cm'!
for acetic acid). Therefore, only two functional groups were present in the untreated rGO:

(1) isolated hydroxyls (OH) and (2) carboxyls (COOH).

After the acid treatment, a new peak was observed at 1380 cm!, which is
consistent with v(COC), the stretching mode of an epoxide ring (similar to 1271 cm™! in
ethylene oxide). The intensity of the new epoxide peak gradually increased with
increasing HNO; concentration while the intensity of the peak at 1570 cm! for aromatic
rings slightly decreased. The intensities of the peaks at 1240, 1710 and 3400 cm! for the
initial hydroxyl and carboxyl groups remained practically constant. These results
demonstrate that the acid treatments generated an increasing number of epoxide groups
on initially non-functionalized aromatic rings while having little effect on the initial

hydroxyl and carboxyl groups.

The XPS results in Figure 5 were used to quantify the formation of epoxide

groups and determine the overall extent of oxidation. Based on the overall spectra in
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Figure 5a, the concentration of oxygen gradually increased from 20% for the untreated

rGO to 25% for
(a) o C 0/C
HNO,*%rGO 25% 75%, 0.34
= %
= HNO,3%%rGO 24 76 032
2| HNO,2%rGO
Z 2 N 20 80 0.25
HNO.,1%%rGO
g 3 21 79 0.27
%
é: HN%‘} rGO R 21 79 4 0.27
rGo R 20 )80 | 0.25

1200 1000 800 _ 600 400 200 0
Binding Energy, eV

(b) Ols (¢) Cl1s
O 0 JON
COHYED: o lon COHHC-C <)

o
HNO:**rGo  13% 12% 6% “x \20 AZ‘\ 49%,
HNOs™*GO HAAZ 6 16 /A 54

, 15
HNOs"**rGO 1% 6 BREVANE-
HNO:' GO 11 >IN\ 10 6 1&/\ 59
HNO™rGo 11X\ 10 5 1B/ e

s W\ .

XPS Intensity, a.u.

rGO 10_SN10

" “sap 535 530 295 290 285 280
Binding Energy, eV Binding Energy, eV

Figure 5. XPS spectra of the initial and HNO,-treated rGO materials.

the HNO;*”%rGO sample, corresponding to an increase in the O/C atomic ratio from 0.25
to 0.34. The O1s peak in Figure 5b was deconvoluted into two peaks. The first peak at

533.0 eV for O atoms in the C-O bonds of both epoxide and hydroxyl groups increased
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from 11 to 16%. The second peak at 531.3 eV for O atoms in the C=O bond of carboxylic
groups remained mostly unaffected at 9-10%. The Cl1s peak in Figure 5c was
deconvoluted into three peaks at 288.3, 286.4, and 284.6 eV and assigned to carbon
atoms in C=0 (carboxyls), C-O (epoxides and hydroxyls), and C-C bonds
(non-functionalized aromatic rings), respectively. The concentration of C atoms in
carboxylic groups remained practically constant at 5-6%, in agreement with the Ols
results. In contrast, the combined concentration of C atoms in epoxide and hydroxyl
groups increased from 10 to 18%, also in agreement with the O1s results, while the C

balance in non-functionalized aromatic rings correspondingly decreased from 65 to 51%.

The SEM results in Figure 2 provide information on the surface morphology.
Figure 2 shows the presence of wrinkles and lumps of ~1-3 pm on the surface of rGO
after inkjet printing and thermal reduction. Our previous study determined that these

surface features were formed due to uneven dehydration during thermal reduction.** The
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20=23.8° d-spacing=0.373nm

HNO:**rGO

HNO:**rGO

HNO:""*rGO
HNO:’*rGO

10 15 20 25 30 35 40
20 (degree)

Figure 6. XRD patterns of the initial and HNO-treated rGO materials.

rGO samples retained these surface features without any significant changes after the

HNO; treatments.

The XRD results at ambient temperature in Figure 6 show that the d-spacing for
all the acid-treated materials remained unchanged at 0.373 nm. The interlayer structure of
the GO, therefore, was not affected by the HNOj; treatments in the employed

concentration range up to 40%.

To provide interpretation of the experimental results at the molecular level and,
furthermore, to determine which functional group is preferable for tuning the rGO band
gap, quantum chemical calculations evaluated four O-containing functional groups
separately. Hydroxyl, epoxide, carbonyl and carboxyl groups (Table 1, Figures 7 and 8)
were compared based on their effects on the rGO molecular structure and the band gap

Page 18 of 32
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energy as a function of their surface concentration. Hydroxyl groups do not appreciably
change the molecular geometry, introducing only a small amount of bending of graphene
layers (Figure 7a) due to some elevation of bonding C atoms. With increasing surface
concentration from 0.17 to 0.25 to 0.33 O/C ratio, the effect on the band gap energy is
also small and almost constant at 0.016-0.050 eV (Table 1 and Figure 9). At higher
concentrations, neighboring hydroxyl groups are not stable. They convert into epoxides
and gas-phase water: 2C-OH = C-O-C + H,O0. Isolated hydroxyl groups are stable, but
still thermodynamically less preferable. For example, even at a low 1/6 O/C ratio
(rounded to 0.17 in Table 1), it is energetically preferable by 58 kJ/mol for all hydroxyls
to convert into epoxides, producing gas-phase water and a material with epoxides with an
O/C ratio of 1/12. Hydroxyls, therefore, are predicted to be thermodynamically less stable
than epoxides on a non-defect graphene surface and even if stabilized at low

concentrations, to be ineffective for adjusting the band gap.
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b. Epoxide

Figure 7. Molecular structures of oxygen-containing functional groups on a graphene

surface obtained with quantum chemical calculations.

Table 1. Comparison of O-containing functional groups at O/C=0.17

Functional | Band Gap Stability
group Energy, eV

Stable only as isolated hydroxyls at low concentrations. It

Hydroxyl . . .
0.050 is thermodynamically preferable for pairs of hydroxyls to

C-OH . .

convert into an epoxide and gas-phase water.
Epoxid
CI-JS)-(E © 0.944 Highly stable.
Carbonyl

arbony 0.010 Not stable, converts to epoxide.

C=0
Carboxyl
C?)r O(;-)I(y 0.083 Stable only on defect sites.
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a. 0/C=0.17 b. 0/C=0.25 ¢c. 0/C=0.33
0.967 eV

d. 0/C =042 e. O/C =0.50
1.956 eV 2.659 eV

------

Figure 8. Molecular structures with an increasing concentration of epoxide
function groups on a graphene surface and their band gap energies obtained with

quantum chemical calculations: top view (image above) and side view (image below).

Unlike hydroxyls, epoxide groups produce more pronounced bending of graphene
layers, which increases with increasing epoxide concentration (Figures 7b and 8). It is
energetically preferable for epoxides to occupy neighboring sites and form zigzag surface
rows (Figure 8). Importantly, however, epoxides do not cause breaking of the hexagonal
carbon-ring structure or formation of any other defects up to a complete saturation
coverage of O/C=0.50 (Figure 8). Unlike hydroxyls, epoxide groups are highly effective

in tuning the band gap energy, changing it gradually from 0.944 to 2.659 eV as the O/C
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ratio increases from 0.17 to 0.50 (Table 1 and Figure 9). The energy values exhibit a
nearly linear dependence on the O/C ratio, with the slope being similar to that for the

experimental results (Figure 9).

3_
Calculated /I} :
% ] Epoxide ~
2—.
L%) . _ -0
o -z .
S A P Experimental
-7 0 -
< s Pid
S < -
~
m 190 _ -0 _ -
e E/ﬁ
T %’ - Calculated
A Hydroxyl
o e — N —
0 | T | ! ] ! | !
0.2 0.3 0.4 0.5

O/C atomic ratio

Figure 9. Experimental and computational dependencies of the rGO band gap

energy on the extent of oxidation.

In contrast with hydroxyls and epoxides, carbonyl groups do not form on a
graphene surface without defects. Their formation requires breaking of the hexagonal
carbon-ring structure that produces holes in the rGO layers (Figure 7¢). In addition,
carbonyl structures are only metastable. For example, it is energetically preferable by 836
kJ/mol for all carbonyls to convert into epoxides at O/C=0.17. Furthermore, even if
carbonyls are stabilized, their effect on the band gap energy is very small, comparable to
that for hydroxyls. At O/C=0.17, the band gap energy is predicted to be only 0.010 eV

(Table 1).
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The computational results show that carbonyls break the hexagonal carbon-ring
structure and can be stabilized only on defect sites. Moreover, carbonyls are predicted to
be thermodynamically metastable and spontaneously convert into epoxides. Therefore,
the experimental results were interpreted based on an absence of carbonyls in both the
initial rGO and the acid-treated materials. The FTIR peak at 1710 cm™!, which is
consistent with v(C=0) in both carboxyl and carbonyl groups, is assigned only to
carboxyls. Similarly, the O1s XPS peak at 531.3 eV is assigned to O atoms in the C=0

bonds of only carboxyls.

Similar to carbonyls, formation of carboxyl groups requires breaking of aromatics
rings. The carboxyl C atom is lifted above the surface, producing a defect and bending
the surface (Figure 7d). Due to this molecular geometry, the electron-withdrawing effect
on the remaining C atoms is small. At O/C=0.17, the band gap energy is predicted to be
only 0.083 eV, much lower than 0.944 eV for epoxides (Table 1). When the
concentration of carboxyls is doubled to match the absolute number of epoxides (since
carboxyl has two O atoms while epoxide has one), the band gap energy almost doubles to
0.175 eV but still remains significantly lower than 0.944 eV for epoxides. Therefore,
carboxyls generate surface defects, and they are much less effective in adjusting the band
gap energy when compared with epoxides at both the same O/C ratio and at the same
number of functional groups.

4. DISCUSSION

The appearance and growth of a new FTIR peak at 1380 cm™! with increasing

HNO; concentration in Figure 4 demonstrates that the acid treatments generate epoxide

Page 23 of 32



Journal of Materials Chemistry C

groups, which are not present in the initial rGO, and that the number of these epoxide
groups steadily increases with higher HNO; concentrations. These conclusions are
confirmed with the XPS results in Figures 5b and 5c that show increases in the intensities
of the Ols peak at 533.0 eV and Cls peak at 286.4 eV for combined epoxide and
hydroxyl groups. The intensities of the FTIR peaks for carboxyls and hydroxyls fluctuate
but remain mostly constant. Therefore, the observed band gap energy changes in Figures
3d and 9 must be due exclusively to the formation and increasing concentration of

epoxide groups because the concentrations of all other functional groups remain constant.

The computational results in Figure 9 demonstrate that hydroxyl groups have a
negligible effect on the band gap. Carboxyl groups are expected to form by breaking the
graphene structure (Figure 7d) and to have a small effect on the band gap (Table 1).
These computational results provide an explanation for the low band gap energy of 0.264
eV of the initial untreated rGO that has 10% hydroxyls and 5% carboxyls with O/C=0.25,
based on the XPS results in Figure 5. Since the computational models for epoxides in
Figure 8 do not have defect sites with ineffective hydroxyls and carboxyls, the calculated
trend line for the dependence on the band gap energy on the O/C ratio in Figure 9 is
shifted by the initial O/C=0.25. Importantly, the similarity of the slopes for the
computational and experimental trend lines provides further evidence that the

experimental band gap adjustment is due exclusively to the formation of epoxide groups.

The computational results in Figures 9 also provide guidance on how the
molecular structure and the band gap tuning can be further optimized. The number of

initial hydroxyl and carboxyl groups should be minimized because they are ineffective
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and prevent the formation of additional epoxide groups. Without hydroxyl and carboxyl
groups, the computational results suggest that by varying the epoxide concentration from
zero to full coverage, up to O/C=0.5, the band gap energy can be gradually and accurately

tuned in a wide range, from zero to 2.659 eV (Figure 9).

This is the first study that provides experimental evidence of tuning the band gap
of GO by adjusting the surface concentration of epoxide groups and reports that this
effect can be achieved with a mild acid oxidation treatment. In contrast with previously
proposed methods for band gap adjustments of graphene materials, the developed
methodology is more efficient and avoids structural deformations or introduction of any

other elements, except oxygen.

Notably, our developed methodology is significantly different than the alloying
approach commonly used for adjusting the band gap of inorganic semiconductors.®® For
example, the band gap of a Si/GaAs alloy can be tuned between Si (1.1 eV) and GaAs
(1.4 eV) based on the ratio of the two materials. Since their lattice parameters are not
identical — 0.543 nm for Si and 0.565 nm for GaAs — the mismatch makes an alloy
semi-stable. Such an alloy is thermodynamically stable only below its critical size,
usually below 1 um. At larger sizes, a semi-stable alloy will phase separate.®!- 62 In
contrast, rGO materials with a variable number of epoxide functional groups are not
limited by their size. Thus, our developed methodology for tuning the band gap is simpler

and more flexible.

Unlike inorganic semiconductors, the band gap energies of organic
semiconductors developed for low-cost applications®3-%¢ are typically larger, in the range
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of 2.5 to 4.0 eV, impeding efficient generation of charge carriers.’® 3 Due to a low
dielectric constant (e.g., 3 to 4), organic semiconductors exhibit very low carrier mobility
(< 1 ¢cm?/V-s), which limits their use. In comparison, the carrier mobility in rGO can be
higher than 100 cm?/V s due to 2D delocalization of electrons.?3-37 Consequently, our
developed methodology for tuning the band gap of rGO is particularly well suited for a
wide range of semiconductor applications and can serve as a preferable alternative to

known inorganic and organic semiconductor materials.

5. CONCLUSIONS

The band gap energy of rGO can be effectively tuned by an HNO; treatment with
a variable acid concentration without introducing structural defects or d-spacing changes.
The increased band gap is due to the formation and increased concentration of epoxide
functional groups. Both experimental measurements and quantum chemical calculations
demonstrate that the band gap energy increases nearly linearly with the surface
concentration of epoxides. The developed methodology can be used to produce rGO

materials with precisely tuned band gaps for a wide range of semiconductor applications.

In contrast with the known techniques of adjusting the band gap of inorganic
semiconductors with alloying, the developed methodology is simpler because it does not
require incorporation of any other elements, except oxygen. In addition, it is more
flexible because it is not limited by elemental ratios required for alloy stability.
Furthermore, in contrast with known tunable organic semiconductors, the developed
methodology produces rGO materials with significantly higher carrier mobility.

Therefore, tuning the band gap of rGO with epoxide functional groups is a highly
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promising alternative to known inorganic and organic semiconductor materials.
Furthermore, the obtained information on the molecular structure and properties of
oxygen-containing functional groups will be useful beyond semiconductor applications
since functionalized graphene-based materials are currently actively studied in numerous
and diverse areas: from polymer nanocomposites, memory devices, super-capacitor

devices, biosensors to pharmaceutical drug delivery systems.
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Functionalization of reduced graphene oxide with epoxide groups allows tuning
its band gap energy



