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a b s t r a c t

The use of mild reagents in the synthesis of reduced graphene oxide (RGO) is an advan-

tageous method to produce materials partially reduced without the use of hazardous

chemicals, such as the hydrazine route, which is a standard method to promote the

chemical reduction of graphene oxide. This paper presents the sono-assisted route to

produce partially RGO particles using glucose as a mild reducing agent in alkali media,

mediated by sodium and potassium hydroxide. The results demonstrated the direct

influence of base on the final properties of RGO, with differences in the thermal stability,

bandgap, impedance, and C/O rate. With a possible anchoring of glucose-derivated mole-

cules on sheet surface, this study indicates a way to control the particle surface properties

according to the base chosen during the sono-assisted reduction method.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Graphene is a bidimensional material composed of one layer

of carbon in sp2 hybridized, forming hexagonal honeycomb-

like structures [1,2]. In a large number of stacked layers, it is

called graphite. This large quantity of graphene layers can be

used to obtain the graphene-based nanomaterial using

methods such as the Scotch method of physical exfoliation

[3,4], or chemical oxidation [5,6]. Furthermore, posterior
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reduction can be used to obtain a material with partial

restoration on a hexagonal carbon honeycomb, but with re-

sidual interactions, which gives it interesting properties ac-

cording to reduction conditions [7].

Different approaches are available to promoting graphene

oxide reduction, with the first chemical reductions proceeding

with hydrazine monohydrate, a potent reduction agent [8].

However, a drawback of this process is the toxicity of the

compound to the environment and human health [8,9].

Therefore, the pursuit of new, safe, and eco-friendly
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alternatives called green chemical reduction methods are

important [10e14].

The use of sugars as mild reducers to produce partially

reduced graphene oxide (RGO) has been investigated. Stable

RGO solutions have been applied in the biomedical field, as

support in cancer therapy [15e18], electrocatalysis [7,19],

conductive ink [20e22], and fabrication of composites based

on RGO [23,24], mainly due to the interaction between gra-

phene sheets and the open-chain oxidized glucose molecules

[10]. Furthermore, this green approach based on glucose

oxidation can produce materials with different degrees of

carbon restoration, with consequent variations in CeCyCeO

and in the bandgap of the material, which are important

characteristics for further applications.

We present a synthesis of RGO using glucose in alkaline

conditions, employing NaOH and KOH as the base to promote

graphene oxide reduction, unlike previous reports that pro-

moted pH adjustments with an ammonia solution [20,25]. The

process, assisted by probe sonication, achieved different

levels of oxidation according to the base chosen, with impacts

in the electronic transport confirmed by bandgap and

impedance parameters, and on the content of hydroxyl

attached, due to the consequent interactions with glucose-

oxidized molecules.
2. Materials and methods

2.1. Materials

Graphite powder (CAS: 7782-42-5; particle size <20 mm), po-

tassium permanganate (CAS: 7722-64-7; KMnO4), and D-

(þ)-Glucose (CAS: 50-99-7, C6H12O6) were purchased from

Sigma Aldrich. Sulfuric acid (CAS: 7664-93-9; H2SO4) and po-

tassium hydroxide (CAS: 1310-58-3; KOH) were obtained from

Quı́mica Moderna. Sodium hydroxide (CAS: 1310-73-2; NaOH)

was purchased from Synth. All the chemicals were used

without any further purification.

2.2. Synthesis of graphene oxide

A modified Hummers' method was applied for the exfoliation

and oxidation of graphite. First, 3 g of graphite powder was

loaded into a beaker, and 100 mL of ultrapure water was

added. The product was sonicated by an ultrasonic tip for

10 min using 40% of total power at 20 kHz ±50 Hz. Later, the

material was centrifuged at 8000 RPM in water: alcohol solu-

tion (4:1 v/v) and dried at 60 �C overnight.

The dried material (3 g) was dispersed in 90 mL of sulfuric

acid and stirred for 20 min. Then, 7.5 g of potassium per-

manganate was slowly added in the ice bath. After this, the

solution was stirred for 30 min. The solution was placed at

ambient temperature (around 30 �C) and stirred for 10 min,

followed by bath sonication for another 10 min. Aliquots of

50 mL were taken every 3 cycles of stirring and sonication to

investigate the oxidation process with UV spectroscopy. The

process was finished after 15 cycles. After that, 100mL of pure

water was added to the solution in the ice bath, and the final

solutionwas sonicated in an ultrasound bath for 120min,with

posterior decantation overnight and centrifugation in
ultrapure water at 8000 RPM, until the solution reached pH 5.

Last, the precipitated material was dried at 60 �C overnight.

2.3. Reduction of graphene oxide

The graphene oxide (GO) reduction was performed by chem-

ical reduction using glucose in alkaline conditions with slight

modifications. First, 50mg of GOwas loaded into a beaker, and

100 mL of 0.1 M glucose aqueous solution was added. The

mixture was sonicated by ultrasonic tip for 20 min using 40%

of total power at 20 kHz ±50 Hz. Then, 150 mL of 1 M NaOH or

KOH solution was added every 10 min for 50 min while the

beaker was under sonication. Then the solution remained for

another 10 min without the addition of base. Visible spec-

troscopy (UVeVis) absorbance measurements were per-

formed every 10 min after sonication to monitor the graphene

oxide reduction process. Finally, the material was centrifuged

at 8000 RPM for 10 min, and the precipitate was washed twice

with ethanol and a third with ultrapure water, with subse-

quent drying in a desiccator for 48 h.

2.4. UVeVisible spectroscopy (UVeVis)

The UVeVis absorption spectra were recorded using a UVeVis

spectrophotometer (UV-1800 Shimadzu) in the range of

600e200 nm. For the sample, 50 mL of the mixture was diluted

in 950 mL of deionized water, using 1 mL of deionized water as

a blank. Then, the material powder was diluted in deionized

water (0.5 mg/mL) for bandgap measurements and sonicated

for 30 s. All themeasurements were done with a pair of quartz

cuvettes.
2.5. Characterization

Infrared spectroscopy analysis was performed in the attenu-

ated total reflection (ATR-FTIR) (Vertex 70, Bruker) with a

range from 400 cm�1 to 4000 cm�1 in transmittance mode,

with 32 measurements per sample. The thermogravimetric

analysis was performed at STA 449 F3 (NETZSCH), with 5 mg

for each sample, heating of 10 �C/min, and air atmosphere

(50 mL/min), at 30e700 �C. The X-ray diffraction (XRD) was

performed varying from 5� to 80�, with a step of 0.02 and a

copper X-ray source. Scanning Electron Microscopy (SEM) was

performed using FEG-MEV (JEOL, 7500F) microscopy. Electro-

chemical impedance spectroscopy (EIS) was applied in PBS at

pH 7.4 as electrolyte. EIS was recorded at frequencies ranging

from 105 to 0.1 Hz, using 10 mV varying the frequencies, with

the acquisition of 10 points per decade. The EIS data were

analyzed with the Metrohm Autolab potentiostat NOVA soft-

ware (version 2.1). The chemical composition of prepared

materials was accessed using X-ray photoelectron spectros-

copy (XPS, Scienta Omicron ESCA), with an EA125, Xm1000

monochromator, and Al Ka (1486.7 eV) X-ray source. Survey

spectra were collected using a pass energy of 50 eV and an

energy step of 0.5 eV. High-resolution spectra were obtained

with a pass energy of 50 eV and an energy step of 0.05 eV. The

XPS spectra were analyzed using CasaXPS software; the

binding energy was corrected using the C1s signal of aliphatic

hydrocarbon species at 285.0 eV. Atomic surface
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concentration was evaluated based on Scofield's relative

sensitivity factor (RSF).
3. Results and discussion

The research findings are presented to demonstrate the

modifications in graphene-based materials after each syn-

thesis step, followed by the obtained RGO characterization.

3.1. Synthesis

3.1.1. Oxidation of graphite
The oxidation evolution can be observed in Fig. 1. The UVeVis

spectra present step 0- after adding KMnO4 and stirring for

20 min, up to step 15, corresponding to the successive ultra-

sound bath and stir process.

The oxidation response was verified after step 9, with a

broad absorbance peak of 265 nm and a shoulder on 285 nm,

which was attributed to the transitions p/p* and n/p*.

However, the broad aspect was due to the presence of flakes

with different degrees of oxidation on the solution. After step

15, an increase in absorption at 265 nmwas observed, possibly

due to the exfoliation and oxidation process leading to the

exfoliation of graphite flakes and subsequent oxidation.

Therefore, 265 nm peak was adopted as a standard for further

reduction and characterization.

3.1.2. Reduction of graphene oxide (GO)
The reaction was performed in different conditions and

monitored by periodic UV/Visible analysis. In this work, we

considered the product reduced when the maximum absor-

bance peak concerning the transitions p/p* reaches wave-

lengths greater than or equal to 260 nm.

Fig. 2a and b presents the different behaviors found by

adding the total volume (750 mL) or small portions (150 mL) of

alkali during the process, which are labeled as triangles (O

termination) and square (S termination) dots, respectively.

The latter follows the procedure previously related, and for
Fig. 1 e UVeVis spectra recorded during the oxidation

process with each step corresponding to the successive

10 min ultrasound bath followed by 10 min of stirring.
both cases, the GO was dispersed in a glucose aqueous solu-

tion for 20min. With the total volume of hydroxide added, the

bathochromic shift of the maximum peak at around 230 nm

started with the addition of the alkali, with the reduced

product being obtained after 20 and 30 min of sonication with

the base of KOH and NaOH, respectively.

Furthermore, the absorbance of this peak increased in the

first 40 min of sonication using NaOH, and 50 min using KOH,

decreasing its value after this period, possibly due to the

degradation of glucose derivate capping agent [9]Reducing the

hydrophilicity compound caused agglomeration of partially

RGO with the formation of a black precipitated [26].

However, adding the same volume in small portions during

the process led to the maximum shift beginning after 20 min,

with a reduced product obtained after 50 min. In this case, the

maximum absorbance value increased at the beginning and

after 40 min, especially for NaRGO. This increase, for both

bases, occurs even with a slight variation in the maximum

wavelength. With NaOH, the absorbance presents a value

greater than the total volume added. After 60 min of sonicat-

ion, the dispersion was unstable and there was an agglomer-

ation of the formed product, decreasing the absorbance using

both bases. Due to these behaviors, NaRGO/S and KRGO/S

(with S referring to the adding of the total volume (750 mL) in

fractions) were selected as products of interest, and then

renamed NaRGO and KRGO.

To emphasize the synergy effect of the reducing agents,

other reaction conditions were varied as presented in Fig. 2c.

The plots illustrate that the process performed with only al-

kali or glucose as a reducing agent does not produce RGO, with

a wavelength of the maximum remaining constant at around

230 nm. During the preparation of partially reduced graphene

oxide from graphene using glucose under alkaline conditions

involving probe-sonication, it is possible to produce free rad-

icals during acoustic cavitation, which in turn act as reducing

agents. However, it is important to emphasize that, consid-

ering the low power applied to the system in this case, there is

a negligible effect of reactive oxygen species formation during

water sonolysis, which is a process where reduction of gra-

phene oxide could also occur without the addition of a base

[27,28].

The bathochromic shift only occurs with GO dispersion in

the presence of glucose and NaOH or KOH, reaching values at

around 270 nm and resulting in a reduced product. This

finding can be due to the oxidation of the open-chain mole-

cules of gluconic acid, which interact with oxygenated groups

on graphene, serving as a catalyst in the basic media to the

graphene deoxygenation [8,10].

3.2. Characterization

3.2.1. UVeVis spectroscopy
The UVeVis spectra of centrifuged and redispersed RGO and

GO samples were recorded to evaluate the optical properties

of the obtained material, as presented in Fig. 3. Both products

(KRGO and NaRGO) present similar behavior. For GO, a typical

absorption peak at 233 nm appears, which is attributed to the

p/p* transition of the aromatic C]C bonds. In addition, the

broad shoulder peak, at around 300 nm, is attributed to n/p*

transitions of the carbonyl groups [29]. The latter occurs in

https://doi.org/10.1016/j.jmrt.2023.07.211
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Fig. 2 e UVeVis spectral analysis of maximum wavelength and intensity during the reduction of NaRGO (a), KRGO (b), and

the compositions of the different solutions for 60 min (c). samples differing by adding the total volume (750 mL) or small

portions (150 mL) of alkali during the process, which are labeled as triangles (O termination) and square (S termination) dots,

respectively.
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fewer numbers than the p/p* transitions, which explains

the lower absorbance peak.

After the process, the absorption peak at 233 nm red-

shifted to 270 nm and 273 nm, for NaRGO and KRGO, respec-

tively. This suggests that the aromatic carbon sp2 structure,

previously affected by the oxidation process, was partially

restored.Moreover, the broad shoulder peak disappeared after

the reduction, indicating the removal of oxygen from the lat-

tice of graphene oxide. These findings are consistent with the

visual change in color of graphene, from yellowish-brown to

black [30].

From the UV spectra, Tauc plot extrapolation was per-

formed to obtain the optical bandgap values presented in

Table 1. When the conjugated structure is restored, the p or-

bitals combine again and the difference of energy between the

orbitals HOMO and LUMO is decreased [29]. This event can be

associated with variations in the bandgap energy in the ma-

terial, with values from the theoretical 0 eV in graphene single

sheet [31,32] up to 3.67 eV in the oxidized graphene. These
phenomena occur due to the presence of oxygen bonds,

reducing the free-moving distance traveled by electron on the

carbon rings, consequently increasing the bandgap.

When the reductionwas performed, a partial restoration of

carbon bonding occurred, which decreased the distance be-

tween the valence and conduction band. This in turn reduced

the bandgap to 2.64 eV in NaRGO and 2.48 eV in KRGO, with

this discrepancy attributed to deoxygenation of epoxy and

hydroxyl bonds on the sheets, allowing a partial restoration of

free-moving electron.

3.2.2. Fourier transform infrared spectroscopy (FTIR)
To understand the variations in the oxygen content groups

bonded to carbon sheets after the chemical reduction process,

ATR-FTIR was performed, and the results presented in Fig. 4.

Infrared spectroscopic confirmed the presence of the expected

chemical functionalities on graphene oxide and its decrease in

the reduced products, especially in the regions of 1000 cm�1,

1200 cm�1, 1600 cm�1, and 3000 cm�1 up to 3600 cm�1.

https://doi.org/10.1016/j.jmrt.2023.07.211
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Fig. 3 e UV spectra of synthesized GO, GO reduced with

NaOH (NaRGO), and KOH (KRGO) with their respective

bandgaps in the onset rectangle.

Fig. 4 e ATR-FTIR spectra of graphene derivated samples,

black line ¼ graphene oxide, blue line ¼ reduced graphene

oxide (RGO) reduced with NaOH labeled (NaRGO), and

redline ¼ RGO reduced with KOH (KRGO). The colored

rectangles correspond to the variation in CeO, CeOeC, and

eOH bonds.
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The region of about 1000 cm�1, with the presence of two

identified bands in 960.4 cm�1 and 1056.9 cm�1 on graphene

oxide, corresponds to the vibrations of CeH and CeOH

stretching, with the conversion of a single band on the

reduced product in 1004.8 cm�1 in NaRGO. In KRGO,

1026.0 cm�1 corresponds to hydrogen bend vibration on the

carbon ring and disappearance of hydroxyl attached corre-

spondent bond.

Following the increase in wavelength, a band at

1224.7 cm�1 corresponds to the vibration of oxygen attached

to the carbon ring in GO derivate from epoxy groups. Its

displacement to 1197.7 cm�1 can be attributed to CeO

stretching in NaRGO and is absent in KRGO. This variation

can be attributed to the reduction of oxygen substituting

carbon density in the reduced product, with a break in the

chains and the formation of oxygenated groups in edges of

graphene sheets.

In the sequence, the spectra show a representative band at

1616.2 cm�1 from the presence of unoxidized domains at

carbon layers on GO, following previous reports with GO ob-

tained from Hummer's method and its variations [33,34]. In

addition, the band at 1716.5 cm�1 corresponds to carboxyl

stretching vibration. This band is not present in both reduced

samples. The new bands in 1560.2 cm�1 and 1635.6 cm�1 [35]

in the KRGO sample is indicative of carboxyl group reductions

[36]. This shift confirms the decrease in oxygenated groups in

carbon layerswith a partial reconstruction of the carbon chain

configuration.
Table 1 e Optical bandgap derivated from indirect
transition extrapolation of Tauc plot.

Material Wavelength (nm) Bandgap (eV)

GO 233 3.67

NaRGO 270 2.64

KRGO 273 2.48
Finally, the broadband between 3000 cm�1 up to 3600 cm�1

in all samples can be observed from the attached hydroxyl on

the edge of carbon layers. Despite the decrease in carboxyl and

epoxy groups in reduced samples, the remains of hydroxyl

can be explained by the absorption of water [37] and the

attachment of glucose-derivated compounds, as discussed

above.

3.2.3. Thermogravimetric analysis
The thermal stability of synthesized compounds was evalu-

ated in the thermal gravimetric analyzer in air. The results are

presented in Fig. 5. All the samples display three distinctive

zones of weight loss, corroborated by the variation in the

weight loss rate. The first event occurred between 40 and

100 �C and was attributed to humidity and absorbed ethanol

from centrifugation process, with a characteristic peak of

7.7%/min at 68.8 �C in the KRGO sample, similar to observed by

Kathuria et al. [38]. On the other hand, the NaRGO presented a

lower rate at the same temperature, but with the presence of

the same event.

The second thermal event zone occurred between 150.0

and 250.0 �C, with the decomposition of hydroxyl, carboxyl,

and epoxy groups [39e41], with the displacement of

maximum rate from 210.5 �C in GO to 193.5 �C in NaRGO and

184.9 �C in KRGO. Unlike the behavior at low temperatures, the

highest weight loss rate was achieved by NaRGO with 10.7%/

min.

The last degradation event occurred between 350.0 and

550.0 �C, mainly due to the breaking of CeC and C]C in gra-

phene layers. The mass loss occurred at higher temperatures

in GO than in the reduced samples, indicating better thermal

stability of carbon chains in the oxidized form. Both NaRGO

and KRGO presented the event in the same temperature

window, with the presence of multiple loss rate peaks in

NaRGO, while in KRGO displayed only a broad peak between

369.8 and 447.8 �C.

https://doi.org/10.1016/j.jmrt.2023.07.211
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Fig. 5 e Thermogravimetric analysis of graphene derivated samples. Black line ¼ graphene oxide, blue line as reduced

graphene oxide (RGO) reduced with NaOH labeled (NaRGO), and redline as RGO reduced with KOH (KRGO).
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The changes in this last event can be attributed to the

variation in the density of oxygen groups and the differences

between carbon lattices in GO and reduced samples, with a

partial deformation on the planes due to the oxygen reduction

and sonication process. The presence of glucose-derivated

species attached on the material surface can be observed in

Fig. S2. When the thermal analysis was recorded for GO

samples after being dispersed in a glucose solution for 60min,

like in the reduced samples, the maximum loss rate reduced

from 506.6 �C in GO down to 449.1 �C on glucose coated GO.

In the last event, NaRGO and KRGO exhibited differences.

The samples reduced in NaOH presented several peaks,

attributed to the glucose derivates presence in the sample and

deformations in carbon sheets caused by sonication process,

as discussed below in the diffraction results.
3.2.4. X-ray diffraction (XRD)
The structure modifications were evaluated with the use XRD

to understand how the reduction process affects carbon layers

on the graphene oxide. The results are in Fig. 6 and the ob-

tained parameters in Table 2.

The results demonstrate the characteristic peaks attrib-

uted to the basal plane of carbon rings. The main peak in GO

corresponding to (001) is at 2q ¼ 10.62�, with an interplanar

distance of 0.83 nm, which is larger than exfoliated graphene

sheet with 0.337 nm [1]. The intercalation of oxygen-based

functional groups in carbon chain plans and on its edges

causes deformation in-plane and increases (001) distance.

According to Scherrer's equation, GO presents the Lc of

3.67 nm, an average width of 14.76 times the height, with

54.18 nm, and a staking of about 4.39 sheets per crystal.

https://doi.org/10.1016/j.jmrt.2023.07.211
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Fig. 6 e Diffraction pattern of graphene oxide, RGO reduced

with NaOH labeled as NaRGO, and reduced graphene oxide

reduced with KOH labeled as KRGO.
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On the other hand, after the reduction process, both com-

pounds present significant differences between them and GO,

and with each other. First, they have a dislocation in the main

peak, attributed to plane (002). The new reduced compounds

exhibit a sharp and intense peak in 2q¼ 20.78 for NaRGO and a

broad peak in 2q ¼ 23.02� for KRGO. In addition, only NaRGO

presented several peaks attributed to the presence of residual

glucose (JCPDS 024-1964), derivated to the attachment of

glucose-based compounds on the RGO surface during the

reduction process and increasing pH with NaOH, which can

justify the sample behavior in the Thermogravimetric (TGA)

analysis, with multiple peaks in weight loss rate between

350 �C and 500 �C.
Table 2 e Crystallographic parameters obtained from diffractio

2q(00) FWHM(001) FWHM(002) 2q(100)

GO 10.62 0.79 e 42.46

NaRGO 20.78 e 0.95 44.11

KRGO 23.02 e 6.55 42.99

2q ¼ angle of peaks in degrees, FWHM ¼ Width at half the height of the co

layers, Lc ¼ the stacking of atomic layers, La ¼ carbon plane length, and
The decrease in oxygen content observed in bandgap

reduction and FTIR analysis are corroborated by the XRD re-

sults. The contraction of interplanar distance to 0.43 nm in

NaRGO and 0.39 nm in KRGO indicates the partial restoration

of carbon sp2 sheets. The values are higher than pristine

exfoliated graphene, suggesting the presence of reminiscent

oxygen bonds. Another factor that contributes to the differ-

ence in interplanar distance is the possible deformation

caused by the cavitation process during ultrasound-assisted

reduction.

Other changes can be observed in the height and length of

carbon sheets. The increase of Lc to 8.49 nm in the NaRGO

sample is reflected in an increase of the carbon layers to 19.55,

and the decrease in La to 18.65 nm, with the length, remaining

2.20 times the height. In the case of KRGO, the height reduced

to 1.24 nm, with average layers reduced to 3.24, and the length

reduced to 22.07, with a ratio between height and length of

17.80, the highest value of all the samples. In all reduced

samples, a reduction in carbon sheet length can be observed,

associated with breaks on carbon chains during the reduction

of oxygen bonded to the honeycomb lattice.

3.2.5. Microscopy characterization
The morphology and chemical composition of all synthetized

samples were analyzed using SEM and the results are pre-

sented in Fig. 7. In the GO sample, the layered stacked struc-

ture is characteristic of graphene-based materials. After the

reduction process, particlesmaintain the wrinkle morphology

in both Na and K reduced samples, which is similar to the

morphology previously presented by Al-Gaashani et al. [42].

Additionally, a few layers of stacked structure can be observed

in the KRGO sample, in agreement with diffraction data.

Regarding the chemical composition, the energy-

dispersive X-ray spectroscopy (EDS) data presented in Fig. 7d

demonstrated the presence of carbon and oxygen elements as

major components, as expected in graphene oxide-based

materials. Spectral data also presented manganese in all

samples and sulfur in GO and KRGO, as a result of the use of

potassium permanganate and sulfuric acid during the oxida-

tion process. In the reduced products, the presence of potas-

sium in K-based sample and sodium in the Na-based material

is indicative of the incorporation of the base used in the final

product.

3.2.6. Electrochemical spectroscopy impedance (EIS)
Some of the applications for graphene oxide-based materials

are related to the electron mobility into graphene oxide and

reduced graphene oxide sheet. In that context, EIS can be used

to evaluate thematerial surface properties when applied to an

external potential with response analyzed in different
n results.

FWHM(100) D (nm) Lc (nm) La (nm) NL

0.32 0.83 3.67 54.18 4.39

0.94 0.43 8.49 18.65 19.55

0.79 0.39 1.24 22.07 3.14

rresponding diffraction peak in degree, D ¼ distance between carbon

NL ¼ average number of layers on the material unit.
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Fig. 7 e Scanning electron microscopy of graphene oxide (a), RGO reduced with NaOH labeled as NaRGO (b), reduced

graphene oxide reduced with KOH labeled as KRGO (c), and chemical composition of analyzed samples (d).
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frequencies. In this study, the synthetized particles were

coated on a platinum surface and analyzed between 1.0 � 105

and 0.1 Hz in PBS at pH 7.4. The obtained results are in Fig. 8, in

the form of a Nyquist plot of the imaginary Y axis and real X

axis on the graph. All samples could be fitted according to

equivalent circuits, with values presented in Table 3.

The bare platinum surface presented only a simple equiv-

alent Randles circuit, written Rs (Rct2CPE2), related to the

resistive (Rct) and capacitive (CPE) components, with values of

1.44 � 105 U and 3.44 � 10�6 F, respectively. The platinum

sample coated with GO presented significative changes on the
Fig. 8 e Electrochemical spectroscopy impedance results

consolidated in Nyquist graph of graphene derivated

samples, with bare platinum in the black line, graphene

oxide as the red line, RGO reduced with NaOH labeled as

NaRGO in the blue line, and reduced graphene oxide

reduced with KOH labeled as KRGO in the magenta line.
Nyquist plot, indicating the effectiveness of the coating pro-

cess. The fitted circuit was Rs (Rct1CPe1) (Rcr2CPE2), with an

increase of two new components due to the presence of gra-

phene oxide in the electrode surface, with values of 32.89 U

and 25.90� 10�4 F, corresponding to Rct1 and CPe1 of graphene

oxide, and 2.41� 105U and 5.98� 10�6 F, corresponding to Rct2
and CPe2 of the layer and Pt interface.

Both reduced samples presented similar equivalent cir-

cuits with GO, being represented by Rs (Rct1CPe1) (Rcr2CPE2)

circuit. Differing from GO, the partially reduced samples had

an increase in the Rct1 of the coating/solution interface to

105.19 U in NaRGO and 149.68 U in KRGO. On the other hand,

the CPe1 significantly decreased to 2.77 10�4 F and 1.83 10�4 F

in NaRGO and KRGO, respectively.

Despite the expected reduction in the charge transfer

resistance for reduced graphene [43], both partially RGOs

demonstrated a significant increase in the Rct1. This can be

explained by the anchoring of glucose-derivated compounds,

which can impose a barrier to the electron transference on the

interface between the coating and solution [44,45]. This

modification was greater in KRGO sample, possibly due to the

degree of reduction associated with the presence of glucose-

derivated molecules, as discussed above in the other results.

Similarly, the KRGO also presented a lower value for CPe1,

associated with the accumulation of charges due to the

presence of a double layer at the electrode surface.

3.2.7. X-ray photoelectron spectroscopy (XPS)
To understand how the reduction process affects the gra-

phene oxide structure and its possible reaction with glucose

molecules, XPS was performed using samples centrifuged in

ultrapure water and dyed at 60 �C for 12 h. The obtained re-

sults are presented in Fig. 9 and Table 4.

The C1s high-resolution spectra of GO present a peak at

285.0 eV, attributed to the CeC and C]C bonds, consistent
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Table 3 e Fitted data from Nyquist graph of graphene
oxide (GO), reduced graphene oxide using NaOH as a base
(NaRGO), and reduced graphene oxide using KOH as the
base (KRGO).

Rs (U) Rct1 (U) CPE1 (F) Rct2 (U) CPE2 (F)

Pt 41.13 e e 1.44 � 105 3.44 � 10�6

GO 35.37 32.89 25.90 � 10�4 2.41 � 105 5.98 � 10�6

NaRGO 34.14 105.19 2.77 10�4 11.1 � 105 30.2 � 10�6

KRGO 34.76 149.68 1.83 10�4 3.46 � 105 42.9 � 10�6
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with carbon-based materials [35]. The peaks observed at

287.0 eV, 288.8 eV, and 289.6 eV are attributed to hydroxyl

CeO/CeOH and/or epoxy CeOeC; carbonyl C]O; carboxyl

OeC]O; respectively. Finally, the O1s high-resolution spectra

have a single peak at 533.0 eV, indicating the presence of

oxidized carbon material, consistent with GO [35,42].

The carbon/oxygen ratio and its respective groups are

important to investigate the oxidation and reduction process

of graphene-based materials, and the values are presented in

Table 4. The main component of GO, Carbon is present at

73.2 at% and a C/O ratio of 2.9, with 22.58% in the area of

deconvolution (A%) corresponding to CeC/C]C. In this
Fig. 9 e X-ray photoelectron spectroscopy spectra with C1s and

NaRGO samples.
sample, themajor oxygen group corresponds to hydroxyl and/

or epoxy, with 41.57 A% and a ratio of 1.841 to CeC/C]C.

Second, the carbonyl represents 22.27 A%, with a ratio of 0.986

to CeC/C]C. Finally, GO has carbonyl bonds representing

13.59 A%, with a ratio of 0.602 to CeC/C]C.

After the reduction processmediated by glucose oxidation,

the C1s and O1s spectra displayed significant differences from

GO, with a slight decrease in carbon content (at%) in NaRGO.

On the other hand, KRGO presented a notable increase, with

the C/O ratio of 2.2 and 3.5. In addition, the CeC/C]C contri-

bution area increased in both cases to 38.11 A% and 47.28 A%

at 285.0 eV in NaRGO and KRGO, respectively.

This result indicates a partial reduction in GO structure,

with reestablishing of ordered structure, despite the

remaining oxygen groups present, which agrees with previ-

ous reports using sugars as reducing agents [20], and ex-

plains the reduction observed in the bandgap results, with

major CeC/C]C in KRGO obtaining the lower bandgap value

at 2.48 eV.

The hydroxyl was maintained as the major oxygen group

in reduced samples, representing 41.53 A% at 286.7 eV in

NaRGO and 25.20 A% at 286.3 eV in KRGO. The O/CeC also has

significant differences, maintaining 1.087 and 0.533,
O1s with their respective deconvolution for GO, KRGO, and
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Table 4 e X-ray photoelectron spectroscopy results in graphene oxide (GO), reduced graphene oxide using NaOH as a base
(NaRGO), and reduced graphene oxide using KOH as the base (KRGO).

C1s O1s

Position (eV) Area
(%)

Specie O/CeC Position
(eV)

Area
(%)

Specie

GO 285.0 22.58 C*-C e 533.0 64.94 C]O*/CeO*H

287.0 41.57 C*-O/CeOeC 1.841 535.9 35.06 H2O

288.8 22.27 C* ¼ O 0.986 e e e

290.6 13.59 OeC* ¼ O 0.602 e e e

At % Peak Area At % Peak Area C/O

73.4 1692.73 25.1 1699.41 2.9

KRGO 285.0 47.28 C*-C e 531.7 21.00 C]O*/OeC]O*

286.3 25.20 C*-O 0.533 533.2 88.87 CeO*/CeO*H

287.3 16.05 CeOeC 0.339 535.1 3.53 H2O

289.0 8.49 OeC* ¼ O 0.180 e e e

293.3 2.99 p-p* Satellite/K2p3/2 e e e

At % Peak Area At % Peak Area C/O

77.8 1357.62 22.2 1136.13 3.5

NaRGO 285.0 38.11 C*-C e 531.5 7.60 C]O*/OeC]O*

286.7 41.53 C*-O 1.087 533.2 88.87 CeO*/CeO*H

288.0 13.62 C* ¼ O/CeOeC 0.357 535.3 1.15 H2O

289.1 6.74 OeC]O 0.177

At % Peak Area At % Peak Area C/O

68.4 1468.25 31.1 1953.46 2.2

& The GO sample has the presence of 1.5 At% of S.

# The NaRGO sample has the presence of 0.5 At% of Na.
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indicating that NaRGO has twice the hydroxyl content as

KRGO in relation to CeC/C]C. This could indicate the pref-

erence for the attack of hydroxyl with the use of KOH as the

base for reduction.

Another difference is observed in the other reminiscent

groups. The presence of 13.62 A% of carbonyl/epoxy at

288.0 eV in NaRGO represents a ratio of 0.357 in relationship to

CeC/C]C. On the other hand, KRGO has a remaining epoxy in

16.05 A% at 287.3 eV, with a ratio of 0.339 in relationship to

CeC/C]C. The presence of epoxy bonding can be assigned to

the chemical interaction of GO and gluconic acid during the

reduction process [15]. The possible overlap of p-p* Satellite

and K2p3/2 signal at 293.3 eV is also observed only on KRGO,

representing 2.99 A%. Similarly, the possible presence of Na in

NaRGO represents 0.5 At% in the sample.

Another indication of the gluconic acid attachment is

observed in both reduced samples, consisting of the presence

of 6.74 A% and 8.49 A% of carboxyl at 289.1 eV and 289.0 eV in

NaRGO and KRGO, respectively. The similar O/CeC ratios,

representing 0.177 and 0.180 can also be attributed to the

difference in hydroxyl content between samples reducedwith

NaOH and KOK with the partial reduction. However, the

attachment of glucose-derivated compounds in the material

surface indicates a greater attachment in NaRGO, which

agrees with the presence of derivated glucose observed on

XRDpeaks and several thermogravimetric events between 350

and 550 �C.
The O1s spectra in Fig. 9 also exhibits differences between

GO and the reduced samples. The oxygen content represents

25.1 At% in the GO sample, with an increase to 31.1 At% in

NaRGO, and a decrease to 2.2At% in KRGO. This difference can

be associated not only with the reduction degree but also with
the preferred attachment of the gluconic acid on Na reduced

sample, which can be corroborated by the increase of CeC/C]

C bond on the reduced sample with Na. This indicates the

partial restoration of graphene oxide and its effective reduc-

tion [20], with a consequence attachment of gluconic acid at

the particle surface.

Regarding the presence of different groups in the samples,

the GO presents two peaks in 533.0 eV associated with hy-

droxyl and carbonyl bonds representing 64.94 A%, with a

slight displacement to 533.2 eV and 533.1 eV in NaRGO and

KRGO, representing 7.6 A% and 21.0 A%, respectively. Another

peak at 535.9 eV in GO is associated with adsorbed water,

representing 35.06 A%, and is at 535.3 eV (3.53 A%) and

535.0 eV (3.85 A%) in NaRGO and KRGO, respectively.

In the reduced samples, an additional peak is observed at

531.5 eV in NaRGO and 531.7 eV in KRGO, which was associ-

ated with the double bonded C]O in carbonyl and carboxyl,

representing 7.6 A% and 21.0 A%, respectively. This could be

due to the presence of reminiscent carbonyl on graphene

sheets and is also associated with the presence of glucose-

derivated compounds, as gluconic acid linked to hydroxyl

bond in RGO [15,20]agrees with the obtained TGA and XRD

results and can explain the good stability of RGO solutions,

which disagree with previous reports about RGO solubility in

water [37,46].
4. Conclusions

This work investigated the influence of the base on the

reduction process assisted by probe sonication in the presence

of glucose as a reducing agent. The use of glucose-based
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reduction provides the attachment of glucose-oxidized mol-

ecules at reduced graphene oxide, acting as a capping agent,

and stabilizing the particles in the aqueous solution for

further applications.

Despite the information presented in previous publica-

tions, this article demonstrated the relationship between the

chosen base and reduced product. The different reminiscent

oxygen groups promotedwere confirmed by differences in the

bandgap between 3.67 eV and 2.48 eV in the reduced formwith

KOH, with an interplanar distance of 0.39 nm, which is a little

higher than pristine graphene.

Regarding the electron transfer ability in the proposed

partially reduced samples, the sodium-based material also

presented lower resistivity than KRGO, with a value of

105.19 U to NaRGO and 149.68 U to KRGO, indicating the in-

fluence of base in the impedance properties of the partially

reduced samples.

Additionally, the observed results indicate different per-

centages of oxygen groups in thematerial and a preference for

gluconic acid attachment of NaRGO, in contrast with the

KRGO sample, confirmed in thermogravimetric profile and X-

ray photoelectron O/CeC rates. Thus, this study evidences

newways to determine the adequate glucose-based reduction

route, according to desired properties and application, such as

UVeVis absorption and bandgap regulation to catalysis and

electrocatalysis, C/O rate for biological applications, and

molecules chelation thermal stability for high-temperature

applications.
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