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Abstract

The design and fabrication of electronic devices based on graphene nanomaterials are
dependent on the tuning of Fermi levels. This can be achieved by doping graphene oxide (GO)
with an electron-withdrawing (p-type) or electron-donating (n-type) species that causes
changes in the electron density and enhances the electrochemical properties. In this research,
the effect of boron content on the optical, electrochemical, and conductivity properties of GO
was investigated. Boron-doped reduced graphene oxide (B-rGO) was synthesized via a
chemical vapor deposition method by using GO and varying amounts of boric anhydride, as a
boron precursor, at a doping temperature of 600 °C. The B-rGO samples were characterized
by standard spectroscopic techniques. B-rGO had a sheet structure with various graphene
islands and disordered regions. The highest boron content incorporated into the reduced GO
framework was 7.12%. B-rGO samples manifested strong absorption in the ultraviolet region.
An electronic band structure with a low charge resistance of 20.23 Q and enhanced electrical
conductivity properties of 5.920 S cm! was observed and noted to be dependent on the
concentration of boron incorporated. All the B-rGO samples demonstrated a p-type
conductivity behaviour which is attributed to an increase in the density of states near the Fermi

level. This work opens a new avenue for the fabrication of solar cells based on p-type B-rGO.
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1 Introduction

Graphene-based nanomaterials have been widely researched for different potential
applications. It is of interest to understand how to modify their electronic structure, through
the introduction of heteroatoms or the creation of defects, to fabricate suitable graphene-based
materials with appropriate physical, chemical, and electronic properties !. The modification of
the electronic structure of graphene causes electron modulation to tune its optoelectronic
properties for a specific application, such as energy conversion and storage >3. The
modification of the carbon sp? lattice in graphene results in the formation of covalent bonds
with functional groups or other molecules 4. Exploratory and theoretical investigations on
graphene doping demonstrate the possibility of synthesizing p- and n-type semiconductors via
substitution of carbon with various heteroatoms in the graphene framework >-%. Thus, various
heteroatoms have been doped into the graphene lattice, for example, nitrogen, boron, sulfur,

phosphorus, and many different metals.

Boron is one of the heteroatoms that can initiate novel and complementary properties
prompting specific applications in solar cells °. This is evident from DFT calculations that
show that the boron atom can efficiently displace the carbon atom from the graphene lattice
and that the energy barrier to dope a boron atom into the graphene lattice is lower than that of
a nitrogen atom '°, The boron atom is less electronegative than a carbon atom and, during
doping, it induces a p-type conductivity in graphene '!. Boron-doping in the graphene
framework leads to redistribution of electron density, where the electron-deficient boron sites
provide the enhanced binding capability. This occurs because when boron substitutes carbon
in the hexagonal sp’-bonded structure, it introduces holes as charge carriers which imposes a
characteristic bandgap and produces excellent conductivity 21213, Jia et al. '* reported a higher
ratio of sp-hybridized carbon to sp’-hybridized carbon (4:1) which has also showed excellent

electrochemical electrode performance and enhanced photocatalytic properties.

In general, boron-doping is advantageous for various applications, such as supercapacitors >,
hydrogen storage !¢, potassium-ion batteries !”-'8, field emissions '°, gas sensing 2°, photo- and
heterogeneous-catalysis 2!, biomedical applications 22, and solar cells 2. To investigate the
electronic properties of graphene-modified by boron-doping, the total density of state of boron-

doped graphene oxide (B-GO) is used. Notably, the Fermi level (Eg) of graphene corresponds
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with the Dirac point. Boron has one less electron than carbon, thus it can easily displace a
carbon atom. Also, the close covalent atomic radii of 85 pm for boron and 70 pm for carbon
allow boron to displace carbon even when the process is linked with a large activation energy
barrier such as 2.6 — 2.8 eV 2423, This exchange occurs when the interlayer spacing (dgo;) of
epitaxial graphene is bigger, thus, the moire” resulting from the overlaid epitaxial graphene and
lattices imposes a potential, inducing Dirac cone replica and leads to the opening of the bandgap
in the band structure 26?7, The B-GO isomers that are formed from various chosen doping sites
have been observed to differ in the bandgap, bond length, and stability 2. The bandgap is
observed to be at its greatest when dopants are placed at the same sublattice point of graphene
because of the consolidated impact of the symmetrical breaking of sublattices. However, when

the dopants are placed at adjacent sublattice positions, it results in a closed bandgap.

The two facets, bandgap, and p-type characteristics have been investigated mostly via
experimental and theoretical approaches. In theoretical computations, boron-doping in a
graphene lattice is assumed to substitute the carbon atom, resulting in two outcomes. Firstly,
this introduces chirality in the basal plane, and at this point, bandgap oscillations vanish rapidly
as a function of the chiral angle ?°. Secondly, carbon substitution by a single boron atom has
the potential to induce spontaneous magnetization, independent of the site of substitution 24,
arising from a spin polarization, and results in a lower bandgap near the Fermi energy 2°3°. The

induced magnetic moment is localized at the substitution site 30!,

Experimentally, boron-doping can be achieved by different approaches such as hydrothermal
or solvothermal synthesis 3234, high-temperature chemical vapor deposition (CVD) 3, and
plasma treatment 6. These techniques can also be divided into in situ and ex situ methods.
Plasma treatment, which is an in sifu approach, has been reported to be an efficient route for
boron-doping. However, with this method, it is possible to increase the number of defects on
the graphene-based nanomaterials, and this further attenuates its electrical conductivity. The
issue with in situ approaches is that impurities from the metal catalyst precursors inhibit the
investigation of the exclusive contribution from the doped material. On the other hand, in the
case of ex situ approaches, there are also disadvantages, and this includes the requirement of

very high temperatures and additional time or steps to obtain efficient boron-doped samples.
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Hydrothermal and solvothermal approaches have been used in the synthesis of graphene-based
materials, especially in boron-doped graphene. These approaches are performed in a sealed
autoclave at temperatures exceeding the boiling points of organic solvents and are not time-
consuming. Thermal exfoliation is also preferable because of its cost-effective, easier to scale-
up, and produces large quantities of graphene 3738, CVD is a frequently used approach.
However, the issue with the CVD method, is that during the doping process, the dopant
precursors are not completely exhausted, hence, they may cause contamination and
compromise the characteristic electrocatalytic properties. Therefore, purification is required,
hot distilled water 2 can be used to remove excess or unreacted boron precursors from doped
graphene. Alternatively, for large-scale purification, sodium hydroxide 3, ethanol %°, or
hydrochloric acid 1> can be used to remove boron precursors. Normally, NaOH is used because
it is effective, easily available, and relatively easy to separate B,O; in B-rGO. The CVD
approach is carried out with a certain boron precursor at elevated temperatures 4°. When
graphene oxide (GO) or reduced graphene oxide (rGO) are doped with boron, they tend to yield
more complex structures such as boronic esters, borinic esters, and boronic acids '!. The issue
with boron-doping is to regulate the boron concentration, bonding configuration, and electron

transport properties.

Panchakarla et al. #! reported that a boron content of 2% tends to cause a Fermi level shift of
0.65 eV, exhibiting a p-type conductivity. Recently, studies on the synthesis of boron-doped
reduced graphene oxide (B-rGO) have focused on the use of various boron precursors and
methodologies. In 2016, Thirumal et al. '> reported B-rGO with a doping content of 2.56% by
using hydrothermal reduction of boric acid as a boron precursor. However, in 2018, Mannan
et al. 33 used a similar method to synthesize B-rGO and achieved a boron content of between
1.64 and 1.89%. The difference in boron content was caused by the use of various reactants
and reaction conditions (boron precursor, temperature, time, and pressure) during the boron-
doping procedure. This suggests that different reactants and reaction conditions result a

varying boron content in B-rGO.

In this paper, the conditions for the preparation of B-rGO were optimized, thus, GO was doped
with varying amounts of boron (using boric anhydride, B,O; as a precursor) at a doping

temperature of 600 °C, by using the CVD approach. Boric anhydride has been widely reported
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as a boron precursor and tends to results in better doping in graphene 3342, thus, in this case, it
was used. In literature, most of the synthesis of boron doping has been done in relatively higher
doping temperatures such as 1200 °C %3, 1000 °C 3, and 700 °C 40. Thus, the novelty of this
work is based on the attempt to introduce different doping percentages in B-rGO at a relatively
lower doping temperature and to determine how the different amounts of boron-doping affect

the surface energy, and electrochemical, optical, and conductivity properties.

2 Experimental approach
2.1 Materials and instrumentation

Boric anhydride (B,0;, >98%), a boron standard solution (9995 mg + 20 mg L), graphite
powder (99.99% trace metal basis), and sodium hydroxide (NaOH, >97%) were purchased
from Sigma-Aldrich, South Africa. A gas mixture of 10% hydrogen in argon (v/v) was
purchased from Afrox Limited Gas Company, South Africa. A digital ultrasonic water bath
(400 W), which was supplied by Shalom Laboratory Supplies, South Africa, was used for
sonication. Double distilled water was obtained from a double distiller (Glass Chem water

distiller model Ws4lcd, supplied by Shalom Laboratory Supplies, South Africa).

2.2 Synthesis of B-rGO

GO was synthesized by a modified Hummers’ method 4. B-rGO was synthesized through
thermal annealing of GO in the presence of various amounts of B,O;. The doping temperature
was varied (600, 700, and 800 °C) during the synthesis, and a doping temperature of 600 °C
was found to be the optimum doping temperature for B-rGO, thus this article focuses on 600
°C. The synthesis at 600 °C was performed in triplicate. In a typical procedure, GO was first
mixed mechanically with different masses of B,O; (40, 50, 60, and 70 wt.%, which herein are
denoted as B-rGO-40, B-rGO-50, B-rGO-60, and B-rGO-70, respectively). After mechanical
mixing, the mixture was transferred into a corundum crucible and, thereafter, placed in the
centre of a quartz tube (length 850 mm, inner diameter 27 mm) under a continuous flow of
10% hydrogen in argon. The heating system used was a tube furnace (Elite Thermal Systems
Ltd., TSH12/50/610) fitted with a temperature controller (Eurotherm 2416). The furnace was
heated from room temperature to 600 °C at an increasing rate of 10 °C min'!. After the furnace
had reached 600 °C, the temperature was held constant for two hours, and, thereafter, the

sample was allowed to cool naturally to room temperature under an argon atmosphere. For

6
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purification, the product obtained (0.5 g) was refluxed at a temperature of 100 °Cina 3 M
NaOH aqueous solution for two hours to remove unreacted B,O3. The sample was then filtered
through a sintered glass funnel under vacuum and washed with double distilled water.
Thereafter, the product was dried in an oven at 60 °C for 24 hours. Then, FTIR spectroscopy

was used to verify that all the unreacted B,O; had been successfully removed

2.3 Characterization

The surface morphology of the synthesized B-rGO was characterized by a field emission
scanning electron microscope (FE-SEM, Carl Zeiss Ultra Plus). Further morphological and
structural characterizations were performed with a high-resolution transmission electron
microscope (HR-TEM, JOEL JEM model 1010). A Fourier transform infrared
spectrophotometer (FTIR, PerkinElmer Spectrum 100) equipped with an attenuated total
reflection (ATR) accessory was used to investigate the presence of various functional groups
in B-rGO. Briefly, the sample, B-rGO, was pressed into a pellet under a pressure of 10 Tons
and thereafter placed on a diamond crystal for analysis. In the case of Raman spectroscopy, a
DeltaNu Advantage 532™ Raman spectrophotometer, with an excitation source of a Nd:YAG
solid-state crystal class 3b diode, was used to determine the graphitic nature or crystallinity of
B-rGO. The excitation wavelength (L) was 514.5 nm, and Nuspec™ software was used to

generate the Raman spectra.

The boron content in B-rGO was determined by electron dispersive X-ray spectroscopy (EDS,
Oxford instrument - INCA 4.15) and inductively coupled plasma-optical emission
spectrometry (ICP-OES, PerkinElmer Optima 5300 DV). Briefly, 10 mg of each B-rGO
sample was digested in a mixture of 30% (v/v) hydrogen peroxide and concentrated sulfuric
acid (ratio 3:1, respectively) until the black solid of B-rGO dissolved. The digested mixture
was quantitatively transferred to a 100 mL volumetric flask and the solution was made up to
the mark with double distilled water. Standard solutions of boron were prepared with different
concentrations, i.e. 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mg L', from a commercial boron
standard solution. All the standard solutions and B-rGO samples were filtered through 0.45

um syringe filters and transferred into ICP vials for analysis.
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The surface area and porosity (textural characteristics) of the samples were investigated with a
Micromeritics TriStar II 3020 analyzer. Approximately 0.2 g of B-rGO was degassed for 1 h
at 90 °C, after which the temperature was raised to 160 °C and further degassed for 12 hin a
Micromeritics Vacprep 061 sample degassing system. After degassing, the B-rGO samples
were fitted in the Micromeritics TriStar II instrument. The pore volumes were obtained with
the Barrett-Joyner-Halenda (BJH) model, while the specific surface area was calculated with

the Brunauer—Emmett—Teller (BET) isothermal model.

Thermal stability was investigated using a TA Instruments Q Series™ thermal analysis
instrument (DSC/TGA (SDT-Q600)). The B-rGO samples were heated from ambient
temperature to 1000 °C at a rate of 10 °C min'! under airflow. X-ray powder diffraction (XRD,
Rigaku/Dmax RB) was used to investigate the phase composition of B-rGO with graphite
monochromated high-intensity Cu K, radiation (A = 0.154 nm) and a 8-0 scan in a locked
coupled-mode. Optical properties were determined with a UV-Visible spectrophotometer
(Shimadzu, UV-Vis-1800). The GO and B-rGO samples were first dispersed in absolute
ethanol and then sonicated for 30 min before analysis. A PerkinElmer LS 55
spectrofluorometer fitted with a solid sample accessory was used to investigate the charge
recombination of B-rGO. Excitation was performed at 310 nm, and the emission spectrum was
recorded from 450 to 550 nm with the excitation slit and emission slit set at 5 nm and 2 nm,

respectively.

Electrical conductivity was determined from four-point probe measurements using a Keithley
2400 source-meter. The B-rGO samples were first formed into a pellet with a thickness of 0.02
mm. Cyclic voltammetry (CV) was conducted on a Metrohm 797 VA Computrace
electrochemical workstation with a 57970110-dosing processor potentiostat (Metrohm,
Switzerland). Electrochemical impedance spectroscopy (EIS, CHI 600E work station, CHI
Instruments) was used to determine the electrochemical properties of B-rGO. A three electrode
system was used, namely, a counter electrode (platinum wire, Pt), reference electrode
(Ag/AgCl), and working electrode which was prepared by casting the B-rGO sample onto a
glassy carbon electrode. A ferro/ferricyanide ([Fe(CN)6]*7#) redox couple was used as the
electrolyte. The CV was performed at a scan rate of 100 mV s'! with a potential range from -

0.4t0 0.6 V. The electrodes for electron impedance spectroscopy (EIS) were prepared similarly
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and the impedance was measured in a frequency range of 1 — 1000 Hz with a potential

amplitude of 10 mV s,

3 Results and discussion

In this work GO and four samples of rGO doped with different amounts of boron were prepared

and characterized.

3.1 Boron content

The ICP-OES and EDS (Table 1 and Supplementary data - Figure S1) were used to confirm
the targeted boron wt.% for each B-rGO sample prepared. The boron concentrations
determined from ICP-OES were used to further calculate the wt.% doping in the B-rGO. The
boron content present in B-rGO was quite low relative to the targeted boron wt.%, this is
because the replacement of a carbon atom with a boron atom is difficult. The boron content
present in B-rGO was found to be between 3.36 and 7.12%, and this followed the trend of the
wt.% of boron precursor (boric anhydride) used. For example, sample B-rGO-70 which had
the highest amount of boric anhydride provided the highest percentage of boron from ICP-OES
analysis, whilst B-rGO-40, with the least wt.% of the boron precursor, gave the lowest readings.
With this clear trend, it is, therefore, possible to tune the boron concentration of the synthesized

B-rGO samples by varying the amount of boron precursor used.

Table 1: Quantitative analysis of boron in B-rGO samples

Sample Boron/(m/m)%
GO -

B-rGO-70 7.12+04
B-rGO-60 598+1.1
B-rGO-50 4.60 + 0.4
B-rGO-40 3.36+0.1
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3.2 Functional groups

Figure 1 shows the FTIR spectra of GO and B-rGO in the range of 200 — 4000 cm™'. In Figure
1 (a) it is seen that at least five peaks in the spectrum of GO show distinctive characteristics.
The five characteristic peaks were observed at 1051, 1240, 1615, 1750, and 3250 cm-!, which
are assigned to the stretching vibration of alkoxy (C-O), epoxy (C-O-C), aromatic (C=C),
carbonyl (C-O), and hydroxyl (OH) groups, respectively 4-47. However, after boron-doping,
the hydroxyl peak became sharper and is shifted from 3250 cm! to 3150 cm!' due to the
consequent reduction of GO and incorporation of boron atoms into the GO lattice. Other new
peaks were observed at 1102, 1180, and 1383 cm™' which were attributed to the stretching
vibration of C-O, B-C, and B-O bonds, respectively 3348,

Since boron is less electronegative than carbon, it tends to act as an electron acceptor in the
vicinity of C-B bonds. The bond length of boron-boron is equal to 1.56 A at 300-1000 K.
Therefore, it is 10% longer than the carbon-carbon bond (1.41 A). As a result, certain
perturbations of the honeycomb framework of graphene are unavoidable. Thus, the position in
which the dopant atoms are situated is very important, because a higher symmetry of the
nanostructure can reimburse for perturbation annoyances. The C-B bond length is 1.52 A.
There is a small difference in the electronegativity between carbon (2.55) and boron (2.04),
therefore the bonds are expected to be weakly polar. The heat of formation indicates a change
of enthalpy during the formation of one mole of the compound from its simple substances.
Higher temperatures tend to enhance the heat of formation. The increase in heat of formation
lowers the thermodynamic stability 4°. The covalent bond length between boron and carbon,
and electron relaxing void introduced by boron (HOLE) by lowering the overall states, has the
consequence of a slight red-shift as opposed to the expected blue-shift. Thus, from the spectral
analyses, it can be suggested that boron functionalities have been incorporated into the GO

network 33.

10
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23 Figure 1: ATR-FTIR spectra of (a) GO and (b) B-rGO-40

27 33 Morphology

30 The 2-D structural morphologies of the B-rGO samples are shown in Figure 2. The GO sample
has a planar-like, 2-D structure, while the B-rGO samples have a wrinkled undulated structure,
33 which did not show much difference from the surface morphology of GO, other than that more
35 corrugations were observed. The difference is due to the boron doping effect and deformation
upon exfoliation in the carbon framework 230, Similar observations have been reported by
38 other researchers 242312, Also, boron-doping resulted in a decrease in the interlayer spacing

40 (doo2 spacing) of GO, as can be seen in Figure 2 (¢) and (d).

11
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Figure 2: HR-TEM images of (a) GO and (b) B-rGO, and interlayer spacing of (¢) GO and
(d) B-rGO

Figure 3 shows SEM images of GO and various B-rGO samples. Images (b) to (e) reveal that
the B-rGO samples contain randomly aggregated few-layers of ultra-fine sheets which are
closely packed. A closer view shows that the nanosheets of B-rGO were randomly stacked
together, displaying a flake-like structure. This was caused by the thermal annealing of GO
and reduction of oxygen functional groups which resulted in a few fine layers of GO sheets 3.
Further structural properties of B-rGO samples were investigated by spectroscopic methods

and are also discussed herein.

12
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Figure 3: SEM images of (a) GO, (b) B-rGO-70, (c) B-rGO-60, (d) B-rGO-50 and (e) B-rGO-
40

3.4  Crystallinity

Figure 4 (a) shows the Raman spectra of B-rGO which reveal the D- and G-bands at 1341 and
1592 cm!, respectively. The intensity of the D- and G-bands of B-rGO manifested a frequency
down-shift compared with those of GO. The broadening of both D- and G-bands for B-rGO
indicates the incorporation of the boron functional group and loss of crystalline nature 3334, In
this work, an increase in intensity and broadening of the D-band was observed, which reveals
a loss of crystallinity of B-rGO as the boron concentration increases. The ratio of Ip/Ig for the
D- and G-bands was measured to deduce the disorder and defects present in the B-rGO samples
35 (see Table 2). Thus, the lower Ip/Ig ratio represents a higher degree of crystallinity while

the higher Ip/I ratio suggests that the materials have a lower degree of crystallinity.

13



oNOYTULT D WN =

Intensity (a.u.)

1500 4

1000 4

New Journal of Chemistry

6000 ——r——r——————

Page 14 of 33

4000 |-

2000 |-
—GO

| —— B-rGO-40

——B-rG0-70 5w0.1.|.1.|.l.1.|.1
—— B-rGO-60 4000

— B-rGO-50 ;gg -‘J/‘kt\
—— B-rGO-40 -
1000 L o i

B-rGO-50

5000 b0 o 00

il L

4000 [
3000
2000

500 - seco I

Intensity (a.u.)

0
3000
2000 |
1000 |

1200 1300 1400 1500 1600 1700 3000

(a) Wavenumber (cm™) 2000 !

1000

10.20l30.40.50‘60.70.80
(b) 2Theta (degree)

Figure 4: (a) Raman spectra and (b) Powder X-ray diffractograms of GO and B-rGO

As seen in Table 2, the Ip/Ig ratios for GO, B-rGO-70, B-rGO-60, B-rGO-50, and B-rGO-40
were 0.99, 1.33, 1.28, 1.26, and 1.23, respectively. The increment of the Ip/I ratio after boron-
doping in GO has been reported by several researchers 33333657, The increase in Ip/Ig ratio for
B-rGO samples is attributed to a lower degree of crystallinity or disruption in the GO
framework %, which suggests the introduction of boron into the GO lattice and the introduction
of more defects. The defects are due to boron-doping in the GO lattice and the harsh oxidation
of graphite. The increase in boron concentration resulted in a higher Ip/I ratio, demonstrating
the formation and increase in the amount of sp? hybridization and defects in the graphene sheet,

which lead to changes in structural and electrical properties °.

B-rGO-70 had the highest Ip/I ratio of 1.33 of all the B-rGO samples, due to its higher boron
content. Also, the crystallite size (La) of B-rGO was observed to decrease with the increase in
boron concentration (Table 2). The crystallite size was calculated with the use of an equation

reported by Mallet-Ladeira et al. %° given in Equation 1:

HWHM =71—52 La (1)

14
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where HWHM represents the half-width at a half maximum which is half of the full width at
half maximum (FWHM) when the function is symmetric. Further structural analysis of the B-

rGO samples was performed by powder-XRD.

Table 2: Crystallinity of GO and B-rGO

Sample D-band/+ 1 em?! G-band/+ 1 cm! Ip/Ig La/nm
GO 1350 1590 0.99 4.44
B-rGO-70 1348 1594 1.33 3.31
B-rGO-60 1345 1593 1.28 3.43
B-rGO-50 1342 1591 1.26 3.49
B-rGO-40 1341 1592 1.23 3.58

The diffractograms of the GO and B-rGO samples exhibited graphitic diffraction patterns
which are shown in Figure 4 (b). GO showed a strong peak at a 20 angle of 11° (d =0.770 nm)
which is assigned to the non-functionalized GO ®'. The shift from 11° to 15° after boron doping
suggests that oxygen functional groups were reduced in the occurrence of exfoliation with
boron functionalities 334!, For B-rGO, the broad peaks were between 25° and 27° (d = 0.352 -
0.330 nm). The shift in 26 peak (between 25 and 27°, corresponding to the (002) plane) to the
left and its broadness demonstrated that the boron-doping resulted in a hexagonal crystal
structure '3, This broadening is attributed to stress, strain, and defects induced during boron-
doping. This suggests that the B-rGO samples had a lower degree of crystallinity and
graphitization. These results correlate with the Raman spectroscopy analysis (Table 2). The
reduction of GO is caused by the use of 10% hydrogen in argon. During the reaction, hydrogen
and oxygen are combined and form water and it is all blown-out of the exhaust pipe of the
furnace, hence there will be less oxygen and more of reduced graphene oxide. The observed
decrease in interlayer spacing is an additional indication that the boron atom has been
successfully incorporated into the GO lattice 2, and this is consistent with HR-TEM studies,

as seen in Figure 2 (c) and (d).

Table 3 shows the powder-XRD parameters (interlayer spacing and crystallite size) calculated
from Scherrer’s equation. An increase in boron content causes an increase in the structural

strain of B-rGO samples by enhancing the surface defects of the graphite layer, which results

15
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in broadening of the full width at half maximum (FWHM) of the peaks. This is an indication
of a significant increase in the number of defects which is induced with an increase in the
incorporation of the boron atom into the GO lattice. Also, the crystallite size (La) decreased
from 2.97 to 0.64 nm with increasing boron content. Hence, based on the interlayer spacing
and crystallite size calculations, the B-rGO-70 sample had the lowest degree of crystallinity or

graphitization, and the smallest crystallite size.

Table 3: Powder-XRD-parameters of GO and B-rGO

Interlayer Crystallite
Sample 20/degree  FWHM/Pyiq

spacing/nm size (La)/nm
GO 11.5 2.81 0.770 2.97
B-rGO-70 253 13.2 0.352 0.64
B-rGO-60 25.4 11.0 0.350 0.77
B-rGO-50 259 7.74 0.344 1.11
B-rGO-40 26.9 6.88 0.330 1.24

3.5 Textural properties

The surface area and porosity of the B-rGO samples varied with boron content (Table 4). The
boron-doping on the GO sheets tends to increase the surface area of B-rGO and this is due to
the substitutional incorporation of boron atoms which provides defect-like small pores in the
basal plane of the GO sheet, thereby inhibiting the formation of the graphitic structure 2. The
enhancement of surface area after boron-doping has been reported by Singh et al. 42, which was
due to the open space between the two-dimensional nano-sheets. The increase in surface area
and porosity with an increase in boron content as determined by the BET and BJH analysis
respectively correlates with the results obtained from SEM images. However, when comparing
the porosity and surface area of B-rGO, it is noted that both the pore volumes and surface area
increase, whilst the pore sizes decrease, with increasing boron content. This is because of the
defects created during boron-doping which lead to the weakening of the n-m interactions

between the GO sheets and consequently change the structural morphology by forming more

wrinkled and folded sheets ©3.
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Table 4: Textural characteristics of GO and B-rGO

Sample Surface area/m? g'!  Pore volume/cm3 g  Pore size/nm
GO 55.00 0.2827 25.2
B-rGO-70 130.0 0.3710 5.20
B-rGO-60 84.13 0.2783 7.10
B-rGO-50 68.74 0.2032 13.8
B-rGO-40 64.61 0.1169 20.4

It is envisaged that boron-doping tends to create defects on the GO surface and also generates
pores/holes resulting from the evolution of carbon dioxide and carbon monoxide during the
thermal reduction treatment. This causes folding and crumpling of GO sheets due to their
inherent smaller mechanical resistivity 4. Therefore, the porous structure is increased by boron
content. For example, Table 4 reveals that the B-rGO-70 sample had the largest BET-surface
area and this was attributed to the greatest amount of boron in the sample and extra pores on
the surface of GO, which is related to extra exfoliation and perforation on the GO sheets. On
the other hand, the smaller surface area of B-rGO-40 may have been caused by the chemical
reduction of GO which is associated with n-n stacking between rGO sheets, and this resulted
in agglomeration !. The enhancement in agglomeration is due to Van der Waals forces from
n-m interactions and is evident from the decrease in pore volume in B-rGO-40. The pore size
was obtained from the spaces between GO sheets and it varied with boron content. Also, the
pores observed for B-rGO samples were mesoporous, a phenomenon that can cause a fast

charge-discharge process, known as ionic diffusion.

The adsorption isotherms of GO and B-rGO are typical type IV adsorption-desorption
isotherms as seen in Supplementary data (Figure S2), and thus the samples are classified as
type IV mesoporous materials with interconnected pore systems . All samples exhibited H3-
type hysteresis loops between ~ 0.45 and 1.0 P/P, with various sizes of cavitation. It was
observed that cavitation increases with boron content and this type of hysteresis loop is
characteristic of materials consisting of plate-like particles with slit-shaped pores. The
observed hysteresis loops are consistent with the morphological structures observed in the SEM

images.
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3.6 Thermal stability

The thermal stability and purity of the samples as inferred from the TGA thermograms and
derivatives weight are exhibited in Figure 5. The thermogram of GO demonstrates a succession
of reaction steps due to the presence of diverse oxygen-containing functional groups (hydroxyl
(C-OH), carbonyl (C=0), epoxide (C-O-C) and single-bonded oxygen (C-0)) %67, However,
after doping such reaction steps were not observed, evidencing that the reduction of oxygen-
functional groups was successful. The thermograms showed the least amount of residual mass

(4% weight) which in all cases was assigned to the presence of char.
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Figure 5: Thermal stability studies represented as (a) TGA thermograms and (b) derivatives

weight for GO and B-rGO

The thermogram of GO showed a weight loss at 200 °C which was due to the loss of water and
the removal of oxygen-containing groups in the sample (Figure 5). In contrast, the B-rGO-70
and B-rGO-60 samples did not show this weight loss. One major peak at 400 — 550 °C was
observed for B-rGO and it showed the maximum decomposition temperature. The increase in
the thermal stability of some B-rGO samples (B-rGO-40 and B-rGO-50) was observed after
boron-doping. Duan et al. 8 demonstrated that doping graphene with a heteroatom can
enhance the thermal stability of graphene. The heteroatom-doping sometimes tends to block
the combustion sites and depress the formation of CO, ®. However, when comparing the B-
rGO samples, the thermal stability decreases with an increase in boron content (Table 5), with

B-rGO-70 being the least thermally stable. This was attributed to defects induced during
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boron-doping, as supported by the observed TEM and SEM images where the B-rGO sheets
were more folded. When nanomaterials are not crystalline, they are easy to break because they
are not well-structured and this, results in a less stable material. The thermal stability of the B-
rGO samples also correlates with their lower crystallinity as seen from the Raman spectroscopy

analysis (Table 2).

Table 5: Decomposition temperatures of GO and B-rGO

Sample Decomposition Temp./°C
GO 473
B-rGO-70 462
B-rGO-60 470
B-rGO-50 524
B-rGO-40 520

3.7 Optical properties

Figure 6 (a) shows the UV-Vis absorption spectra of B-rGO in the wavelength range of 200-
800 nm. The synthesized GO exhibited a major absorption peak at 242 nm which is associated
with a t—mn* electron transition in the C-C bonds 77!, The incorporation of boron resulted in
an absorption shift from 275 to 303 nm. As the boron content increased, an enhanced electronic

conjugation in the reduced B-rGO samples was observed.
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Figure 6: (a) UV-Vis absorption and (b) Photoluminescence spectra for GO and B-rGO
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The bandgap energies for the nanomaterials were extrapolated from the Tauc’s plot
(Supplementary data — Figure S3) and are shown in Table 6. The x-axis intercept of the Tauc's
plot to estimate the bandgap does not start at zero. Normally, the plot of (ahv)? versus photon
energy (hv) gives a straight line in a certain region. The extrapolation of this straight line to
the (hv)-axis gives the value of the indirect optical bandgap (E,). In this case and according to
the plots in the Supplementary data (Figure S3), tangents to the curves were drawn at linear
segments to minimize the contribution of the phonons, and the intersection value (in eV) at the

x-axis gives the direct bandgap energy according to Tauc's equation.

The absorption maxima in the UV-Vis absorption spectra of B-rGO are different because of
the differences in the densities of state around the Fermi level and, thus, extrapolation in the
Tauc’s plots resulted in different bandgap values. The decrease in bandgap is a clear indication
that the synthesized GO has been successfully reduced and doped with boron. Also, the
decrease in bandgap energies resulted in the Fermi level moving up in the direction of the
conduction band edge. The shift of the absorption edge or widening of the energy bandgap is
due to the Moss-Burstein effect which originates from the lifting of the Fermi level into the
conduction band potential because of the enhancement in the charge carrier concentration. It
is also due to the decrease in shallow-level trap concentration close to the conduction band
potential. It should be noted that the bandgap is dominated by n—n* and c—c* interband
transitions, generally represented as E, 6—6*(E, n—n*), however, the contributions arising from
the Penn gap E, 6—6*(E, n—n*) and broadening C 6—c*(C n—n*) affects the expected shift in
the presence of the “hole” imposing dopant, due to the enhanced transition of m-electrons (in
p--type orbitals) to * anti-bonding states and, subsequently, to vacant orbitals in boron. This

phenomenon can be argued to render electrons labile and susceptible external field effects.

Table 6: Energy bandgaps of GO and B-rGO

Sample Amax absorption/nm Bandgap energy/eV
GO 242 3.9
B-rGO-70 303 2.5
B-rGO-60 275 2.7
B-rGO-50 275 2.7
B-rGO-40 275 2.9
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The variation in bandgap energy is due to the 6—c* transition which comes from the c—-bonded
electrons participating in the covalent bonds of both sp’ and sp? carbon atoms. In a dopant
environment, this determines electron oscillation strength S o—c* (S n—n*). However, the
doping concentration and dopant configuration, as stated earlier, are varied and nonlinear. It
can be argued that the observed trend arises from varied Tauc joined density of states and the
classical Lorentzian dispersions in the neighbourhoods of the bandgap which is dependent on
C- and B-hybridization in the B-rGO matrix. This is so because there is a strong correlation
between the strength and the energy position of the oscillating electrons. Applying Tauc-
Lorentz formalism becomes plausible because it averages the contributions of the n—n* and 6—
o* transitions resulting in energy values, which are not consistent with expected tight-binding

molecular dynamics and are strongly correlated to the strength of electron binding energies.

To further investigate the optical properties, the band potentials were calculated by using the

Butler and Ginley equations:
Evp=X—E.+05E, (D
Ecg=Eyp—Ej (2)

where Eyp represents the valence band potential, £ represents the conduction band potential,
E, is the energy bandgap from (Table 6), X is the electronegativity of the semiconductor, and
E. is the energy of free electrons on the hydrogen scale (~ 4.5 eV). Table 7 shows the calculated
band potentials of B-rGO. The values of (ahv)? for E < E, appear non-zero due to intense

multiple reflections from the film/substrate interface due to the low optical absorption

originating from the weak m—m* transition and at higher photon energy the optical absorption

increases due to the major 6—o* transition. The change in the valence and conduction band
potential after boron-doping was attributed to the Moss-Burstein effect. This is because of the
high dopant concentration in B-rGO, thus the lower state of the conduction band is occupied
by the excess electrons (carriers) from the boron (impurities) atoms, therefore the electrons
require additional energy to be promoted from the valence band potential to the conduction

band potential (empty state).
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Table 7: Band potentials for GO and B-rGO

Valence band Conduction band

Sample

potential/eV potential/eV
GO -1.66 -5.56
B-rGO-70 -2.74 -5.24
B-rGO-60 -2.64 -5.34
B-rGO-50 -2.64 -5.34
B-rGO-40 -2.59 -5.39

It is not possible to consider flat band potentials in view of the varied dopant concentration and
configuration, and thus the change in conduction band potential is subject to the density of
states and dispersion around the Fermi level. The conduction band of B-rGO-40 is greater due
to more movement of partially filled electrons. Thus, it has a greater energy level. The valence
band potential value for B-rGO-70 is greater because of the n-state which disappears near the
Fermi level due to bonding between the - and boron-related state, causing electron transfer
from graphene to boron. Boron-doping tended to enhance the valence band potential of GO
and a new hybridized band was formed between -2.24 and -2.74 eV under the Dirac point. This
affected the energy state of adjacent bands which gave rise to charge redistribution. As a result,
an electric charge, equivalent but opposite in sign to the charge, captured at the surface state,
was generated inside B-rGO, leading to the formation of a space charge layer near the surface.
The thickness of the space charge layer increased with decreasing concentration of the mobile
charge carriers, and this was observed with increasing boron concentration. Thus, the work

function of GO can be altered or tuned just by varying the doping concentration of boron.

The charge separation rate of electron-hole (charge) recombination of B-rGO was investigated
by means of photoluminescence spectroscopy. The photoluminescence spectra of the B-rGO
samples at an excitation wavelength of 340 nm are shown in Figure 6 (b). It was observed that
the intensity of the B-rGO peaks decreased drastically as compared with that of GO. This
indicated that the electron-hole pair recombination has been successfully reduced with a
prolonged lifetime of photogenerated carriers and this is due to the synergistic effect of B-rGO.
B-rGO-70 with higher boron content tends to induce a lower rate of charge recombination as

compared with the other samples that had lower boron content. These observations corroborate
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the effect of varying boron content in B-rGO and the energy bandgap (Figure 6 (a)). However,
there was no significant change in the photoluminescence spectra of the B-rGO and GO

samples, indicating that the permissible excited states generally do not change.

3.8 Electrochemical properties

The current and resistance of B-rGO samples were measured with a four-point probe and, thus,
the electrical conductivity (o) and resistivity (p) could be determined at room temperature from

the following equations:

1 3

= (3
mh (AV

p=1z (7) @

where / represents the thickness of the pellet, / is the current and AV represents the change in
voltage. The values obtained are recorded in Table 8. The GO sample showed the highest
resistivity, while the B-rGO samples exhibited much lower resistivities, due to the boron-
doping effect. This was consistent with Poh et al. 7> who reported a similar decreasing trend

in resistivity after doping graphene with boron.

Table 8: Electrical conductivity of GO and B-rGO

Sheet Bulk Electrical
Sample

resistance/Q sq!  resistivity/Q ecm  conductivity/S cm!
GO 2.415 x 107 2.188 x 108 4.570 x 10”7
B-rGO-70 1.863 x 10! 1.692 x 107! 5.920
B-rGO-60 3.100 x 10! 2.810 x 10! 3.560
B-rGO-50 5.179 x 10! 4.694 x 107! 2.135 x 10!
B-rGO-40 5.780 x 103 5.238 x 10! 1.913 x 1072

The -V characteristics of the B-rGO samples through basic conductivity estimations are
shown in Figure 7. The I-V slope of GO was found to be close to zero, which implies that GO
is an insulating material. The slight deviation of B-rGO-40 from a straight line demonstrated

it is a non-Ohmic conductor. Increasing the boron content, produced a curved line passing
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through the origin, which indicated that B-rGO-50, B-rGO-60 and B-rGO-70 have
semiconductor field-effect characteristics. Thus, simultaneous reduction and doping of GO
affords semi-conducting behavior. An increase in the I-V slope suggests that B-rGO has a

higher electrical conductivity than GO. These results are in agreement with those reported by

Van Khai et al. 73.

0,5 -
2 0,4 - ——Go
E oal —— B-rGO-70
< ——B-rG0-60
o —— B-rGO-50
3 021 - B-rGO-40

0,1 -

0,0' T ¥ T T ] 1 T

0 1 2 3 4 5

Voltage (V)

Figure 7: Current-voltage characteristics of GO and B-rGO

Among the B-rGO samples, B-rGO-70 was found to exhibit the largest conductivity, while B-
rGO-40 showed the smallest conductivity. The enhancement in conductivity after doping with
boron is caused by an increase in hole-type charge carriers in the GO network and is also due
to the change of bonding configuration. It was seen that the conductivity increased with boron
content in B-rGO, implying that all the B-rGO samples exhibited semi-conducting properties.
These electrical conductivity behaviours are associated with the electron acceptor properties of
the boron atom. From Figure 7, it can be deduced that B-rGO-40 showed a significant decrease
in free carrier mobility, whilst the highest mobility of free carrier was in B-rGO-70. Based on
the rigid band model, it can be inferred that the holes created and pore sizes on B-rGO-40 (BET
results - Table 4) serve as a trap for free electrons. Thus, one can assume a decrease in free
carrier mobility lowers the electrical conductivity. Generally, boron-doping caused a shift in
the Fermi level away from the Dirac point (graphene) and resulted in a finite density of state at
zero energy 74, The Fermi level shift is highly dependent on the doping concentration of boron
atoms. The finite density of state at zero energy is caused by the increase of quasi-particle

weight in semi-conductors by impurity doping. Therefore, the electrical conductivity of B-
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rGO is expected to increase when boron doping increases and is consistent with the electronic

band structure (Table 7).

The Hall effect measurement results for carrier densities and mobilities of B-rGO are shown in
Table 9. The trend in resistivity was determined from the Hall effect and it correlates with the
trend of the resistivity obtained from the four-point probe measurements shown in Table 8.
The Hall coefficient is negative which serves as an indication that all the B-rGO samples
synthesized are p-type semiconductors. The carrier mobilities tended to vary with boron
concentration for the B-rGO samples. B-rGO-70 manifested a p-type semiconducting
behaviour with excellent carrier mobility (0.311 cm? V-! s'!). Carrier mobility is a very
important parameter for semiconductor materials. Higher mobility usually leads to better
device performance. Graphene has been reported to have the highest carrier mobility among
all the semiconductors because of the low effective mass. The high mobility of graphene-based
materials can also stem from its one atom thickness in which the electron has a smaller
scattering (due to its high confinement). Therefore, it is believed that the variation of boron

content overcame the low conductivity of GO.

Table 9: Hall effect measurements for B-rGO at a constant field of 1160 G

Resistivity/©2  Hall Carrier Carrier
Sample
cm coefficient/cm3 C-!  density/cm mobility/cm? V-1 s
B-rGO-70 0.2560 -0.0796 12.560 0.311
B-rGO-60 0.9691 -0.245 4.082 0.253
B-rGO-50 2.990 -0.323 3.096 0.108
B-rGO-40 5.806 -0.517 1.934 0.089

3.8.1 Electrode potential characteristics

Figure 8 (a) shows the CV curves for all the B-rGO samples over the optimized potential range.
All the curves are almost quasi-rectangular in shape. The [Fe(CN)6]># redox probe current
on GO was smaller than those of the B-rGO samples. Furthermore, the potential difference
between the reduction and oxidation peaks of the [Fe(CN)6]3>7* redox couple tends to decrease
after boron-doping, due to the good electron transfer capability of B-rGO. All the B-rGO

samples displayed good current responses and this was attributed to the different boron
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functionalities present in B-rGO, which further enhanced semi-conductivity. B-rGO-40 shows
pseudo-characteristics with a narrower rectangular shape than the other B-rGO samples. This
is because of the switching of the current. It is deduced that a lower boron-doping
concentration in GO presented some pseudo-characteristics and resulted in poor rate capacities.

The redox current of the [Fe(CN)6]># redox probe was further enhanced with B-rGO-70. This
further demonstrates that the variation of boron concentration effectively improved the electron
transfer capability.
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Figure 8: (a) Cyclic voltammograms curves and (b) Nyquist plots in the high-frequency region

for GO and B-rGO samples

The high boron content in B-rGO-70 improved its capacitance which could be credited to an
enhanced BET surface area (Table 4) and better electrical conductivity properties (Table 8).
Consequently, the contribution through the electrochemical double-layer capacitance (EDLC)
increased. The detailed mechanism of the Faradaic reaction is not yet understood in B-rGO.
However, this pseudo-capacitive behaviour is due to the Faradaic redox reaction that is
provided from the boron-containing enriched carbons 7. Thus, improving the surface wetting
by electrolytes enhances the electron capability. This concurs with other reports in that
heteroatoms tend to cause an increment in the wettability of carbon-based electrodes and they

enhance capacitance 2777,
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3.8.2 Interfacial charger transfer characteristics

In the Nyquist plot, GO shows a small semi-circle at the high-frequency region (Figure 8 (b)).
However, after doping with various boron concentrations, the semi-circle disappears. This
phenomenon is attributed to the mass transfer characteristics, which are predominant in the B-
rGO samples, and corroborates the sharp increase in conductivity observed (Figure 7). In
Figure 8 (b), the ascending order of slopes was B-rGO-70, B-rGO-60, B-rGO-50, B-rGO-40,
and GO. This demonstrates that B-rGO-70 has a lower mass flow than B-rGO-40. The lower
mass flow is due to morphological and structural modification, and reduction of oxygen-
containing functional groups. The low mass flow is very beneficial in energy storage devices
due to its minimized energy wastage by reducing unwanted heat during charging and

discharging processes.

A larger Faradaic charge transfer resistance (R.;) was observed in GO (Table 10) due to the
high number of oxygen-containing groups that lowers its electrochemical characteristics. After
boron-doping, R, decreased in all of the B-rGO samples. Thus, increasing the boron
concentration in B-rGO leads to a lower R;. B-rGO-70 exhibited the lowest R of 20.23 Q,
which correlates to the absence of a semi-circle in the Nyquist plot. The lower R suggests
that B-rGO-70 has less charge transfer resistance than the other B-rGO samples. This further
demonstrates that B-rGO-70 can be a better conductive material with a higher electron
conduction network because of the synergistic effect. These results correlate with the trend in
electrical conductivity properties of B-rGO (Table 8), making these materials more suitable for

application in dye-sensitized solar cells as a counter electrode.

Table 10: Resistance values for GO and B-rGO obtained by fitting the impedance spectra

Sample R /Q
GO 75.18
B-rGO-70 20.23
B-rGO-60 32.90
B-rGO-50 40.01
B-rGO-40 40.86
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4. Conclusion

Boron atoms were successfully doped into the GO lattice at various boron concentrations. The
boron content in B-rGO increased with boric anhydride concentration and reached its highest
doping level of 7.12%, which imposed a significant change in the physicochemical, optical,
electrochemical, and conductivity properties. B-rGO-70 had the largest BET surface area
which enhanced the capacitance but also caused it to be the least thermally stable. B-rGO
samples showed strong absorption in the ultraviolet region. The doped materials showed a
significant difference in their electronic properties, suggesting that the greater the degree of
boron doping in graphene, the greater is the conductivity. The chaotic surface morphology of
B-rGO-70, with an open porous structure and a high surface area, tends to enhance its electrical
conductivity. B-rGO-70 showed a typical semiconductor characteristic, with a sheet resistance
of 1.863 x 10' Q sq’!. Tt also had the lowest R, of 20.23 Q, which is an indicator of good
electron transport through the electrode-electrolyte interface, which is a promising feature for

the design and fabrication of electronic nanodevices.
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