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Abstract: An electrochemical method was developed to investigate the redox properties of zinc
oxide (ZnO), zinc peroxide (ZnO2), and sodium-doped zinc peroxide (Na-ZnO2) nanoparticles. The
intention was to distinguish the identity of these nanoparticles among themselves, and from other
transition metal oxide nanoparticles (TMONPs). Analysis of 3 mM sodium metabisulfite by cyclic
voltammetry (CV) produced anodic/cathodic peak currents that are linearly related to the mass of
deposited nanoparticles. A graphite working electrode was essential to the oxidation of metabisulfite.
ZnO nanoparticles were crucial to the enhancement of metabisulfite oxidation current, and PPy
coating could suppress the current enhancement by covering all nanoparticle surfaces. Furthermore,
meso-tetrakis(4-carboxyphenyl) porphyrin was demonstrated to be a good chemical reagent that
facilitates the differentiation of ZnO from ZnO2 and nanoparticles by CV analysis.

Keywords: cyclic voltammetry; electrochemical analysis; meso-tetrakis(4-carboxyphenyl)porphyrin;
metabisulfite; nanoparticles; polypyrrole; sodium-doped; zinc oxide; zinc peroxide

1. Introduction

Non-precious transition metal oxide nanoparticles (TMONPs) offer numerous op-
portunities for various cost-effective chemical, electrochemical, electronic and fuel cell
applications [1–3] based on their catalyst, oxidation, pseudo-capacitor, and semiconductor
properties [4–6]. These nanoparticles can also be used for chemotherapy, implant dis-
infection, photodynamic therapy, and wound dressing [7–11]. Titanium dioxide (TiO2)
nanoparticles were commonly used as an additive in food products until banned by the
European Union (EU) in 2021 due to their potential health risks [12]. Zinc oxide (ZnO)
nanoparticles have been applied in wastewater treatment based on their ability to adsorb
heavy metals and oxidize organic pollutants [13,14]. The optical, structural, and vibrational
properties of zinc oxide (ZnO) versus zinc peroxide (ZnO2) nanoparticles are different, as
determined by their chemical stoichiometry, size distribution, and surface morphology [15].
ZnO2 is a wide-band-gap semiconductor of the cubic crystal lattice structure that has
attracted attention in a variety of scientific fields and industrial applications. Its photocat-
alytic activity can be enhanced by doping with Sn2+/4+ [16]. Before ZnO2 nanoparticles can
be adopted for the next generation of antimicrobial and biomedical applications [17,18], a
more insightful understanding of their redox properties must be gained. Cytotoxicity of
ZnO2 is related to H2O2 release, alkalinity, and Zn2+ itself [19]. The Zn K-edge X-ray absorp-
tion spectroscopy can be used to indicate the decomposition of ZnO2 to ZnO [20]. Scientific
investigations into the toxicity of TMONPs these days have largely focused on in vitro,
in vivo, in vertebrates, and in invertebrates [21]. Instrumental characteristic techniques
include scanning/transmission electron microscopy, photoacoustic imaging, single-particle
inductively coupled plasma mass spectrometry [22–25], and capillary electrophoresis. Un-
fortunately, these techniques require expensive equipment, high maintenance/operating
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costs, and long analysis time. There is a pressing need for cost-/time-effective methods to
assess the toxicity risk of TMONPs, especially the submicron-granular form of suspended
solids in environmental water samples.

In comparison, electrochemical techniques offer the advantages of short analysis time,
small sample size, and inexpensive equipment for testing the oxidation toxicity of TMONPs
in relation to reactive oxygen species (ROS) [26]. Several electrochemical techniques are
suitable for the analysis of ZnO and ZnO2 nanoparticles, including cyclic voltammetry [27],
square wave voltammetry, differential pulse voltammetry, electrochemical impedance spec-
troscopy [28–30], and faradaic charge transfer measurement of the pseudocapacitance [31].
Cyclic voltammetry (CV) had previously been reported for the electrochemical sensing
of ZnO nanoparticles deposited on a graphite electrode [32], electrochemical deposition
of reduced graphene oxide on carbon fibers [33], and electrochemical characterization of
Co(III), Ni(II), and Cu(II) mononuclear complexes on a glassy carbon electrode [34]. This
electrochemical technique takes advantage of intuitive theory, simple operation, rapid
analysis, and easy training. The development of a CV method for the electrochemical
analysis of ZnO and ZnO2 nanoparticles in aqueous suspension is beneficial for chemical
and environmental toxicology research.

In this work, the research was designed around a novel approach utilizing the unique
surface reactivities of individual transition metal oxides toward two chemical reagents.
Specifically, the TMONPs deposit was modified with either polypyrrole (PPy) or meso
tetrakis-4-carboxyphenyl porphyrin (TCPP) to distinguish between ZnO and ZnO2 nanopar-
ticles. Polypyrrole is a conducting polymer [35] that has been extensively utilized with
transition metal oxide/nitride/carbide nanoparticles in advanced applications such as
batteries [36], biosensors [37,38], corrosion protection [39], energy storage [40], gamma
irradiation shielding [41], gas sensors [42], heavy metals detection [43], optoelectronic
devices [44], packaging of perishable food products [45], photoreforming of plastic waste
to hydrogen [46], removal of fluoride [47], soft tissue engineering [48], supercapacitors [49],
treatment of infections [50], as a uric acid sensor [51], and water treatment [52]. The
physicochemical properties and supercapacitance behavior of various PPy/metal oxide
composites have recently been reviewed [53]. Both organic or inorganic additives (carbon
nanotubes, graphenes, metals, metal oxides, and metal sulfides) in the PPy matrix can
improve flammable/toxic gas sensing performance [54]. TCPP is a macromolecular hetero-
cyclic compound that has been increasingly employed in the design of material for cancer
therapy. Its strong light absorption in the ultraviolet to visible spectral regions makes it
an efficient photodynamic agent for modifying metal oxide nanoparticles to kill tumor
cells in photodynamic therapy [55,56]. TCPP has also been employed in chemiresistive gas
sensing [57], DNA base sensors [58,59], food allergen detection sensors [60], membrane
nanofiltration [61], photocatalytic reduction of CO2 [62], and photoelectrochemical cells [63].
Dentate binding of ZnO nanoparticles with the carboxylic groups of TCPP was applied
in the photoelectrochemical biosensing of cysteine [64]. Methodologies to functionalize
the ZnO surface with porphyrins were reviewed for the development of sensors [65]. As
porphyrins are hydrophobic π-conjugated macrocycles, TCPP can adsorb on nanocrys-
talline TiO2 by bridging coordinate bonds [66] through an O=C-O-Ti bond [67]. A hybrid
of TCPP molecules encapsulated by PPy matrix has been applied as an electrochemical
sensor for the detection of cadmium ions [68]. Na-doped ZnO2 nanoparticles were newly
synthesized in our lab even though Ag, Ca, Co, Cu, Eu, Fe, Ga, Ho, K, Mg, Mn, Ni, Sm,
Sn, and W-doped ZnO nanoparticles had previously been reported in the scientific litera-
ture. To the best of our knowledge, the difference in electrochemical properties between
Na-doped ZnO2 and ZnO2 nanoparticles has never been reported. In the present work, a
new electrochemical method was developed for the quantitative analysis of ZnO and ZnO2
nanoparticles in aqueous suspension by spot-casting them on a graphite SPE. Modification
by electropolymerization of pyrrole [69] produced a uniform coating that covered all the
nanoparticles, thereby increasing the electrical contact area between ZnO/ZnO2 nanoparti-
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cles and graphite. Selectivity was attained using sodium metabisulfite as a molecular probe
that helped distinguish ZnO from ZnO2 and Na-doped ZnO2 nanoparticles [70–87].

2. Materials and Method
2.1. Materials

Potassium chloride, zinc acetate, ZnO nanoparticles, and TiO2 nanoparticles (<50 nm,
>97%) were purchased from Millipore-Sigma (Oakville, ON, Canada). Sodium acetate was
obtained from Anachemia (Lachine, QC, Canada). Hydrogen peroxide (35%) was obtained
from Caledon (Georgetown, ON, Canada).

2.2. Preparation of Zinc Peroxide Nanoparticles

ZnO2 nanoparticles were synthesized using a sol–gel method adapted from the lit-
erature via thermal reaction between zinc acetate and H2O2 in an ultrasonic water bath
at 60 ± 1 ◦C for 30 min [88]. Sodium doping was attained by adding sodium acetate to
attain a Na:Zn atomic ratio of 1.0 in the synthesis mixture. Zensor TE100 screen-printed
electrodes (SPEs) were obtained from eDAQ (Colorado Springs, CO, USA) with a graphitic
working electrode (diameter: 0.3 cm), a graphitic auxiliary electrode, and an Ag/AgCl
pseudo-reference electrode.

2.3. Sample Preparation

Standard aqueous suspensions of ZnO or ZnO2 nanoparticles (22–860 µg/mL) were
freshly prepared by serial dilution of a stock with distilled deionized water after ultrasonic
homogenization at 40 W for 5 min to overcome suspension inhomogeneity [89]. Previously,
30 min was allowed for the larger nanoparticles to precipitate out of the suspension. An
aliquot (150 µL) of each suspension was drop-casted on an SPE and allowed to dry out
inside a dehydrator (Kwasyo FD-02, 650 watts) at 35 ◦C. Drop casting is a technique
commonly used to modify electrode surfaces for sensor fabrication by depositing a known
mass of nanoparticles that can be calculated as the arithmetic product of drop volume and
nanoparticle concentration. The adhesion between the nanoparticles and the electrode
surface is attributed to a combination of surface, capillary, and van der Waals forces.
The drop spread outside the working electrode area to cover the counter and reference
electrodes. We tested a smaller volume (than 150 µL) to cover only the working electrode
area and observed a very similar shape of the cyclic voltammogram and amplitudes of
redox currents, probably due to the penetrable nature of deposited TMONPs.

2.4. Scanning Electron Microscopy

A deposit of nanoparticles on the SPE was confirmed through energy-dispersive
X-ray spectroscopy (EDS) in a TESCAN Vega-II XMU VP scanning electron microscope
(Warrendale, PA, USA) with an Oxford Advanced AZtechLive EDS detector for elemental
composition analysis. Before SEM imaging and EDS analysis, the SPE surface was gently
cleaned with compressed air and coated with a thin layer of gold that provided uniform
electrical conductivity, inhibited charging, reduced thermal damage, and improved the
secondary electron signal required for topographic examination by SEM [90].

2.5. Electrochemical Analysis

A Homiangz µEA160C electrochemical analyzer (Longman, CO, USA) was used for
all CV analysis at 25 ◦C. Unless specified otherwise, typical experimental parameters were
initial potential: 0.0 V, high potential: +1.6 V, low potential: −1.6 V, scan rate: 0.100 V/s,
initial scan direction: negative for reduction or positive for oxidation, segments: 2, sample
interval: 0.001 V, quiescent time: 2 s, and sensitivity: 10 mA. A supporting electrolyte
solution (150 µL) containing 1.0 M KCl and 0.003 M sodium metabisulfite (pH of 6–7) was
loaded on top of each SPE to obtain both cathodic reduction and anodic oxidation peak
currents. Degassing with argon/helium/nitrogen was neither feasible for the small volume
of sample loaded nor practical for screening analysis of environmental water in the field.
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2.6. Modifications with Polypyrrole and Meso-tetrakis(4-carboxyphenyl) Porphyrin

In situ electrochemical polymerization was carried out by placing 150 µL of pyrrole
(0.2 M in 0.1 M KCl supporting electrolyte) solution and applying +0.80 V vs. Ag/AgCl on
the graphite working electrode to form a coating of PPy over the nanoparticles deposited
on the SPE. After 10, 20, or 30 min, the spent solution was replaced by a fresh solution to
continue the electrochemical polymerization for a thicker coating. Alternatively, SPEs were
modified by the addition of meso-tetrakis-4-carboxyphenyl porphyrin (TCPP) dissolved in
ethanol. An aliquot (10 µL) of TCPP solution was added on the SPE and allowed to dry in
air before electrochemical analysis of sodium metabisulfite (0.003 M) by cyclic voltammetry.

3. Results and Discussion
3.1. Structural Characterization of ZnO2 Nanoparticles

Scanning electron microscopy was used in Figure 1a to characterize the ZnO2 nanopar-
ticles facilely prepared in our lab by following Ramírez et al.’s sol–gel method under
ultrasound assistance. The energy dispersive X-ray spectroscopy analysis identified in
Figure 1b an elemental composition of 66.75% oxygen and 33.25% zinc, in good consistence
with the chemical formula of ZnO2.
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Figure 1. (a) Scanning electron microscopy and (b) energy dispersive X-ray spectroscopy of ZnO2 
nanoparticles prepared in our lab. 
Figure 1. (a) Scanning electron microscopy and (b) energy dispersive X-ray spectroscopy of ZnO2

nanoparticles prepared in our lab.

3.2. Cyclic Voltammetry

The development of a new electrochemical method for the characterization of ZnO
and ZnO2 nanoparticles in aqueous suspension began by drop casting an aliquot (150 µL)
on an SPE. After drying out, 1.0 M KCl was loaded on top of the residue before the SPE
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potential was scanned from 0.0 V to first +1.6 V and then −1.6 V vs. Ag/AgCl. As shown
in Figure 2, the reduction currents at −1.0 V were attributed to oxygen dissolved in the
KCl supporting electrolyte solution. These results can be explained by both the large total
surface area of all nanoparticles and the superior electrical conductivity of ZnO behaving as
a semiconductor material [91]. Next, the oxygen reduction current at −1.3 V vs. Ag/AgCl,
measured by CV scanning from 0.0 V to first +1.3 V and then −1.3 V, was plotted vs. the
mass of ZnO nanoparticles deposited on each SPE, as shown in Figure 3. Below 76 µg of
nanoparticles, the current was nearly zero despite the increasing mass of nanoparticles.
Apparently, the nanoparticles were falling through the porous graphite electrode surface
and stayed underneath. Above 76 µg of nanoparticles, the rough graphite electrode surface
was filling up with more nanoparticles with superior electrical conductivity to enhance the
reduction current. The linear dynamic range, albeit limited to 76–228 µg, could potentially
be used for the quantitative analysis of ZnO nanoparticles. Above 228 µg of nanoparticles,
the electrode surface was fully packed with ZnO and the reduction current flattened out in
spite of the further mass increase.
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Figure 2. Cyclic voltammograms for 106 µg of ZnO nanoparticles, 103 µg of ZnO2 nanoparticles,
and no nanoparticles deposited on graphite screen-printed electrodes. Initial potential: 0.0 V, low
potential: −1.6 V, high potential: +1.6 V, scan rate: 0.100 V/s, initial scan direction: negative
(see arrow).

Calibration was constructed by CV analysis of standard zinc acetate solutions in 1.0 M
KCl. Based on the reduction peak current for Zn2+ at−1.6 V vs. Ag/AgCl (after subtraction
of the blank current due to oxygen/water reduction), a linear regression equation (data
not shown) y = −0.001405x − 0.000023 with R2 = 0.9927 was obtained. By applying this
equation to the reduction currents presented above for ZnO nanoparticles, a correlation
can now be demonstrated in Figure 4 between an equivalent Zn acetate concentration and
the mass of ZnO nanoparticles deposited on SPE. Although this correlation model seemed
possible, it could not adequately explain the sigmoidal trendline to be considered as a major
contributor to the current.
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Figure 3. Analysis of 1.0 M KCl using graphite screen-printed electrodes with different masses of
ZnO nanoparticles deposited: (a) cyclic voltammograms, (b) reduction currents for ZnO→ Zn under
−1.6 V vs. Ag/AgCl. Scan rate: 0.100 V/s. Error bars represent one standard deviation of at least
triplicate measurements.
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Upon reversing the scan of working electrode potential in the positive direction, the
cathodic current decreased to the baseline level at −1.3 V vs. Ag/AgCl. Then, the anodic
current started to increase, producing a re-oxidation peak as the potential reached −0.20 V
approximately, as seen in Figure 5a. However, the peak current was significantly lower
than that of the oxygen/water reduction peak at −1.6 V before the potential scan reversal.
This peak was studied further by varying the mass of ZnO nanoparticles deposited on each
SPE. Interestingly, the peak current changed in proportion to the mass of ZnO nanoparticles
from 76 mg to 228 mg, as shown in Figure 5b. One plausible explanation is the oxidative
stripping of Zn from the SPE to form Zn2+ in the KCl solution. These results afforded direct
quantitative analysis of ZnO nanoparticles without the need for any chemical probes. The
analytical relationship was linear over a modest range of ZnO nanoparticles. CV analysis
of standard zinc acetate solutions in 1.0 M KCl also yielded the same re-oxidation peak
for Zn→ Zn2+ between −0.4 V and +0.1 V vs. Ag/AgCl. It is herein confirmed that ZnO
nanoparticles can dissolve in KCl solution, thereby forming Zn2+ (just like Zn acetate does)
that is electrochemically reduced at −1.3 V to form Zn and then re-oxidized eventually
at +0.1 V to reform Zn2+. The unusual shift of re-oxidation peak potential might indicate
a change in the diffusion zone thickness or the overpotential needed for oxidation as the
number of nanoparticles deposited increased [92]. It may be a sign of kinetic effects that
require control experiments at different scan speeds to investigate further.
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Figure 5. Cyclic voltammetry analysis of 1.0 M KCl using graphite screen-printed electrodes with
different masses of ZnO nanoparticles deposited: (a) cyclic voltammograms, (b) re-oxidation peak
current for Zn→ Zn2+ between −0.4 V and +0.1 V vs. Ag/AgCl. Scan rate: 0.100 V/s.
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As shown above in Figure 2, the cyclic voltammogram for ZnO2 nanoparticles looks
different from that for ZnO nanoparticles. One explanation is that ZnO + 2e− → Zn +
O2− and ZnO2 + 2e− + H2O→ Zn(OH)2 + O2−. Therefore, upon reversal of the potential
scan, an anodic stripping peak appeared at −1.28 V vs. Ag/AgCl from the re-oxidation of
Zn→ Zn2+, but no re-oxidation peak was observed for Zn(OH)2. Further research would be
needed to investigate the electrochemical mechanisms behind this difference. Interestingly,
ZnO2 nanoparticles afford a working potential window of 3.0 V (from −1.5 V to +1.5 V),
nearly as wide as that available from the SPE. In comparison, ZnO nanoparticles can afford
a window of only 2.6 V (from −1.2 to + 1.4 V) that is plagued by both the cathodic wave
(from −0.5 V to −1.4 V) due to reduction of dissolved oxygen in the KCl solution and the
anodic peak (at −1.2 V) arising from the re-oxidation stripping of Zn.

The growing number of commercial applications had brought aluminum oxide
nanoparticles under toxicologists’ purview in a previous report [93]. Both ZnO and ZnO2
nanoparticles were compared with Al2O3 nanoparticles for the electrochemical reduction
and re-oxidation of varying concentrations of H2O2 as a chemical probe. As shown in
Figure 6, ZnO2 nanoparticles produced the highest currents for the H2O2 re-oxidation peak
appearing at +0.9 V vs. Ag/AgCl. In contrast, Al2O3 nanoparticles produced the lowest
currents that did not seem to increase significantly with increasing H2O2 concentration.
Accordingly, the studied oxides/peroxides can be ranked in terms of their oxidation power:
ZnO2 > ZnO > Al2O3. This ranking agrees with ZnO2 having a higher toxicity than ZnO
nanoparticles [94]. Furthermore, the slope values can assist with the qualitative identifi-
cation of these three different TMONPs. Regardless of similarity in re-oxidation currents,
ZnO and ZnO2 nanoparticles differed in their electrochemical behaviors, as presented in
Figure S1. In segment 3 of the CV scan, ZnO nanoparticles reproduced practically the same
re-oxidation currents as those observed in segment 1. In stark contrast, ZnO2 nanoparticles
attained significantly higher re-oxidation currents in segment 3 than those observed in
segment 1.
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regression line (with R2 = 0.56) explicitly shows no linear relationship between current and H2O2

concentration for Al2O3.

3.3. Responsivity of Metabisulfite towards TMONPs

Sodium metabisulfite (0.003 M) was tested as the next chemical probe with Al2O3,
CuO, ZnO, and ZnO2 nanoparticles individually deposited on SPEs. As presented in
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Figure 7, CuO produced significantly higher metasulfite oxidation peak currents than
Al2O3, ZnO, and ZnO2. Several other metal oxide nanoparticles were also tested in their
response to metabisulfite for their quantitative analysis. Most chosen nanoparticles are
widely used in the industrial manufacturing of consumer goods. As summarized in
Figure 8, the net metasulfite oxidation peak current measured for each metal oxide nanopar-
ticle (within the controlled mass range of 110–118 µg) varied substantially among the
eight different TMONPs studied. Obviously, Co3O4 and CuO stand out among all nanopar-
ticles by generating the two strongest oxidation peak currents from 0.003 M metabisulfite,
as measured at +1.4 V vs. Ag/AgCl. This result seems to agree with the significant cytotox-
icity (cell death as measured by lactase dehydrogenase levels) previously reported for these
two types of nanoparticles [95]. Risk assessment of TMONPs generally comprises in vitro
cell-based assays and in vivo animal experimentation. The rapidly increasing number of
new composites and varying functionalization makes in vivo toxicity tests undesirable on
both ethical and financial grounds. Fortunately, the responsivity of metabisulfite holds
promise for development into an in vitro non-cell-based screening test that can predict the
toxicity of new TMONP composites with varying functionalization.
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Figure 7. Cyclic voltammetry analysis of 0.003 M sodium metabisulfite in 1.0 M KCl using graphite
screen-printed electrodes with different masses of nanoparticles deposited: (a) cyclic voltammograms,
(b) current for metabisulfite oxidation peak. Scan rate: 0.100 V/s. Error bars represent one standard
deviation of at least triplicate measurements.
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Figure 8. Net oxidation peak currents from 0.003 M metabisulfite measured at +1.4 V vs. Ag/AgCl
for different metal oxide nanoparticles deposited on individual SPEs.

For those SPEs with a deposit of CuO, Co3O4, MgO, or ZnO nanoparticles, one
interesting observation was the metabisulfite oxidation peak shifting to a less positive
potential range where the blank signal for the bare SPE was nearly zero. No significant
shift in the metabisulfite oxidation peak was observed for the other SPEs with a deposit of
Al2O3, TiO2, or CeO2 nanoparticles. In the scientific literature, Co3O4 and CuO are known
to be redox catalysts that can change their oxidation states (Co(II)/Co(III), Cu(I)/Cu(II))
readily. Further investigation will be needed to gain a full understanding of this discrepancy
between electrochemical behaviors of the two groups of metal oxide nanoparticles.

3.4. Modification of SPEs with Polypyrrole Coating

A facile technique was attempted to modify SPEs after the deposition of TMONPs.
Several SPEs, each with a deposit of ZnO nanoparticles in varying masses, were coated by
PPy via electrochemical oxidation of pyrrole (0.1 M) in 0.1 M KCl at a constant potential of
+0.8 V vs. Ag/AgCl during four consecutive time intervals. In the first interval (0–10 min),
as shown in Figure 9, the fresh aliquot of pyrrole produced oxidation currents that were
all below 0.0010 A. The current represents a flow of electrons from pyrrole molecules
into the graphite working electrode (diameter = 3.0 mm) and hence indicates the rate
of PPy formation as a coating over the graphite area (7.0 mm2). In the second interval
(10–30 min), a refreshed aliquot of pyrrole produced oxidation currents up to 0.0012 A.
These slightly higher currents suggested that a more efficient electron transfer was facilitat-
ing the oxidative polymerization process. In the third interval (30–60 min), a fresh aliquot
of concentrated pyrrole (0.2 M) produced remarkably higher currents, up to 0.0032 A. These
strong currents were sustainable without showing any significant decay. In the fourth inter-
val 60–90 min), a fresh aliquot of concentrated pyrrole produced currents up to 0.0027 A
only. These less strong currents, although showing a slight decay, indicated the continuous
formation of PPy to produce a thicker coating on each SPE. All the PPy-coated SPEs were
then tested with 0.003 M sodium metabisulfite (in 1.0 M KCl solution). No well-defined
anodic peak can be distinguished for the oxidation of metabisulfite. The anodic currents
obtained for various masses of ZnO nanoparticles, albeit strong, did not seem to follow
any increasing trend. These results can be explained by a thick PPy coating that covered all
the nanoparticles to provide a uniform surface of constant area for electron transfer. Our
initial thought was that a thick PPy coating could be useful for the regeneration of spent
SPEs. Unfortunately, the PPy coatings on SPEs with different masses of ZnO nanoparticles
deposited did not give us similar cyclic voltammograms for 0.003 M sodium metabisulfite
in 1.0 M KCl solution, as shown in Figure S2.
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Figure 9. Potentiostatic I-t plots recorded at +0.8 V vs. Ag/AgCl to show the oxidation currents that
represent the formation kinetics as rates of polypyrrole coating on screen-printed electrodes with
various masses of ZnO deposited.

3.5. Modification of SPEs with Meso-tetrakis(4-carboxyphenyl) Porphyrin

Meso-tetrakis(4-carboxyphenyl) porphyrin was chosen for modification of the ZnO
nanoparticles on SPEs because of the dentate binding of ZnO nanoparticles with the
carboxylic groups of TCPP, as already explained in the Introduction. SPEs were modified by
the addition of TCPP onto bare SPEs before electrochemical analysis of sodium metabisulfite
(0.003 M) by cyclic voltammetry, as shown in Figure S3. The oxidation peak currents,
measured at +1.05 V vs. Ag/AgCl as presented in Figure 10a, initially increased after
addition of TCPP (up to 0.04 mg) but subsequently flattened out or decreased. SPEs with
a deposit of either TiO2 or ZnO (<50 nm) nanoparticles generated similar peak currents
after TCPP addition (from 0.04 to 0.11 mg). Interestingly, from 0.00 to 0.05 mg of TCPP,
large ZnO (<100 nm) nanoparticles produced total currents (~0.00013 A) similar to those
(~0.00012 A) for small ZnO (<50 nm) nanoparticles. As shown in Figure 10b, the oxidation
peak currents were low when no metabisulfite was present on the TiO2-deposited SPEs,
even though TCPP contributed a current proportional to its mass. The TCPP oxidation peak
currents for the ZnO-deposited SPEs were slightly higher (up to 0.05 mg of TCPP added),
probably due to stronger complex formation between TCPP and ZnO than TCPP and TiO2.
Interestingly, the oxidation currents for both ZnO2 and Na-doped ZnO2 were even lower
than those for TiO2. Hence TCPP can be used as a chemical reagent to differentiate ZnO
from ZnO2 and Na-ZnO2 nanoparticles by cyclic voltammetry.

Furthermore, subtraction of the TCPP oxidation currents in Figure 10b from the
corresponding total oxidation currents in Figure 10a give the net oxidation currents for
metabisulfite, as presented in Figure 10c. ZnO2 and Na-ZnO2 nanoparticles enhanced the
metabisulfite oxidation currents, probably due to their lower charge transfer resistance,
significantly more than ZnO or TiO2 nanoparticles could do. This new finding is consistent
with a previous report that carbon dots/ZnO2 showed higher photocatalytic activity than
carbon dots/TiO2, due to its excellent charge separation, larger total pore volume, and
faster photoresponsivity [96]. Herein, sodium metabisulfite is proposed as a chemical probe
that can work together with TCPP for the sensitive differentiation of ZnO2 and Na-ZnO2
from ZnO nanoparticles. Moreover, despite earlier reports of TCPP’s ability to adsorb onto
TiO2 nanoparticles via bidentate coordinate bonds, this study found that such adsorption
did not result in a significant current difference between SPEs with TiO2 nanoparticles and
those with ZnO nanoparticles. This finding points out ZnO may produce similar TCPP
adsorption mechanism as TiO2.
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Figure 10. Oxidation peak currents of (a) 0.003 M and (b) 0.000 M sodium metabisulfite in 1.0 M
KCl solution, measured at +1.05 V vs. Ag/AgCl, after addition of TCPP onto SPEs with various
nanoparticles deposited. (c) Net metabisulfite oxidation current obtained by subtraction of (b)
from (a).
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Figure 11 presents the surface distributions for different elements, as examined by
high-resolution SEM-EDS, on an SPE with ZnO2 nanoparticles and TCPP, after CV analysis
using 1.0 M KCl as the supporting electrolyte. In the SEM-EDS map for Zn, the even
distribution of Zn pixels (red dots) confirms the presence of ZnO2 nanoparticles on the
graphite surface. The Zn concentration was low because only 116 µg of nanoparticles
spread over the SPE. Most importantly, a uniform distribution of O pixels (white dots) was
also evidenced in the corresponding SEM-EDS map. By comparison, the Cl map showed a
uniform dense distribution of Cl pixels (bright green dots). Other than carbon, zinc, oxide,
and chloride that were expected to be present on the graphite working electrode, sulfide
also appeared as a contaminant (probably from the commercial production of SPEs) in local
aggregations. An atomic ratio of 50:50 was used as our first choice in the synthesis of ZnO2
for the sake of simple design in this feasibility study. When the atomic ratio was analyzed
after synthesis using SEM-EDS, an interesting mesoporous crystal lattice was discovered.
Knowing Na is monovalent and Zn is divalent, this ratio could produce an imbalance of
electronic charges in the doped ZnO2 nanoparticles. A full evaluation of varying atomic
ratios is underway in our lab and all new findings will be reported systematically soon.

Chemosensors 2023, 11, x FOR PEER REVIEW 15 of 21 
 

 

synthesis of ZnO2 for the sake of simple design in this feasibility study. When the atomic 
ratio was analyzed after synthesis using SEM-EDS, an interesting mesoporous crystal lat-
tice was discovered. Knowing Na is monovalent and Zn is divalent, this ratio could pro-
duce an imbalance of electronic charges in the doped ZnO2 nanoparticles. A full evalua-
tion of varying atomic ratios is underway in our lab and all new findings will be reported 
systematically soon. 

 

 

  

  

Figure 11. High-resolution scanning electron microscopy (SEM) images of ZnO2 nanoparticles de-
posited on SPE after TCPP addition, as detected by energy-dispersive X-ray spectroscopy (EDS) to 
examine the surface distributions of various elements. 

3.6. Potential Shortcomings and Challenges 
Several potential shortcomings were noted during the development of this electro-

chemical method for investigating the redox properties of ZnO, ZnO2, and Na-ZnO2 na-
noparticles. First, variations in electrochemical performance existed among SPEs in the 
same batch and from different batches. Second, the mass of nanoparticles tested was an 
experimental variable to be optimized. Third, agglutination or agglomeration of nanopar-
ticles could occur when each sample suspension dried up inside the dehydrator. Fourth, 

Figure 11. High-resolution scanning electron microscopy (SEM) images of ZnO2 nanoparticles
deposited on SPE after TCPP addition, as detected by energy-dispersive X-ray spectroscopy (EDS) to
examine the surface distributions of various elements.



Chemosensors 2023, 11, 369 14 of 19

3.6. Potential Shortcomings and Challenges

Several potential shortcomings were noted during the development of this electro-
chemical method for investigating the redox properties of ZnO, ZnO2, and Na-ZnO2
nanoparticles. First, variations in electrochemical performance existed among SPEs in the
same batch and from different batches. Second, the mass of nanoparticles tested was an
experimental variable to be optimized. Third, agglutination or agglomeration of nanopar-
ticles could occur when each sample suspension dried up inside the dehydrator. Fourth,
the electropolymerization of pyrrole and complexation with TCPP might be sensitive to
lab humidity. These shortcomings present certain challenges in the further development
of this method. Our ultimate challenge will be to successfully test real environmental
suspensions comprising TMONPs and all kinds of mineral nanoparticles. An apparatus of
novel design is being constructed in our lab to separate the nanoparticles by size based on
sedimentation under gravity and by charge based on electrophoretic migration through
parallel microfluidic channels.

4. Conclusions

In this research work, cyclic voltammetry was used to perform electrochemical analy-
sis of ZnO and ZnO2 nanoparticles deposited on SPEs. Both the reductive peak current
and the re-oxidation peak current became larger with increasing mass of nanoparticles
deposited. Based on the functional relationship between the metasulfite oxidation peak cur-
rent generated by SPEs having a constant mass of ZnO nanoparticles and the metabisulfite
concentration, an electrochemical method was successfully developed for the quantitative
analysis in aqueous suspension. These deposits on SPEs were successfully modified with
meso-tetrakis-4-carboxyphenyl porphyrin (TCPP) to help distinguish the nanoparticle iden-
tities. On the basis of electrochemical behavior, ZnO is similar to TiO2 but different from
ZnO2 (whether Na-doped or not). These findings are being applied to the development
of a new electrochemical detector that holds the SPE with a constant mass of unknown
nanoparticles, followed by modification with TCPP, before flow injection analysis of H2O2
and sodium metabisulfite sequentially. The oxidation currents, measured at an optimal
graphite electrode potential, can hopefully reveal the identity of zinc oxide and peroxide
nanoparticles from other TMONPs. Among the various TMONPs studied in the present
work, some were n-type, some were p-type, and some were insulators. More TMONPs
of these types will be studied so as to analyze their results in groups belonging to same
category. At this stage of our method development, their redox properties are investigated
as received/synthesized and dispersed in distilled deionized water to prepare an aqueous
suspension. Organic molecules do not tend to adsorb on the metal oxide surface. Inorganic
functional groups will adsorb to varying extents but may not be electrochemically active;
they can be removed by solid phase extraction through an ion-exchange cartridge if neces-
sary. The state of metal oxide nanoparticles is a profound issue that requires substantial
further research efforts to clarify. It will be investigated as the next part of our study and
will be elaborated on in an upcoming report. Our method is feasible for investigating the
redox properties of zinc oxide (ZnO), zinc peroxide (ZnO2), and sodium-doped zinc perox-
ide (Na-ZnO2) nanoparticles. These nanoparticles can be distinguished among themselves
and from other TMONPs based on the results being reported in this work. The method is
capable of being accomplished in a successful manner within a reasonable period of time,
considering all the cost, environmental, instrumental, technological, and training factors. It
has much scientific significance in contributing towards the chemical and environmental
toxicology research on TMONPs. Future studies will analyze transition metal carbide,
nitride, oxide, peroxide, and sulfide nanoparticles in aqueous dispersion towards their
environmental toxicology studies.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors11070369/s1, Figure S1: Re-oxidation peak currents
measured at 0.5–1.0 V vs. Ag/AgCl in segment 1 vs. segment 3 for varying hydrogen peroxide
concentrations on graphite screen-printed electrodes with a deposit of (a) 118 µg of ZnO nanoparticles,
and (b) 114 µg of ZnO2 nanoparticles. Figure S2: Cyclic voltammograms of sodium metabisulfite
(0.003 M in 1.0 M KCl solution) using SPEs with different amounts of ZnO nanoparticles deposited
after polypyrrole coating. Initial potential: 0.0 V, low potential: −1.6 V, high potential: +1.6 V,
segments: 3. Figure S3: Cyclic voltammograms of 0.003 M sodium metabisulfite in 1.0 M KCl solution
using SPEs with/without a deposit of TiO2/ZnO nanoparticles after addition of meso-tetrakis(4-
carboxyphenyl) porphyrin.
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