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ABSTRACT

Controlling the sensitivity, quantification, and detection limits of electrochem-

ical sensors is an ongoing challenge. The properties of thin modified gold-film

electrodes under varying potentials have been studied to improve such ana-

lytical validation parameters; however, most international literature on the

subject tends to analyze the role of synthesis lonely without deep evaluating

surface properties throughout every step of a modification process. Herein, we

aimed to link materials science with sensing analytical application, revisiting a

nanoporous gold-film electrochemical synthesis, and explain its performance

using SEM, AFM, and XPS analyses. Also, we used the neglected emerging

contaminant 2,6-dichloro-1,4-benzoquinone (DCBQ) for our analytical issues

assessment. We were able to show the electrocatalytic effect of the prepared

electrode, commonly mistreated in such field; also, we evaluated the sensor’s

modification for a possible explanation for the system’s reproducibility (10 times

without loss of activity, RSD inferior to 5%). Although the modification time

presented an effect on the nanoporous electrode response, we could confirm

Handling Editor: Joshua Tong.

Address correspondence to E-mail: marco.suller@ufma.br
E-mail Address: iranaldo.ss@ufma.br

https://doi.org/10.1007/s10853-021-06616-4

J Mater Sci (2022) 57:1230–1245

Energy materials

http://orcid.org/0000-0003-3290-9297
http://orcid.org/0000-0001-6216-9141
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-021-06616-4&amp;domain=pdf


that it was not an area augmentation effect only based on the electrochemical

characterizations. We believe we took a step forward to understand the effect of

the electrochemical modification performed, which can be carried out in other

systems, helping a more rational design of sensors.

GRAPHICAL ABSTRACT

Introduction

The properties of nanostructured materials—such as

high surface area, quantum effects, and reactive

capacity—are vital for the design of sensing devices

[1, 2]. Based on these properties, nanotechnology

techniques allow the rational optimization and

design of materials with tunable behavior [3–6]. In

this context, nanoporous gold electrodes (NPGEs)

have gained a lot of attention once simple electro-

chemical approaches can be used for their prepara-

tion [7, 8]. Essentially, the electrochemical process

avoids the need for capping ligands or other growth-

directing agents, often required by nanometal or

oxide synthesis, which can be detrimental as it may

block active sites [9–11]. Conveniently accessible

from bulk electrode materials, electrochemical

strategies modifications generate materials with

three-dimensional (3D) nanostructured porosity [12],

possessing interesting properties as a result of addi-

tional adsorption and active sites compared to bulk

electrodes [13].

Nanostructured sensor materials tend to preserve

their structure and performance even for extended

periods of operation [14]. And while gold-based

nanoporous sensors have been reported in the liter-

ature [15–18], there is a lack of studies that focus on

relating the material’s physicochemical characteris-

tics with the electrochemical properties of the elec-

trode. However, there is a fundamental need to gain

more insight into this aspect to improve the perfor-

mance of these sensor materials. Specific questions to

be addressed are related to the role of surface mod-

ifications and their part on potential structural

changes, also effects on the performance of the sensor

material, including long-term performance. It is

noticeable from the literature that 3D nanostructured

gold electrodes prepared from bulk gold electrodes

(GE) display enhanced performance for electro-

chemical sensing applications, which is interesting

for detecting several potential environmental haz-

ardous molecules [19, 20].

Herein, we describe the results of our studies into

electrochemical nanomodification of gold electrodes

and highlight the effects of (a) mechanical polishing

of the unmodified electrode; (2) anodization at

2.00 V, held for 15 min; (3) electrochemical reduction

to 0.00 V; both stages (2) and (3) were performed in

acidic medium. Experimental evidence of morpho-

logical changes that occur during polarization and

nanostructuring is provided by atomic force micro-

scopy (AFM), and scanning electron microscopy

(SEM), as well as additional spectroscopic data are

provided (XPS) together with a detailed electro-

chemical characterization. We are using DCBQ as a
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sample analyte, followed by a full evaluation of any

changes in the surface morphology after each ana-

lytical cycle, including the sensor’s performance after

exhaustive repetitive measurements.

Experimental

Reagents

All chemicals were purchased from Sigma-Aldrich/

Merck in analytical grade and were used without

further purification and maintained at room temper-

ature (* 25 �C). The solutions were prepared with

deionized water (resistivity of 18.20 MX cm, Millipore

�, Billerica, USA). An aqueous solution of 0.50 mol

L-1 H2SO4 was used as a supporting electrolyte to

prepare the NPGE. Standard DCBQ stocks (Sigma-

Aldrich, St. Louis, MO) were prepared with ethanol

98% before measurements at different concentrations,

and kept in the dark to avoid degradation.

Britton–Robinson (BR), citrate, acetate, and phos-

phate buffer solutions were used as support elec-

trolytes in analytical measurements. The BR buffer

(pH 3.00–8.00) was prepared from a mixture of acetic

acid, boric acid, and phosphoric acid at a concentra-

tion ratio of 1:1:1 (0.10 mol L-1 each), with the

addition of 3.00 mol L-1 NaOH to adjust the pH

medium. Other buffer solutions were made by add-

ing 3.00 mol L-1 NaOH to the acid solutions (citric,

phosphoric, and acetic acids) with a 0.10 mol L-1

concentration. Lastly, a 5.00 mmol L-1 KCl solution

was made upon adding the salt to the desired volume

of deionized water.

NPGE preparation

Before any measurement or modification, both GE

and NPGE were polished mechanically using alu-

minum suspensions of various particle sizes (0.05,

0.30, 1.00, and 3.00 lm), after which they were

cleansed with multiple washes in running deionized

water. The NPGE used herein was prepared accord-

ing to an anodization–reduction method described

elsewhere with modifications [21]. For the modifica-

tion, the potential was scanned from 0.00 to 2.00 V in

0.50 mol L-1 H2SO4 at a scan rate of 20 mV s-1. The

system was held at 2.00 V for 5, 10, or 15 min; then,

the reduction reverse scan to 0.00 V at 20 mV s-1 was

performed. Before and after modification, 30 cyclic

voltammograms ranged from 0.00 to 1.60 V in

0.50 mol L-1 H2SO4 at a scan rate of 500 mV s-1

performed for current stabilization [22]. The current

stabilization was evaluated by considering both

capacitive and faradaic (gold oxides peak current)

overlapping. The procedure was considered done

when little to no difference in these values was

perceived.

Electrochemical measurements

All measurements were carried out on an Autolab

PGSTAT302N potentiostat equipped with a FRA2

impedance module (Metrohm, Netherlands) con-

nected to a computer with the NOVA 2.0 software.

pH measurements were taken using an 827 pH Lab

pH meter (Metrohm, Switzerland), and a Fisatom 722

vortex shaking system (2800 rpm) was used to

homogenize reagents better. A single-compartment

three-electrode electrochemical cell containing

5.00 mL of supporting electrolyte was used for all

electrochemical measurements. The working elec-

trodes consisted of a bare bulk gold electrode (GE)

and a nanoporous gold electrode (NPGE); the refer-

ence and auxiliary electrodes comprised Ag/AgCl,

KClsat, and platinum wire, respectively.

The electrochemical behavior of DCBQ was stud-

ied on both GE and NPGE in 0.10 mol L-1 BR sup-

porting electrolyte (pH 7.00) using cyclic

voltammetry in a potential range of—0.30–0.80 V, at

the scan rate of 20 mV s-1. Afterward, the modified

electrode was used to record cyclic voltammograms

(CVs) in 0.50 mol L-1 H2SO4 from a lower potential

of 0.00 V to a potential of 1.60 V, at a scan rate of

100 mV s-1. Data recorded were used to obtain the

electrochemical surface area (ECSA) of the electrodes,

based on the following equation:

ECSA ¼ Q

SSA

Q is the total charge of the reduction peak in the

reverse scan, and SSA is the specific surface area of

the crystal structure, assumed to be 390 lC cm-2 [23].

The total charge is obtained by dividing the inte-

grated reduction peak area, determined by Nova

software, with the measurement’s scan rate

(100 mV s-1).

Electrochemical impedance spectroscopy (EIS)

measurements were performed in 0.10 mol L-1 KCl

containing 5.00 mmol L-1 [Fe(CN)6]
3-/4- at an
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applied potential of 272 mV versus Ag/AgCl. A fre-

quency range between 100 kHz and 100 mHz at an

amplitude of 10 mV was used. The Nyquist plots

were represented by the intersection of the real (Z0)

and the imaginary (- Z‘‘) coordinate axes, which

results in a semicircle at the high-frequency region

and a line at low frequencies. Based on the data from

the plots, equivalent circuits were obtained, where Rs

represents the uncompensated solution resistance, Rp

denotes electron transfer resistance element, and CPE

designates the constant phase element that defines

the double-layer capacitance according to the Ran-

dles cell model.

The pH study was realized using BR supporting

electrolyte in a pH range of 3.00–8.00 by the linear

sweep voltammetry (LSV) technique at the scan rate

of 100 mV s-1 (- 0.20 to 0.70 V). Using the same

technique, a study for scan rate was performed,

varying its value from 1 to 400 mV s-1. To evaluate

the monolayer homogeneity and electrons number in

the overall reaction process, the full width at half

maximum (FWHM) was obtained according to the

equation [24]:

FWHM ¼ 3:53
RT

nF
¼ 90:6

n

F is 96.485 C mol-1, n is the number of electrons

transferred, T is temperature, and R is the ideal gas

constant [24].

Cyclic voltammetry (CV), differential pulse

voltammetry (DPV), square wave voltammetry

(SWV), and linear sweep voltammetry (LSV) tech-

niques were analyzed for sensible DCBQ determi-

nation. The one with a higher current signal was

chosen, and all parameters of the proposed method

were optimized. The calibration curves were then

constructed by the successive addition of different

volumes of the standard solution in the electro-

chemical cell. Figures of merit such as limit of

detection (LOD), the limit of quantification (LOQ)

were obtained using the following equations [25, 26]:

LOD ¼ 3Sb
s

;LOQ ¼ 10Sb
s

Sb is the standard deviation value of ten measured

blanks, and s is the calibration curve slope. Every

measurement was realized at least in triplicate

(n = 3), and, whenever necessary, the blank subtrac-

tion was made to understand better and visualize the

peak current faradaic contribution.

A repeatability and reproducibility study was car-

ried out to assess the accuracy of the proposed

method in determining DCBQ; for this purpose, the

analytical signal was obtained from a series of 10

consecutive voltammograms (repeatability) and 10

different electrodes (reproducibility) under previ-

ously optimized conditions. The relative standard

deviations (RSD) of the tests were calculated

according to the equation, as follows [25, 27]:

%RSD ¼ S:
100

X

where S is the value of the standard deviation and

X is the average value between the measurements.

Recovery tests are related to the method’s accu-

racy, as it reflects the amount of the analyte studied

recovered in the process, concerning the actual value

present in the sample [25, 27]. Levels of DCBQ (5, 10,

and 15 lmol L-1) were chosen to fortify water sam-

ples, considering the linear range found in the ana-

lytical curve and the sensor aims applications in low

concentration values. For this study, tap water (trea-

ted by chlorination) and deionized water were ana-

lyzed. The following equation was used to calculate

the percent recovery, and its value should vary from

80,00 to 110,00% for good analytical acceptance

[25, 27].

%Recovery ¼ obtained value� real valueð Þ
real values

� 100

Physical characterizations

All atomic force microscopy (AFM—Flex-AFM,

Nanosurf, Switzerland) images were obtained in

contrast phase mode on an active vibration isolation

table (model TS-150, Table Stable LTD�) using a sil-

icon Tap190G cantilever (resonant frequency

190 kHz, force constant 48 N/m, Budget Sensors) in

setpoint of 50%. X-ray photoelectron spectroscopy

(XPS) analyses were performed with an

ESCA ? spectrometer system equipped with an EA

125 hemispherical analyzer and XM 1000

monochromated X-ray source (Scienta Omicron,

Uppsala, Sweden) in Al Ka radiation (1486.7 eV). The

calibration used the C 1 s peak (BE = 284.8 eV).

CasaXPS processing software version 2.3.15 (Casa

Software Ltd., Teignmouth, UK) was used for the

data analyses. Field-strength scanning electron

microscopy (FEG-SEM, also named SEM in the entire
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manuscript) images were obtained using JEOL�
JSM-IT300 (JEOL, Tokyo, Japan), operating at 5 kV.

Results and discussion

Electrochemical effect of time
on the anodization

An anodization–reduction process is a unique

approach for GEs 3D surface modification. Usually,

the method starts with anodization up to a particular

potential, holds for a while, and promotes the reverse

scan. However, one may notice that such a procedure

has to be carefully investigated once it can cause

detrimental effects on the electrode due to prolonged

exposition of the applied potential, diminishing its

usage considerably. Thus, three different times were

chosen—5, 10, and 15 min—to evaluate the effect of

anodizing time on gold’s electrochemical behavior in

a 0.50 mol L-1 H2SO4 solution, as depicted in Fig. S1.

The prominent oxidation waves at 1.19 V and 1.40 V

indicate Au’s preferential orientation (100) and Au

(111) crystal planes [28]. Also, the augmented current

response observed resulted from increasing the

electroactive area due to the potential exposure time.

By the results available in Fig S1 regarding the cur-

rent response, the 15-min modification seemed to be

the best choice and was used further in the

manuscript.

ECSA analyses were performed once it is an

essential factor to assess the materials’ reactivity in

conformity with the current previous results. The

process resulted in the surface areas of 0.14, 0.42, and

0.95, and 2.22 cm2 for the unmodified and 5-, 10-, and

15-min modified GEs, respectively. The GE modifi-

cation with 15 min holding at 2.00 V (according to the

experimental section) presents the higher electro-

chemical surface area, which is interesting for our

sensing applications proposes. Nevertheless, the

surface modification needs to be analyzed to evaluate

the damage degree of the surface, aiming for a

reproducible and reusable electrode.

State-of-the-art electrochemical approach
to fabricate NPGEs

Most literature on the subject leans toward analyzing

the role of the anodization–reduction process by

SEM. Figure 1a) shows the unmodified electrode as it

is; it is noticeable the absence of nanoporous on GE’s

before the electrochemical process, with typical ran-

dom surface roughness and scratches due to the

mechanical polishing [29]. Following the electrode’s

Figure 1 SEM images of the GE at three different stages:

a unmodified gold electrode surface; b gold surface after

anodization at 2.00 V, held for 15 min (forward scan); and

c gold surface after electrochemical reduction to 0.00 V (reverse

scan). The surface modification was carried out in a 0.50 mol L-1

H2SO4 solution at a scan rate of 20 mV s-1.
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electrochemical modification, Fig. 1b) demonstrates

that the anodization process at 2.00 V was efficient

for the GE surface modification (15 min), i.e., a dis-

tinguished three-dimensional nanoporous network

structure was observed. According to Cherevko et al.,

the electrochemical oxidation and the dissolution of

Au occur at similar potentials, forming simultane-

ously several forms of oxides, hydroxides, or hydrous

oxides on the gold surface, while the formation of

Au3? ions causes diffusion from the vicinity of the

electrode [30]. Although Au3? species are stable in

acidic solutions at appropriate positive potentials, the

formation of the gold oxides causes passivation to the

system, not allowing a substantial dissolution of gold,

which occurs due to a transient gold dissolution step

[30, 31]. Such a process may explain the nanoporous

structure formation observed.

Figure 3c) shows the SEM image acquired after the

electrochemical reduction reverse scan to 0.00 V. It

can be seen an even more porous structure than in

Fig. 1b). Although the exact process is not straight-

forward, some observations are possible based on the

Cherevko et al. studies: (1) The gold re-deposition is

negligible in the time scale of the experiments due to

kinetics as the ions are not located in the double-layer

region of the electrode; (2) the negative-going sweep

causes the reduction of the oxides formed before; (3)

such process seems to have a similar transient dis-

solution of the gold mechanism of the anodization;

(4) the dissolution process is higher in the reduction

process [30]. Thus, the massive increase in the elec-

trode’s porosity can be explained and corroborates

that 15 min of anodization was the best choice once

higher exposition times would be detrimental for the

electrode’s surface. Also, the results suggested an

augmentation of the roughness of the electrode

surface.

However, by SEM images, we were not able to

evaluate the surface modification fully. For improved

analyses, the AFM technique was employed. Figure 2

shows topography images of the electrode surface in

the three stages. The AFM images are related to

mechanical and electrochemical processes. In Fig. 2a,

b), it is noticed that the electrode before anodization

presents a smoother surface, as expected, although it

is possible to verify scratches on the surface caused

by the polishing process. After the electrochemical

corrosion, a considerable increase in the surface’s

roughness was achieved (Fig. 2c, d)), slightly

increasing after the reduction stage (Fig. 2e, f)).

As the roughness of surfaces can be studied by

domain parameters, such as roughness average and

root mean square (rms) roughness, these parameters

can be used to compare changes on the substrate

surfaces [32]. Once the latter is considered more

sensitive for deviations from the mean line/plane, we

decided to use it as the comparison parameter. Thus,

the rms values presented by the GE are 16.8, 79.4, and

98.5 nm to the polished, after anodization, and after

reduction processes, respectively. The increase in the

rms observed by AFM analyses indicates the

enlargement of the surface area of the GE after the

electrochemical anodization and reduction process;

the higher the rms factor, the higher the surface area

of the substrate. It is worth noting that the AFM data

agree with the SEM data, which shows the rise in

porous in the GEs surface after electrochemical

treatment. The surface’s roughness significantly

increased compared to the unmodified GE, indicating

successful electrode surface modification.

One can notice that based on SEM and AFM

analyses, such three-stage surface modifications of

the GE not only promote an increase in the surface

area but also are responsible for the formation of an

adlayer of gold hydroxide/oxide. Thus, the nature of

the adsorption of species is different from the

unmodified GE, which can be interesting for sensing

applications, as discussed further [33].

Thus, to investigate GE’s surface composition and

chemical states’ changes after the anodization–re-

duction process, XPS spectra were collected from the

sample at the three stages. The wide-scan survey

spectra (low-energy resolution) for the three stages

present only Au, O, and C, attesting to the high

purity of the chosen electrode; consequently, the

same was observed for the other stages (Fig. 3a).

However, the narrow-scan high-resolution spectra

show different gold chemical states. One can notice

that two pairs of peaks are observable in all the

spectra (Fig. 3b, c) due to Au4f7/2 and Au4f5/2 spin–

orbit coupling. Figure 3b) shows peaks located at

84.02 and 87.72, attributed to Au0 species, while the

peaks located at 86.09 and 879.85 eV are related to

Au3? species. Similar peaks are observed to the

electrode at different stages, with slight shifts.

Although the same chemical species are present in

the three stages, the relative peak areas from 1 to 2

stages are significantly altered. (Stage 1 and 2 are

before and after electrochemical anodization,

respectively.) On this basis, the atomic percentages
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were estimated as 95.08% for Au0 and 4.92% for Au3?

for the electrode at stage 1. On the other hand, the

electrode at stage 2 presented 60.57% and 39.43% for

Au0 and Au3?, respectively. The XPS technique

attested quantitatively what SEM and AFM showed

before: the surface’s oxidation after the anodization.

Nevertheless, after the reduction reverse scan (stage

3), the phenomenon observed is more impressive:

96.12% and 3.88% for Au0 and Au3?, respectively

(Table S1). This result corroborates the data discussed

before: Although there is Au3? dissolution to the bulk

solution, the reverse scan can reduce most oxidized

species on the electrode surface. The process virtually

leaves the electrode to the same condition as before

the anodization–reduction procedure, however, with

the surface modified. Such information is highly

essential to verify the electrode working conditions,

as presented next.

After all the physicochemical characterizations

performed herein, we could attest to its 3D

Figure 2 AFM images of the

electrode at three different

stages: a and b before

anodization; c and d after

anodization at 2.00 V; and

e and f after reduction to

0.00 V.
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nanoporous surface nature. Thus, the modified elec-

trode can be correctly designed as a nanoporous gold

electrode (NPGE) from now on.

Impedance measurement and effect
of the modification on the DCBQ detection

Based on the data obtained, it was noteworthy that

the 15-min modification process presented the best

electrochemical area and current response without

intense damage on the electrode surface. An addi-

tional electrochemical characterization used to assess

the performance and properties of the NPGE is EIS

(Fig. 4a). The Nyquist plots obtained from the

unmodified GE and NPGE enabled us to calculate

solution resistances of 161.00 X and 3.90 X (see Ran-

dles equivalent circuit model in Fig. S2), respectively.

As expected, such data strongly indicate the dissim-

ilar structure and electrochemical performance after

the electrode modification, corroborating the physic-

ochemical characterizations. However, the unmodi-

fied GE presented higher charge transfer resistance

than the NPGE, which is unsuitable for sensing

issues. Thus, the surface area augmentation obtained

in the anodization–reduction prompted a more con-

ductive electrode.

Such results are highly related to the electrochem-

ical response of the DCBQ substrate on the electrode

(Fig. 4b, c). Also, such data allow us to evaluate the

properties of the prepared electrode, using it to

observe any electrocatalytic performance [34]. The

effect of the modification treatment on the obtained

CV curves without the substrate was intensifying in

the capacity current and faradaic processes [33]. The

same was observed with the substrate (recorded in a

potential range of - 0.30 to 0.80 V, 20 mV s–1,

0.10 mol L-1 Britton–Robinson buffer ionic strength,

pH = 7.00), validating the larger surface area for the

modified material. Besides the intensification, the

modification also caused oxidation (0.25 V/0.17 V)

and reduction (0.17 V/0.15 V) potential swifts for the

unmodified GE and NPGE, respectively, indicating

an electrocatalytic behavior due to the surface mod-

ification carried out. Also, the modification drove a

remarkable increase in the anodic (232.56%) faradaic

current peak contribution. Moreover, the following

measures will be done in the anodic region due to

this great augment in the anodic current peak

Figure 3 a XPS low-energy

resolution spectra of the

electrode at the three different

stages. The electrode’s high-

resolution spectra at the same

stages: b before anodization;

c after anodization at 2.00 V;

and d after reduction to

0.00 V.
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compared to the unmodified electrode. The same

trend of potential swift and intensification was

obtained with the modification time (Fig. 4d), fol-

lowing the physicochemical characterizations and

previous electrochemical analyses. However, the

increase in the electrochemical surface area does not

imply the same response in the faradaic current due

to kinetics issues [35]. Therefore, the differences in

electrocatalytic activity cannot be related to differ-

ences in the surface area. As a result, these results

indicate that the nature of the surface modification

strongly affected the detection and electrocatalytic

sensitivity toward DCBQ.

Effect of pH and scan rate on the DCBQ
voltammetric response

A detailed pH dependence study to evaluate the

optimum charge transfer rate for the sensor was

performed. At first glance, we observed that the

DCBQ’s electrocatalytic degradation process was

higher at alkaline media, which was expected once

the compound is prone to hydrolysis at such envi-

ronments, resulting in a hydroxyl-substituted com-

pound [36]. Thus, the pH effect was evaluated in a

limited pH range (pH = 3.00, 4.00, 5.00, 6.00, 7.00,

and 8.00) at a scan rate of 20 mV s–1 (Fig. 5a). A

strong pH effect is evident on the voltammograms,

with a quasi-linear increase in the Ip with pH

increasing up to 5.00, with an Ip reduction over this

pH (due to stability issues of the DCBQ) [37]. Such a

trend indicated that protons participate in the elec-

trode’s process and that the NPGE is a suitable plat-

form to prepared sensors for DCBQ detection. From

this plot, it was also possible to obtain an FWHM of

0.052 ± 0.004, allowing for a number of electrons of

1.70, which follows the literature redox mechanism of

2-electron transfer with 2 protons [38]. From Fig. 5b,

one can notice that the plot of Ep versus pH in the pH

range considered provided one linear relationship of

Ep = 0.62–0.06 (pH); r = - 0.9995. The obtained

slope suggests an equal number of protons and

electrons in DCBQ oxidation according to the theo-

retical 0.0592 V/pH. Figure 5c presents a plot of Ip

versus pH with an enhanced peak in pH 5; thus, this

pH was maintained throughout studies [39].

The LSV technique evaluated the effect of the scan

rate. The potentials of DCBQ shifted to positive val-

ues with the scan rate increase (Fig. 5d) with peak

area increase. The equation attained from the plot Ip

versus t1/2 presented a linear correlation with an

r = 0.9932 that suggests a process ruled by diffusion.

Figure 4 a Nyquist plots for

the unmodified GE and NPGE.

b CV for the unmodified GE

with and without the substrate.

c CV for the NPGE with and

without the substrate. d CV of

the different modification

times of the GE. Data were

recorded in 0.10 mol L- 1

Britton–Robinson buffer ionic

strength, pH = 7.00, scan

rate = 20 mV s–1, [DCBQ]

99.00 lmol L- 1.
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Besides, the plot of log Ip versus log t gave a slope of

0.64, near the theoretical 0.50, suggesting a diffusion-

controlled process [40].

Sensing performance optimization

We were able to qualitative/quantitatively evaluate

the NPGE surface and made some pertinent consid-

erations upon applying such an electrode for DCBQ

detection. Also, we proved that the conditions and

time were the ideal ones for achieving a substantial

change on the GE surface. However, the utilization of

gold is an essential issue for electrocatalytic sensing,

taking advanced on the surface nanostructuring of

our system. Thus, in the next step, we decided to

investigate the performance of the NPGE on the

electrocatalytic detection of 2,6-dichloro-1,4-benzo-

quinone. Four parameters were optimized—elec-

trolyte composition, electrolyte concentration,

voltammetric techniques for DCBQ sensing, and after

the best voltammetric process was chosen, its opti-

mization. The optimization of these parameters aims

to develop a sensor with higher sensitivity in the

determination of DCBQ.

Influence of different electrolyte buffers
on the electrochemical response of DCBQ

The electrolyte buffers—acetate, Britton–Robinson,

citrate, and phosphate—were assessed to be used

herein to fabricate a sensor with an optimized active

electrode. By respecting the previously obtained

pH = 5.00, such electrolytes were chosen due to their

buffering capacity. The experiments were performed

using the same concentration of buffer and substrate

of 0.10 mol L-1 and 49.75 lmol L-1, respectively. It

was found that an intensification in the current was

achieved by using citrate buffer with the square wave

voltammetry technique (Fig S3a). The current peak

was obtained among 0.20 V e 0.35 V, with lower

deviations in the data (Fig S3b). Such a buffer was

chosen for the following experiments.

Influence of the concentration of citrate
buffer on the electrochemical response
of DCBQ

The effect of the citrate concentration on the electro-

chemical response of DCBQ was studied by

employing the following concentrations: 0.025, 0.050,

0.10, 0.25, and 0.50 mol L–1. Figure S3c shows the

Figure 5 a Linear sweep

voltammograms recorded with

NPGE in BR buffer 0.10 mol

L- 1, b peak current versus

pH, and c peak potential

versus pH (presence of DCBQ

5.00 mmol L–1, pH range

3.00–8.00). d Linear sweep

voltammograms recorded with

NPGE. e Dependence of the

log (anodic current) versus log

(scan rate) (presence of DCBQ

2.00 mmol L- 1, scan rate

ranging from 1 to 400 mV s–1

and the inset of

Figure 50–400 mV s–1 of

blank measures).
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voltammograms for the different concentrations of

the solutions, and the optimum condition was

defined through the current difference among the

diverse concentrations. (Figure S3d presents the

deviations in the data.) Almost a fourfold improve-

ment in the DCBQ response was observed, from 0.50

to 0.10 and 0.025 mol L–1. The chosen condition was

0.10 mol L–1.

Voltammetry technique choice
on the electrochemical response of DCBQ

Although the previous optimizations were per-

formed using square-wave voltammetry, it cannot be

the best method for the electrochemical response of

DCBQ. Thus, SWV, CV, and VPD were carried out to

compare which technique is the most suitable for

DCBQ detection. Comparatively, SWV was the most

sensitive technique, with less background charging

current (non-faradaic processes), while CV was the

least sensitive. Also, the SWV method showed the

most prominent peak current for the oxidation of the

substrate. The peak current shift observed for the

SWV (0.27 V) when compared to CV (0.26 V) and

VPD (0.23 V) is due to the forming characteristics of a

capacitor and the internal resistance of the source of

voltage related to each technique [41]. Based on the

findings, the SWV method was chosen for the

detection procedures.

Optimization of the SWV parameters

SWV parameters were optimized to enhance the

electroanalytical current signals of the DCBQ detec-

tion, aiming to affect the height and resolution of the

peak. The step potential (Estep) was recorded in a

potential window from 1 to 10 mV exposed to

0.20 mmol L–1 DCBQ (Fig. S4a). One can notice that a

peak current increase was observed along with the

step size rise, which can be better seen in Fig. S4b.

However, the peaks’ resolution suffered a decline

with the Estep augmentation, which is not interesting

for our proposals. Thus, 10 mV was selected for the

Estep, demanding further optimizations based on the

signal intensity.

The pulse amplitude was studied from 1 to 100 mV

(Fig. S4c, d). As expected, the peak current increases

at the variation of pulse amplitude. However, the

peak resolution was lost over 80 mV, without a gain

in the peak current, being such pulse amplitude

chosen for the successive experiments. The frequency

is another parameter that affects the peak current in

SWV, being studied in a range of 20–60 Hz. Accord-

ing to Fig. S4e, f, 25 Hz was selected as the frequency

once it offers the highest sensitivity, with higher

signal intensity. Under these parameters, the

voltammetric measurements were obtained in just

2.4 s, which was used for the subsequent analytical

applications.

Analytical performance

Once the optimizations were performed, the analyti-

cal performance of the NPGE was tested. The cali-

bration curve was performed for DCBQ

concentrations from 5.00 to 278.84 lmol L-1 at pH =

5.00 and 0.10 mol L–1 citrate buffer (Fig. 6a). All the

experiments were performed in triplicate (n = 3), and

it was handled by subtracting the blank sample to

permit only faraday currents. The calibration curve

presented two linear ranges (Fig. 6b), which fit the

following equations: y = 0.64 9 - 0.53 (r = 0.9973)

and y = 0.20 9 ? 45.29 (r = 0.9955). Such phe-

nomenon is related to the 3D nanostructuration of the

electrode performed, which promoted the formation

of a complex surface with different equilibrium dis-

sociation constants [42]. The detection limit, quan-

tification limit, and sensibility were 0.77, 2.56, and

0.64 lA lmol L–1, respectively. Although the litera-

ture may present lower quantification and detection

limits [43–45], our system is fast, low-cost, and easy

to handle. A pre-concentration step can handle lower

concentrations of the substrate. [46]

Repeatability and reproducibility: material
analyses explanation of the electrochemical
data

Repeatability and reproducibility are two crucial

parameters to evaluate the sensor performance. These

parameters are essential to assess the operational

period of the sensor under working environment

conditions [47]. The NPGE presented an R.S.D of

3.90% for ten repetitive measurements using the

same electrode, which underwent 10 modifications

before the analyses (Fig. 6c, d). Also, it offered a

remarkable reproducibility, with R.S.D of 2.97% for

ten repetitive measurements using the same elec-

trode, however, with the same modification (Fig. 6e,

f).
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The same characterizations carried out with the as-

modified electrode were performed after the ten

repetitive measurements (for the reproducibility

tests) to understand better such results based on

materials’ analyses. In Fig. 7a, the SEM image shows

remarkable modifications on the electrode’s surface

compared to Fig. 1c. The same effect is observed with

AFM analysis after repeatability tests (Fig. 7b, c).

Although the rms obtained was 98.6 nm, and its

value is near that estimated before DCBQ detection

(98.5 nm), there are evident changes in the topogra-

phy of the NPGE. It is noticed that the presence of

large agglomerates and the interaction of AFM’s tip

with the surface is impaired, probably due to the

adsorption of by-products on the NPGE surface after

DCBQ oxidation.

Further, the analysis with XPS, which was per-

formed after the measurements, shows the same

chemical states for the as-modified electrode, i.e., the

two pairs of peaks of Au4f7/2 (Au0 species: 84.04 and

87.73 eV) and Au4f5/2 (Au3? species: 86.34 and

90.15 eV) are present with slight shifts. The atomic

percentages were estimated as 91.11% for Au0 and

2.89% for Au3?. Consequently, the XPS analysis

shows the preservation of the electrode surface

regarding the chemical states of the gold surface.

Thus, although changes were observed, the analytical

electrode’s response is the same.

Real sample analysis: tap water and recovery
method

One of the major challenges in electrocatalytic

detection is to remove the interfering responses

generated by some endogenous species. Therefore,

deionized water was also investigated with tap water

Figure 6 a SWV, b blank and

c peak currents recorded for

the NPGE. DCBQ

concentration: 5.00 to

278.84 lmol L-1. d SWV and

e peak current for

reproducibility tests. f SWV

and g peak current for

repeatability tests. Conditions

for (d–g): DCBQ

concentration: 49.75 lmol

L–1. The experimental

conditions were: 0.10 mol L–1

citrate buffer, scan

rate = 20 mV s–1,

frequency = 25 Hz,

Estep = 10 mV, Eamp = 80 mV.
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(Figs. S3 and S4). Thus, we decided to use the

recovery method for the analyses performed herein,

which consists of spiking a known amount of an

analyte solution [48]. For that, three different DCBQ

concentrations were used—5.00, 10.00 and

15.00 lmol L–1—according to the linear range of the

calibration curve. According to Table 1, there was no

significant matrix effect as remarkable accuracies

with recovery percentages between 98.80 and

107.30% for the deionized water were obtained, while

recovery percentages among 101.10 and 107.60%

were achieved for the tap water. Such results are

essential for our plans once the sample preparation is

not an issue before the analyzing using our sensor.

Based on such satisfactory data, we can affirm the

effectiveness of the developed system for DCBQ

detection on real samples.

Conclusions

We performed a systematic experimental investiga-

tion on the electrocatalytic sensing activities of DCBQ

on an NPGE as a function of its electrochemical

surface modification. We were able to attest that the

detection, before optimization, displayed a time of

modification-dependent behavior, following an

increased activity with exposition to 2.00 V anodiza-

tion process time. SEM, AFM, and XPS analyses

explained the higher catalytic activity for the 15-min

Figure 7 a SEM image, b,

c AFM images of the

electrode, and c XPS low-

energy resolution spectra of

the NPGE after ten repetitive

measurements.

Table 1 Recovery tests

performed with deionized and

tap water

Matrix DCBQ (lmol L-1) Concentration (lmol L-1) Recovery (%)

Deionized water 5.00 4.94 ± 0.06 98.80

Deionized water 10.00 10.87 ± 0.63 108.70

Deionized water 15.00 16.09 ± 0.60 107.27

Tap water 5.00 5.30 ± 0.34 107.60

Tap water 10.00 10.70 ± 0.70 107.30

Tap water 15.00 15.00 ± 0.95 101.10
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modified electrode as the modification process was

efficient; also, we were able to show that the routine

was not an area issue. To the best of our knowledge,

this is the first time that physical–chemical charac-

terizations have explained the performance of an

NPGE. Also, we were able to evaluate the electro-

chemical reproducibility using the same materials

characterization methods, showing that the system

presented some damage but maintained its analytical

response. After the optimizations, the NPGE gave

efficiency for the real sample tap water analyses,

showing low/no matrix effects as remarkable accu-

racies with recovery percentages were achieved. LOD

and LOQ, as well as the system sensibility, showed

excellent results for the sensing probe. The electro-

analytical detection of DCBQ in treated water sam-

ples by an NPGE is yet to be reported in the

literature, as this is the first work that shows such

results. We highly believe that our result will provide

new opportunities to evaluate and develop new

NPGEs electrocatalytic sensors with enhanced prop-

erties. The applications of the NPGE presented a

potential for more uses, with a great approach in

analytical performances.
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