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Electrochemical Sensor for Ethylene Glycol using Reduced Graphene Oxide/AuNp/Ni(OH)2 
Modified Glassy Carbon Electrode
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An electrochemical sensor based on a modified glassy carbon electrode (GCE) with reduced graphene 
oxide and Ni-Au nanoparticles (Ni(OH)2/AuNp/rGO/GCE) was developed for the determination 
of ethylene glycol. The graphene oxide was reduced electrochemically at the electrode surface by 
chronoamperometry, the gold nanoparticles were deposited by chronopotentiometry while the nickel 
hydroxide nanoparticles were deposited by cyclic voltammetry. The characterization of graphene 
oxide was performed by Raman spectroscopy, X-ray diffraction (XRD) and transmission-mode 
scanning electron microscopy (TSEM), while the modified electrodes were characterized by scanning 
electron microscopy (SEM) and electron dispersive spectroscopy (EDS) analysis. The determination 
of ethylene glycol was performed by cyclic voltammetry due to the regeneration of the active sites, 
preventing loss of the sensor signal. The modified GCE with rGO and Ni(OH)2/AuNp showed a good 
performance obtaining a linear range of 0.24 to 1.4 mmol L-1 with a correlation coefficient of 0.9903, 
limits of detection and quantification (49 and 162 µmol L-1, respectively) and high stability with 500 
continuous analysis cycles.

Keywords: Ethylene glycol, nickel nanoparticles, gold nanoparticles, reduced graphene oxide, 
cyclic voltammetry.

1. Introduction
Ethylene Glycol (EG) is an alcohol widely used in 

industry due to its physical and chemical characteristics 
such as high flash point, low freezing point, low volatility, 
low flammability, thermodynamically stable and high 
availability1. In the plastic industry, the EG is a precursor 
of the polyethylene terephthalate very used to produce PET 
bottles, in the automobile industry it is the main component 
of the cooling fluid in combustion engines2-4, in the petroleum 
industry it is used as a hydrate formation inhibitor5-7, in 
other sectors as solvent8 and as antifreeze on airport and 
highway runways2.

However, the use of this reagent can cause serious 
problems not only to the environment, but also to human 
health as well as problems in the lubrication of machines. 
When there is a leakage of the refrigerant oil in the car 
engine, it causes a decrease in the tribological properties 
of the lubricating oil, which can lead to the melting of the 
cylinders and even the fusion of the engines4,9,10. In the oil 
industry, a large quantity of this reagent is used, for this 
reason, is necessary to recover the environmental impact 
and control the quality of the fuel produced11,12. Finally, in 
contact with the environmental, the alcohol is easily absorbed 

(by the rivers, soil and groundwater) and consequently the 
contamination of living beings with the ethylene glycol is 
facilitated. Ethylene glycol when metabolized generates 
extremely harmful metabolites to the body, causing renal 
failure and damage to the nervous system, which makes it 
important to control the concentration of EG13-15.

Classical techniques such as gas chromatography, liquid 
chromatography, mass spectroscopy or even the combination 
of them have been widely used for the control and analysis 
of EG in samples, however their use can often become 
impracticable. Even with these techniques it is possible 
to analyze and detect small amounts of alcohol (using the 
LC-MS/MS technique, a detection limit of 0.564 mmol L-1 was 
obtained), these are expensive, laborious and time-consuming 
techniques, which makes it interesting to develop alternative 
methods8,9,16-18.

Electrochemical methods have been widely used for 
quantification or identification of analytes in several matrices 
due to their relative low cost, high sensitivity, high selectivity, 
easy miniaturization, convenience, rapid analysis and lower 
consumption of reagents and solvents, which are principles 
of green chemistry19-22. Thus, the search for electrocatalytic 
materials has been studied for EG analysis and its quantification 
or its use for energy conversion. Nickel has been studied *e-mail: eliane@iq.ufrj.br
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for alcohol oxidation, in general, because it has low cost 
compared to noble metals, good stability in alkaline medium 
and wide operating range23. In alkaline medium, there is the 
formation of redox pairs of nickel hydroxide/oxyhydroxide (in 
the forms α-Ni(OH)2, β-Ni(OH)2 and γ-NiOOH), being the 
α-Ni(OH)2 and γ-NiOOH the redox pair which presents the 
higher catalytic activity for alcohol oxidation24-26.

The combination of electrocatalytic materials with the 
reduced graphene oxide (rGO) has presented great advantages 
in the analytical area, the synergism between the materials 
and the combination of their properties increase the sensor 
response, having gain in sensor sensitivity27,28. The rGO 
use increases the surface area providing dense active sites, 
electrical conductivity, durability and mechanical stability29,30. 
The combination of gold with nickel in electrochemical 
sensors, as already reported in studies, yields excellent results 
regarding the electrocatalytic activity, durability, poisoning 
resistance and increased charge transfer28,31-33.

The rGO can be obtained by thermal, photocatalytic, 
chemical reduction, electrochemical processes or by microwave-
assisted techniques34,35. Electrochemical reduction has been 
widely used because in addition to being considered a green 
approach (the most used reducing agents are hydrazine, 
ethylenediamine, NaBH4 and urea, toxic reagents that cause 
serious risks to the environment and people) it produces 
graphene films directly on the substrate , does not require 
chemical reducers, is easy to prepare and has a smaller 
number of functional groups with oxygen than other reduction 
techniques, thus increasing its conductivity34-37.

The objective of this study is to develop a sensor for 
ethylene glycol analysis, based on the modification of the 
GCE surface with rGO and nanoparticles of nickel and 
gold (Ni(OH)2/AuNp/rGO/GCE). The sensor was evaluated 
considering their analytical performance where figures of 
merit as detection limits, sensitivity and linearity.

2. Experimental

2.1. Reagents and materials
Ethylene glycol (≥99.5% v/v) and potassium hydroxide 

(≥85% w/w) were purchased from Isofar (Rio de Janeiro, 
RJ, Brazil). Chloroauric acid (≥99.5% v/v), sulfuric acid 
(95.0-98.0% v/v), sodium chloride (≥99.0% w/w), sodium 
hydrogen phosphate (≥99.0% w/w) and potassium hydrogen 
phosphate (≥99.0% w/w) were bought from Sigma-Aldrich 
(Rio de Janeiro, RJ, Brazil). Expanded Graphite was obtained 
from Nacional de Grafite (São Paulo, SP, Brazil). All solutions 
were prepared with ultra-pure water (18.2 MΩ cm) from 
a purification system MILLI-Q® (Massachusetts, USA). 
All reagents were used without prior purification.

2.2. Electrochemical apparatus
Electrochemical analyzes were performed using the Autolab 

PGSTAT204 potentiostat/galvanostat (Metrohm AUTOLAB, 
Netherlands). Data processing was performed with NOVA 
2.0. As a working electrode, it was used a glassy carbon 
electrode (area = 3.14 mm2) obtained from Lab Solutions 
(São Paulo, SP, Brazil), which was modified with reduced 
graphene oxide, nickel and gold nanoparticles (Ni(OH)2/

AuNp/rGO/GCE). Platinum wire and Ag | AgCl | KCl(sat.) 
(3 mol L -1) were used as auxiliary electrodes and reference 
electrodes, respectively, in a 15 mL electrochemical cell.

2.3. Synthesis of the reduced graphene oxide

2.3.1. Graphite oxide preparation
The graphite oxide was prepared by modified Hummers’ 

method using expanded graphite according to the previous 
work38. The general procedure is as follows: concentrated 
H2SO4 (9.2 mL) was added to a mixture of expanded 
graphite (0.4 g) and NaNO3 (0.2 g) in an ice bath. After that, 
KMnO4 (1.2 g) was added slowly to keep the temperature of 
reaction lower than 20 °C. The mixture was warmed to 35 °C 
and stirred for 30 min. After this, water (18.2 mL) was added 
slowly to the medium promoting a large exothermic reaction 
and increasing the temperature up to 98 °C. An external 
heating was used to maintain the reaction temperature at 
98 °C for 15 min, then a water bath was used to cool the 
reaction for 10 min. Additional water (55.3 mL) and 30% 
v/v H2O2 (0.4 mL) were added to stop reaction, producing 
another exothermic process.

2.3.2. Exfoliation of graphite oxide
To obtain graphene oxide, a graphite oxide solution with 

a concentration of 1 mg mL-1 was prepared and exfoliated 
by ultrasound for 20 hours. According to our previous work, 
small size GO sheet was obtained using a conventional 70 W 
ultrasonic bath and 20 h of exfoliation39.

2.3.3. Characterization of graphite oxide
Raman spectroscopy analyses were carried out on a 

Renishaw inVia spectrometer (Renishaw, Wotton-under-Edge, 
England) with a 514.5 nm laser line at a power of 0.1 mW and 
100x objective lens. All Raman spectra were obtained from 
accumulation and averaging of 10 scans with accumulation 
time of 10 seconds/scan and the reported spectra represent 
the average of twenty five measurements made at different 
points of the sample.

X-ray diffraction analysis were performed on a D8 Focus 
diffractometer (Bruker-AXS, Karlsruhe, Germany) with 
Ni-filtered Cu Kα characteristic radiation with a 2θ step 
of 0.02 and a collection time of 20 s per step. A thin film 
of graphite oxide was prepared by dripping the sample 
suspension onto a Si wafer and subsequently drying it in air.

2.4. Modification of glassy carbon electrode with 
reduced graphene oxide and nanoparticles 
of nickel and gold

For the Ni(OH)2/AuNp/rGO/GCE fabrication, 5 µL 
of graphene oxide suspension were applied on the surface 
of the GCE, after drying in an oven at 35 ºC the electrode 
was subjected to a chronoamperometry technique at -1.5 V 
for 60 s in phosphate buffer pH 7.4 for the reduction of 
graphene oxide.

Then the rGO/GCE was subjected to chronopotentiometry 
at -0.18 mA for 350 s using a 1 mmol L-1 solution of 
chloroauric acid in 0.05 mol L-1 sulfuric acid followed by 
electrodeposition of nickel hydroxide nanoparticles by cyclic 
voltammetry technique under the conditions: 300 cycles, 9 V 
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s-1 in the range of potential -1.4 to -0.5 V using a solution 
of 3 mmol L-1 of nickel nitrate in 1 mol L-1 ammonium 
chloride. For the stabilization of α-Ni(OH)2 the electrode 
was subjected to chronoamperometry at -0.16 V for 30 s in 
a solution containing 10 mmol L-1 Cd+2, Co+2 and Ni+2 at 
0.3:2.7:7.0 (stoichiometric) in a 20 mmol L-1 potassium 
nitrate solution25,40,41. Finally, the electrode was submitted 
to cyclic voltammetry technique in 0.50 mol L-1 KOH under 
the following conditions: 20 cycles, 0.05 V s-1 in the range 
-0.3 to 0.7 V to activate the electrode.

All the experimental conditions described above in 
modifying the GCE/rGO with Au and Ni(OH)2 nanoparticles 
were previously optimized from the screening study using a 
Plackett-Burman design (PB) (Table S1). With the responses 
obtained in the PB design (Table  S2) the effects of the 
parameters were estimated (Table S3), where from these results 
the active parameters were applied to the central composite 
design (Table S4) generating the model’s response surface 
(Figure S1), as can be seen in the Supplementary Material.

2.5. Electrochemical study of modified electrodes
To understand what the modifications are providing for 

the electrode, the heterogeneous electron transfer (HET) 
rate constant (k0), electroactive area and the EG signal for 
each modification were studied. For the study of k0 each 
electrode was subjected to cyclic voltammetry technique in 
20 mmol L-1 [Fe (CN) 6]

3− in KCl 3 mol L-1 where through 
the potential difference of the oxidation and reduction 
peaks it was calculated the k0 according to the Nicholson 
equation42-44 (Equation 2)
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Where k0 is the electrochemical heterogeneous rate constant, 
α is the transfer coefficient, n is the number of electrons 
transferred, v is the scan rate (V s-1), R is the gas constant, 
F is the Faraday constant, T (K) is the temperature of the 
system, and Ψ is a dimensionless charge transfer parameter 
that can be calculated by the equation below44:
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Where X corresponds to ΔEp at different scan rates.
The electroactive area was calculated according to the 

Randles-Sevcik45-47 (Equation 4) equation. The electrode 
was subjected to cyclic voltammetry technique in 
20 mmol L-1 [Fe (CN) 6]

3− in KCl 3 mol L-1
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Where I is the peak current (A), A is the electroactive area 
of the electrode (cm2), n is the number of electrons, C is 
the concentration (mol cm-3), D is the diffusion coefficient 
(6.2  x10-6 cm2 s-1)48 and v (V s-1) is the rate scan.

The EIS technique was performed for the electrodes, 
at 0.4 V, with a disturbance amplitude of 10 mV, using a 
frequency range from 200 kHz to 0.01 Hz with 7 points per 
decade. This technique is used to verify the resistive and 
capacitive characteristics of the electrodes, comparing the 
efficiency of the electrodes under study.

2.6. Characterization of electrodes surface
The evaluation of morphological characteristics such as 

distribution, form and size of particles on the surface of the 
electrodes, were studied by scanning electron microscopy 
with X-ray energy dispersive spectroscopy for elemental 
analysis. SEM and EDS were performed in a FEI Helios 
Nanolab 650 working at 10 or 20 kV. These analyses were 
performed using carbon screen printed electrodes (SPE).

2.7. Partial validation
The method was submitted to an analytical validation to 

evaluate not only the reliability of the results obtained, but also 
to know if it was adequate for EG analysis. In this study some 
analytical figures of merit such as linearity, limit of detection 
(LOD), limit of quantification (LOQ), selectivity, precision 
(repeatability and intermediate precision) and recovery were 
evaluated, as suggested by international and Brazilian guidelines49,50.

2.7.1. Linearity
An analytical curve was prepared, in triplicate, with standard 

solution of ethylene glycol at 6 different concentrations (0.24, 
0.48, 0.72, 0.95, 1.20 and 1.43 mmol L-1). For the analysis, 
a 1.8 mol L-1 EG solution in 0.1 mol L-1 KOH was made 
and aliquots were successively collected using a Hamilton 
microliter syringe and added to the electrochemical cell 
containing 0.50 mol L-1 KOH. The EG oxidation peak area 
was evaluated as electrochemical response in function of 
the analyte concentration.

To evaluate the data homoscedasticity and normality 
of the residues were used the Cochran51 and Anderson-
Darling52 test, respectively, where the p-value was evaluated 
at a 5% significance level to assess the hypothesis of variance 
equality and normality of residuals. Finally, the correlation 
coefficient between voltammetric peak area and ethylene 
glycol concentration was obtained with linear regression 
and evaluated by Pearson’s correlation coefficient using 
r> 0.9900 as the criterion53.

2.7.2 Limit of detection and limit of quantification
The limit of detection of the method was obtained from the 

experimental data of the analytical curve according to Equation 5.

3  LOD   s
b

= 	 (5)

Where: s is standard deviation of the analytical curve intercept 
and b is slope of the analytical curve.
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The limit of quantification was estimated as 3.3 times 
the limit of detection54-56.

2.7.3. Recovery and precision
The recovery and precision of three different concentration 

levels (low, medium and high) of the analytical curve were 
verified. The recovery was evaluated by comparing the 
average of the triplicates with the theoretical value. The result 
of repeatability was expressed as the coefficient of variation, 
also known as the relative standard deviation (RSD%)57,58.

2.8. Stability
In tests of the electrode stability, the sensor was submitted 

to the cyclic voltammetry technique from -0.3 to 0.7 V with 
0.05 V s-1 in 0.50 mol L-1 KOH containing 1.8 mol L-1 EG. 
During the whole study, the voltammetric peak area was 
used as the analytical response, the first peak area was 
compared with the last.

3. Results and Discussion

3.1. Characterization of graphite oxide
Typical Raman spectrum of graphite oxide sample is 

presented in Figure 1a. The broad G band at 1580 cm-1 originates 
from the vibration mode of stretching carbon atoms in the 
plane with sp2 hybridization, common in graphitic structures59. 
The D band centered at 1350 cm-1 is A1g symmetry mode 
produced by out of plane vibrations of carbon atoms, and it 
becomes active due to the presence of structural defects such 
as vacancies, edge formation, functional groups containing 
oxygen and adsorption of molecules on the surface60. The ID / 
IG ratio for graphite oxide was 0.86 showing that the material 
obtained has a large number of defects.

XRD measurements of graphite oxide sample are shown 
in Figure 1b. The material exhibits a characteristic XRD 
peak at 2θ ≈ 11° representing a periodic stacking of graphite 
oxide sheets61,62.

Figure 1c shows a TSEM micrograph of graphite oxide 
deposited on a a lacey carbon TEM grid. This micrograph 
confirms the membrane-like architecture, reproducing graphite 
oxide morphology of similar studies61,63. Figure 1d shows 
the picture of freeze-dried graphite oxide.

3.2. Characterizaiton of reduced graphene oxide 
modified glassy carbon electrode

The benefits of using reduced graphene oxide in electrochemical 
sensors are already well-known and established in the scientific 
world64,65. In Figure 2 it is possible to observe the electrochemical 
behavior of unmodified (curve A) and modified with reduced 
graphene oxide (curve B) GCE in 3 mol L-1 KCl solution 
containing 20 mmol L-1 potassium ferri-ferrocyanide.

The electrochemically active area of the rGO/GCE 
electrode (7.35 x  10-2 cm2) was 1.6 times greater than the 
value of the unmodified GCE (4.63 x 10-2 cm2). This increase 
in the rGO/GCE area is due to the surface area increase by 
modification with reduced graphene oxide66. The increase in 
the electrode area increases both the faradaic (ip,a and ip,c) and 
capacitive currents as observed in red curve of the Figure 2 65. 
The voltammetric profile of each modification of the electrode 
is shown in Figure S2.

3.3. Surface analysis by Scanning Electron 
Microscopy

The SEM images of the samples (SPE, rGO/SPE and 
Ni(OH)2/AuNp/rGO/SPE) are shown in Figure 3 at different 
magnifications.

Figure 1. Graphite oxide structural and morphological characterization. Raman (a), XRD patten (b), TSEM image (c) and picture of the 
freeze-dried graphite oxide (d).
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Before modification, the carbon SPE presents a flat 
surface with some defects (Figure 3a), at higher magnification 
a porous structure could be noticed (Figure  3b). After 
modification with rGO, the presence of a film on the carbon 
SPE surface is noted, characteristic of the overlapping of 
rGO sheets (Figure  3c). The presence of white particles 
having a few micrometers in size is due to the contamination 
with salts (see Na peak in EDS analysis) from the buffer 
solution used in the electrochemical reduction of graphene 
oxide. With the deposition of gold and nickel hydroxide, 
the characteristic of the rGO film changes completely with 
the presence of several gold/ nickel hydroxide nanoparticles 
with size in the 50 nm range. The metallic nanoparticles on 
Ni(OH)2/AuNp/rGO/SPE surface are best seen at a higher 
magnification (Figure 3d). The EDS analysis confirmed the 
presence of Ni and Au, although the amount of Au seems 
to be much higher than Ni since the Au has a much higher 
intensity peak than Ni.

3.4. Electrochemical behavior of the electrodes in 
the absence and presence of EG

Figure  4a  and  4b present the cyclic voltammetry 
curves obtained with GCE and GCE/rGO, respectively, in 
0.50 mol L-1 KOH in the absence and presence of 0.6 mmol 
L-1 ethylene glycol. These curves show no ethylene glycol 
electrochemical response using both GCE and GCE/rGO in 
the studied potential range. However, when submitted to the 
cyclic voltammetry technique in the absence and presence 
of the analyte (EG) in alkaline media, the Ni(OH)2/AuNp/
rGO/GCE presented a voltammogram with three anodic 
peaks and three cathodic peaks (Figure 4d). The first and 
second anodic peaks (1 and 2) observed at -0.07 V and 0.21V, 
respectively, refer to the adsorption of OH- on the gold surface, 
the peaks 4 and 5 at 0.48 and 0.36 V, respectively, are related 
to α-Ni(OH)2/γ-NiOOH redox pair67-71. The peak 3 is related 
to the EG oxidation and responds to EG concentration. In the 
cathodic region, the potential peaks (6) and (7) at 0.08 V 
and -0.13 V, respectively, refer to the reduction of gold 
oxide and OH- desorption, respectively. The peak for nickel 
hydroxide oxide formation (4) coincides with the formation 
of compound Au(OH)3 (Figure 4c)67-69,71.

Figure  4 shows that the synergism between nickel 
hydroxide and gold was especially important for the detection 
of EG. When only the Ni(OH)2/rGO/GCE electrode was 
used (Figure 4c), it was not possible to observe any EG 
peak oxidation, while using the AuNp/rGO/GCE electrode 
(Figure  4d), an EG oxidation peak can be observed at 
approximately 0.3 V vs. Ag/AgCl. For the Ni(OH)2/AuNp/
rGO/GCE electrode (Figure 4e) an EG oxidation peak is 
observed at 0.19 V vs. Ag/AgCl. The Ni(OH)2/AuNp composite 
dislocated to more negative potential the EG oxidation peak 
consequently increasing its current response. These results 
show the beneficial effect of the composite, resulting in a 
more sensitive material.

Figure 4 shows the benefit of the electrode modifications 
from an analytical point of view, in Table 1 it is possible to 
observe the electrochemically active area and k0 parameters 
of the electrodes.

Table 1 shows that the changes were considerably beneficial 
for the electrode. Comparing the unmodified electrode and 
the final electrode, there was an increase of 2.7 times in the 
electroactive area, and of 12.9 times in k0 and a decrease of 
the charge transfer resistance of 0.68 times. These results 
corroborate the analytical study of the electrodes, showing 
the importance of its modifications for quantification of the 
analyte, as these are parameters that will directly affect the 
analytical efficiency it. Analyzing the electrodes AuNp/rGO/
GCE and Ni(OH)2/AuNp/rGO/GCE it is possible to observe 
the importance of the synergism of metals, since there was 
an increase of 1.09 times of the area and 4.74 times of k0 and 
a decrease of 0.73 times in charge transfer resistance (Rct) 
(all curves are shown in Figure S3).

These results were already expected once that the 
composites based on the deposition of nickel hydroxide on 
gold show a great improvement in the catalytic efficiency of 
the electrode. The presence of gold allows a greater amount 
of physically and electrically adhered nickel hydroxide on 
the surface, decreases the film resistivity, decreases the 
nickel particle size, and allows a greater number of active 
sites because gold facilitates the oxidation of nickel oxide. 
It’s important to highlight that the use of noble metals 
improves the adsorption of species on the electrode surface 
and their ability to remove species that may decrease the 
electrocatalytic efficiency of the electrode28,67,72.

The use of the alkaline medium is important for the 
alcohols electrooxidation because in this medium M-OHads 
is formed (Reaction 1). The previous literature showed that 
with the increase of OH− concentration causes a higher 
OH− coverage on the metal surface, enhancing the kinetic 
of alcohol electrooxidation73.

The classic mechanisms for the oxidation of alcohols by 
transition metals in an alkaline medium involve hydroxyl 
radicals adsorbed on the electrode surface, which participate 

Figure 2. Voltammetric profile of the ferri-ferrocyanide couple 
at 20 mmol L-1 using (A) GCE and (B) reduced graphene oxide 
modified GCE, at 0.1 V s-1 scan rate.

Table 1. Study of the electrochemically active area and k0.

Electrode Area (cm2) k0 (cm s-1) Rct (Ω cm2)
GCE 4.75 x 10-2 2.45 x 10-3 570

rGO/GCE 7.32 x  10-2 1.32 x  10-2 466
AuNp/rGO/GCE 1.17 x 10-1 6.69 x  10-3 527

Ni(OH)2/AuNp/rGO/
GCE 1.28 x 10-1 3.17 x  10-2 385



Paiva et al.6 Materials Research

in the electron transfer step, favored in a basic medium, as 
can be seen below:

•	 M + ROH → M-ROHads (Reaction 1)
•	 M-OH- → M-OHads + e- (Reaction 2)
•	 M- ROHads + M-OHads → products (Reaction 3)
•	 M- ROHads + OH- → products + e- (Reaction 4)
The cyclic voltammetry technique was chosen as the 

electroanalytical technique to quantify EG to regenerate the 
active sites of electrode removing the poisoning intermediates.

3.5 Partial validation

3.5.1 Linearity
Figure  5 shows the relationship between the EG 

oxidation peak area and the EG concentration, in the 
range from 0.24 to 1.43 mmol L-1, in 0.50 mol L-1 KOH 
solution. For the proposed analytical curve (Figure  S4), 
was obtained a Pearson correlation coefficient of 0.9932, 
greater than 0.9900, and p-value of the F ANOVA test equal 
to 6.82 x 10-12, less than 0.05, therefore showing that there 
is an adequate linear relationship between the parameters 
and significance of the applied linear model. To assess the 

homogeneity of variance and verify the confidence level of 
the analytical curve obtained, the Cochran test was applied 
at a significance level of 5%50. The p-value obtained was 
0.9304, greater than 0.05, so we do not reject the hypothesis 
of equality of variances at the 5% significance level, then it 
is a homoscedastic model. The evaluation of the standardized 
residuals vs. adjusted values shows that there is no value 
outside the range from -3 to 3 indicating that there are no 
outliers present and QQ-plot no value can affect the normality 
of the residuals (Figure S5).

3.5.2 Limit of detection and quantification
The LOD and LOQ represent the lower concentration 

of analyte that can be detect and quantified, respectively. 
According to Equation 5, the detection and quantification 
limits obtained were 49 and 162 µmol L-1, respectively.

3.5.3. Precision and recovery
The repeatability of the three different EG concentration 

levels (low, medium, and high) were verified in triplicate. 
The relative standard deviation for 0.24, 0.72 and 
1.43 mmol L-1 EG was calculated (Table  S5). Relative 

Figure 3. SEM analyses of the electrodes (a) and (b) carbon SPE (at two different magnifications), (c) rGO modified carbon SPE and (d) 
Ni(OH)2/AuNp/rGO modified carbon SPE and (e) EDS chemical analyses of Ni(OH)2/AuNp/rGO/SPE.
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standard deviation values less than 5% are considered suitable 
for analytical methods58. According to the values obtained 
(Table S5), for all concentration levels, the relative standard 
deviation was below the analytically acceptable criterion, 
having been obtained 2.6, 3.1 and 1.5%, respectively.

To study the recovery of the method, standard EG 
solutions with known concentrations (theoretical value) at 
0.24, 0.48, 0.72, 0.95, 1.20 and 1.43 mmol L-1 were used. 
The results presented in Table  S6 show that the method 
has a good recovery (acceptance criteria 70-120%)74 in 
the concentration range studied, ranging from 97 to 109%.

3.5.4. Selectivity
The selectivity of the method was performed by evaluating 

the electrochemical response of the electrode in the presence of 
ethanol, methanol, glycerol, and ethylene glycol at a concentration 
of 0.4 mmol L-1. As can be seen from Figure S6, in the studied 

concentration, no alcohol showed an oxidation peak at the 
same potential as EG. The glycerol oxidation peak appeared 
at approximately 0 V vs. Ag/AgCl, this value potential is much 
more negative compared to the EG, while methanol and ethanol 
did not present an oxidation peak at this concentration.

3.6. Ni(OH)2/AuNp/rGO/GCE stability
The electrode stability is one of the most important 

factors to evaluate its use in industry. An electrode with 
good stability will provide a less expensive and laborious 
analysis. When subjected to 500 cycles in the presence of 
1.8 mmol L-1 EG, under conditions of 0.05 V s-1 and potential 
range -0.3 to 0.7 V, the electrode did not lose signal after 
500 cycles with RSD of 4.2% (<5%). The results showed 
that the dispersion between the readings is extremely low, 
which indicates high stability of the electrode for EG 
analysis (Figure S7).

Figure 4. Cyclic voltammograms of GCE (a), GCE/rGO (b), Ni(OH)2/rGO/GCE (c), AuNp/rGO/GCE (d) and Ni(OH)2/AuNp/rGO/GCE 
(e) in presence and absence of 0.6 mmol L-1 ethylene glycol in 0.50 mol L-1 KOH at a scan rate of 50 mV s-1.
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3.7. Comparison with the literature data
Table 2 compares some analytical parameters towards 

the EG analysis for the proposed method with other methods 
found in the literature. The chromatographic and mass methods 
present high detection or quantification limits besides, they 
are more expensive using large amounts of solvents and 
time-consuming for derivatization of the sample.

Although the method of this work presents a higher 
detection limit than the method using Ti/TiO2 nanotubes 
electrode, the Ni(OH)2/AuNp/rGO/GCE sensor lacks 
any special apparatus for UV emission, making it a more 
practical analysis.

The standard method for trace ethylene glycol analysis 
in lubricating oil is the ASTM D4291-04 (2017)75, according 
to this normalized method the EG can be quantified in 
the range from 0.0805 to 3.22 mmol L-1 using the gas 
chromatograph technique. For human health concentrations 
above of 138 µm/L are capable to cause damage to the liver 
and kidney77. Therefore, the proposed method would be 
suitable for application in the detection and quantification 
of EG in several matrices.

4. Conclusion
The proposed electrode Ni(OH)2/AuNp/rGO/GCE showed 

that the electrode modification was extremely favorable, 
with a considerable increase in both electrically active area 
and heterogeneous electron transfer rate constant (k0), with 
an increase of 176% in the electroactive area and 1194% in 
k0. It is worth mentioning the importance of the mixture of 
metals, synergism between nickel and gold nanoparticles 
provided a 374% increase in the k0.

The influence of these parameters can be observed in the 
analytical studies of the electrode where they were obtained a 
low limit of detection and quantification (49 and 162 µmol L-1, 
respectively), with good repeatability and, good stability, 
not losing efficiency after 500 cycles. The results obtained 
in this study show that the formed nanocomposite film has a 
good electrocatalytic activity for EG oxidation, thus being a 
good alternative for use as an electrode for alcohols analysis.
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