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Abstract

A simplified, surfactant-free method is presented for the synthesis of cuprous oxide mesoparticles
involving the use of only three reactants at room temperature. Different morphologies, such as cubes,
cuboctahedra, truncated octahedra, octahedra, hexapods, and porous spheres could be obtained using
different concentrations of reactants. The roles played by each reactant in the synthesis are critically
discussed. The mesoparticles were used in the formulation of carbon nanotube-based waterborne inks
to prepare coated electrodes. The electrocatalytic activity of the different cuprous oxide mesoparticles
used in the inks towards hydrogen peroxide reduction was measured and compared. Cuprous oxide
hexapods yielded the highest sensitivity whereas porous spheres were superior in terms of stability. The
combination of carbon nanotubes and cuprous oxide mesoparticles in waterborne ink allows printing of
electrodes combining electrical conduction and electrocatalysis in a single layer printed onto flexible
substrates.

Keywords: Carbon Nanotubes Ink; Copper Oxide Particles; Electrocatalysis.

Graphical Abstract

1. Introduction

Controlling the shape and size of inorganic crystals has been one of the main goals of material scientists
during the last decades. Both characteristics define the nature of the exposed surface and the facets,
affecting the electronic structure and surface energy of the crystals, and therefore their catalytic and
sensing properties. Generally speaking, crystals with high-index facets commonly present better
catalytic performance [1], but their low stability, as well as their challenging synthetic procedures,
hinder its use in different technological applications [2]. On the other hand, crystals with low-index
facets, such as {100}, {110} and {111}, have both acceptable catalytic activity and excellent stability,
turning them into suitable candidates in sensing and catalytic applications.



Among the vast number of materials with shape-dependent properties, the inexpensive, non-toxic and
abundant cuprous oxide crystals have been widely studied due to its interesting catalytic activity, with
extensive applications in gas sensors [3], electrochemical sensors [4-6], photocatalysis [7], carbon
dioxide reduction [8], water splitting [9], and organic catalyzers [10,11]. Since the pioneering work by
Matijevic in 1972 [12], many synthetic routes of Cu,O crystals with different and well-defined shapes
have been developed. The foremost extended strategies employ organic surfactants (PVP [13, 14], PEG
[15], CTAB [16], and SDS [17, 18]) during the crystal synthesis, which selectively modify the surface
energy of specific facets. Facets with the lowest surface energy are favoured during the crystal growth,
promoting the formation of octahedral or cubic crystal habits depending on the case. However, the
inclusion of these additives introduces additional complexity in deciphering the growth mechanism, and
also may affect the catalytic performance of the system. Several researchers have reported the
preparation of well-defined crystals through surfactant-free synthesis, by varying the type and the
amount of the reducing agent (ascorbic acid [9, 17, 18], glucose [19], hydrazine [11, 19, 20], and
hydroxylamine [22]), the complexant agent (NH; [23, 24], OH™ [19, 20], sodium citrate [25], and EDTA
[26]) or the counterion of the copper salt precursor [27]. However, the precise effects of each reagent
on the growth process are still not entirely clear. By unravelling the role played by each of them in the
growth mechanism behind crystal formation, it could be possible to produce tailored materials with
specific physical and chemical properties.

An exciting application of Cu,0 materials is the electrochemical detection of hydrogen peroxide [28].
The quantitative measurement of H,0, is a widely employed strategy used to track the oxidative stress
in vivo [29]. Moreover, as a by-product of the reaction of the oxidase enzymes, the measurement of
H,0, also allows the indirect detection of worthy molecules with biological interest such as glucose and
lactate [30-32].

The electrocatalytic performance of Cu,0 crystals of different morphologies has been studied by
different authors. For instance, Li at al. [33] reported the electrochemical detection of H,0, by casting
Nafion-impregnated hierarchical Cu,0 particles onto a glassy carbon electrode, showing some promising
features such as fast response, high sensitivity, low limit of detection and wide linear range. Zhong et al.
[18] studied the shape-dependent H,0, sensing properties of several types of Cu,0 particles, finding that
the shapes exposing {111} facets presented enhanced sensitivity and limit of detection compared to the
shapes with {100} facets.

Although novel Cu,0-based materials are being continuously reported, their electrocatalytic
performance is frequently evaluated in laboratory conditions with mass transport assistance. In this
sense, the necessity of developing mass production low-cost sensors with a high sensitivity under purely
diffusional conditions is still a challenge to overcome. The fabrication of non-enzymatic sensors by
printing techniques could be an affordable solution for the fabrication of scalable and low-cost
electrodes [34-36]. Printed electronics allows the fabrication of disposable electroanalytical devices on
flexible substrates in large areas which requires conductive inks as basic supplies. Our group has
previously reported the development of a waterborne conductive ink based on multiwalled carbon
nanotubes (CNTs) which showed electrocatalytic activity and could be used for the fabrication of
enzymatic biosensors [37, 38]. The use of waterborne carbon nanotube inks as active materials for these



applications has shown considerable advantages due to its processing ease, high specific surface area
and chemical versatility towards functionalization. However, the combination of nanotubes inks with
inorganic crystals such as Cu,0 in order to develop improved sensing devices is still a barely explored
strategy.

In this work, we present a simplified method for the synthesis of cuprous oxide particles with different
morphologies using only three reactants and the role played by each reactant is discussed. The
electrocatalytic behaviour towards hydrogen peroxide reduction was evaluated amperometrically using
electrodes coated with a CNT ink loaded with the different particles and the obtained results are
critically compared with previously reported systems.

2. Experimental
2.1 Synthesis of Cu,0 particles

In a typical synthesis, 0-480 uL of 1 M NaOH were added to 50 ml of 1 mM CuCl, under vigorous
magnetic stirring. Then, 20-200 pL of 2.4 M of hydrazine (N,H,) were quickly added to the solution at
room temperature. Depending on the reagent’s ratios, the solution turned either pale yellow or brick-
red, indicating the presence of Cu,O particles. After 40 minutes, the samples were centrifuged at 6000
rpm for 5 min (Mikro 1200, Hettich) and washed three times with deionized water. Finally, they were
dispersed in 1 ml of water. A total of 30 samples were prepared by combining 5 different molar ratios of
NaOH:CuCl, with 6 different molar ratios of N,H,:CuCl,. For further identification, the samples were
named according to the conditions used in the synthesis. For example, sample 2:4 was prepared with a
NaOH:CuCl, molar ratio of 2 and a N,H,:CuCl, molar ratio of 4.

2.2 Characterization of Cu,0 particles

Scanning electron microscopy (SEM) images were taken with a FEI Quanta 250 after solvent evaporation
of drop casted dispersions. X-ray diffraction (XRD) patterns were obtained with a standard Rigaku
diffractometer with CuKa radiation.

2.3 Formulation and characterization of inks modified with Cu,O particles

A 2.5% carbon nanotube waterborne ink was prepared as previously reported [39]. Cu,0 dispersions
were mixed with the CNT ink in order to obtain a Cu,0 to CNT mass ratio of 1:1. For the electrochemical
measurements, dispersions of Cu,0, CNT, and the CNT + Cu,0 inks were either drop-casted onto glassy
carbon (GC) rotating disk electrodes with a diameter of 5 mm or used to coat Valox™ plastic substrates
with a Mayer rod coater (nominal thickness 100 um), drying the coating at room temperature. A Pt foil
with an area of 5 cm? was used as counter electrode and a silver/silver chloride electrode (Ag|AgCl|1M
KCl) was used as a reference electrode. Electrochemical measurements were carried out using a Teq4
potentiostat (NanoTeq, Argentina). Limits of detection (LOD) were calculated as LOD = 36/m, where 6
was the standard deviation of three voltammetric measurements and m the sensitivity. Surface
resistivity measurements were performed by measuring the resistance with a Keithley 2100 digital
multimeter equipped with a four-point probe.

3. Results and discussion



3.1 Synthesis and characterization of Cu,0 particles

Cu,0 particles were obtained by the reduction of cupric ions from a solution of CuCl, with different
amounts of N,H, and NaOH, varying the NaOH:CuCl, and N,H,:CuCl, molar ratios between 0 and 10 and
between 1 to 10, respectively,—as—shown-in—T—-able-1. Particles with different morphologies, such as
porous spheres, cubes, cuboctahedra, truncated octahedra, octahedra and hexapods were synthesized
without the addition of surfactants. i i

{Fig—1)-A selection of several SEM images showing these different shapes are presented in Fig. 1. The

particles’ size was estimated by measuring at least 100 particles. The diameter was measured in the
sphere-shaped particles, while the longest edge lengths were measured in the rest of the morphologies.

Fig. 1. SEM images of particles of different shape obtained under different synthesis conditions: porous
spheres from samples 0:3 and 1:5 (a and b), aggregated cubes from sample 2:1 (c), hexapods from
sample 2:3 (d), cubes from sample 5:1 (e), truncated octahedra from sample 5:2 (f), cuboctahedra from
sample 5:3 (g) and octahedra from sample 5:4 (h). Bar size: 1 um.

Both reagents ratios were key factors determining the morphology of the particles. When the
NaOH:CuCl, ratio was below 2, the solution changed from slightly pale blue to intense yellow in less than

one minute after adding the reducing agent. Nearly spherical particles with a diameter of approx. 100
nm and a low size dispersion were obtained without the addition of NaOH (Fig. 1.a). As the
concentration of N,H, increased without modifying the NaOH:CuCl, ratio, cuprous oxide particles with a
more defined spherical shape were obtained, and their average size increased from 100 to 130 nm.



When NaOH was added to obtain a NaOH:CuCl, molar ratio of 1, the average size of the cuprous oxide
particles increased up to 170 nm (Fig 1.b).

When the NaOH:CuCl, ratio reached a value of 2 or higher, the solution presented an intense turbid blue
color, indicating the formation of Cu(OH), colloids and, consequently, the formation of cuprous oxide
particles became a slower process. The color change of the preparation from blue to orange/brick red
took around 25 minutes. For a NaOH:CuCl, ratio of 2, aggregated cubes of Cu,0 were obtained if low
amounts of N,H, were used (Fig. 1.c), while hexapods (Fig. 1.d) and octahedra of 300-500 nm were
obtained by sequentially increasing the N,H, concentration.

ystas—Eubes,—ed

hydrazine—econcentration—{Fig—te-h}—the synthesized particles showed well-shaped submicrometric
crystals when the NaOH:CuCl, molar ratio was above 2. Cubes (Fig. 1.e), cuboctahedra (Fig. 1.f),
truncated octahedra (Fig. 1.g) and octahedra (Fig. 1.h) can be obtained by changing the concentration of
N,H, while keeping the NaOH concentration fixed. Under those conditions, an increase in the particle
size was observed with higher NaOH concentrations. Similar results were found in previous works [20,
40], with no significant dependence of the particle size on the concentration of N,H,. Fhe—different

each-molar+ratio-of NaOH:Cutl,-and-N,H,:CuCl,-are-displayed- The size and shape evolution from cubes
to octahedra for the series with highest NaOH:CuCl, molar ratio, and from spheres to octahedra for the
series with the highest N,H,;:CuCl, molar ratio are shown in Fig. 2. The change in the particle shape is
also related to the change in the crystallographic planes of the facets, as will be explained later during
the discussion of the growth mechanism. The different morphologies obtained under the studied
conditions are schematically shown in Fig. 3, where representative shapes and sizes for each molar ratio
of NaOH:CucCl, and N,H,:CuCl, are displayed.

Fig. 2. Size and shape evolution of samples prepared with a fixed N,H,;:CuCl, ratio of 10 and variable
NaOH:CuCl, ratios (upper row), and samples prepared with a fixed NaOH:CuCl, ratio of 10 and variable



N,H,:CuCl, ratios (lower row). Samples are individually identified by name in the SEM image. Bar size: 1
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Fig. 3. Schematic representation of morphologies and average diameter obtained under different
synthesis conditions.

The phase composition and-strueture of the particles was evaluated by X-ray diffraction (Fig. 3). Peaks-in
consistent-with-the-cubic-face structure-of Cu,0-crystaland-peaks—could-be-assighed-to{110},{111);
{200)and—{220}-planes—CPDSfile Ne—05-0667)- Despite the differences in shape, the XRD patterns

obtained for the different samples are very similar, with an intense peak located at 36.3° and others less
intense located at 29.5°, 42.2°, and 61.1°. These patterns are consistent with the cubic-face structure of



Cu,0 crystal (JCPDS file No. 05-0667). No evidence of other phases, such as Cu, CuO or Cu(OH),, was
found in any of the studied systems. The relative intensity variations observed between peaks of the
different patterns can be attributed to a preferential orientation of the crystals during the deposition
and drying of the suspension over the sample holder. The (111) peak located at 36.3° is notoriously
wider for the spheres when compared to the other shapes. Considering the well-known relationship
between the peak width and the crystallite size, this observation supports the idea that the Cu,O
spheres are polycrystals composed of dozens of small crystallites, as already suggested by SEM images.
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Fig. 4. XRD patterns of the different morphologies of Cu,0 particles.

3.2 Growth mechanism

Cu,0 crystallizes in a simple cubic structure, which can be represented as a tetrahedral array of copper
atoms encircling an oxygen atom. This atomic packing leaves each Cu atom neighboring two oxygen
atoms. The surface atomic structure of {111} and {100} facets have different crystal arrangements [41].
{100} facets are terminated in O atoms, leading to electric neutrality. By contrast, {111} facets have
unsaturated Cu atoms with dangling bonds perpendicular to the surface, providing an overall positive
charge. Based on the Gibbs-Wulff theorem, facets with lower surface energies grow more slowly and are
conserved in the final structure. In the case of Cu,0, the surface energy of {100} facets are lower than
the energy of {111} facets [42]. However, this situation could be modified through the addition of
inorganic or organic compounds with the capability of interacting selectively with each facet, modifying
the relative order of surface energy of the facets and inducing changes in crystal morphology. It is worth
noting that cubic Cu,O crystals exhibit only {100} facets and octahedral crystal only {111} facets, while



cuboctahedra exhibit both {100} and {111} facets. The wide variety Cu,0 morphologies obtained, shown
in Fig. 1 and 3, can be explained by the effects of the different ions and molecules, such as OH and N,H,,
on the different facets.

The obtention of various morphologies with the use of only three reactants indicates that each reagent
may play more than one role in the synthesis. For instance, N,H, is a reducing agent which may also
selectively interact with the different crystalline facets and thus influence the final morphology. N,H, is
also an O, scavenger. When enough N,H, is present in the reaction media, dissolved O, is effectively
removed. Under those conditions, the obtained microcrystals are equivalent to those obtained under an
inert atmosphere. However, when N,H, concentration is not high enough to remove O,, oxidative
etching can take place.

Similarly, hydroxide ions can react with cupric ions promoting the formation of Cu(OH),, which reduces
the concentration of Cu(ll) ions and thus slows down the reaction kinetics. However, OH" ions also
interact selectively with the Cu,0 facets influencing the resulting morphology.

The molar ratio of Cu(ll) ions and OH™ determines the initial concentration of a Cu ions in solution. For a
NaOH:CuCl, molar ratio egualte-er higher than 2, most of the Cu(ll) ion is in the form of Cu(OH), in
equilibrium with a low concentration of Cu(ll) ions in solution. Cu(OH), acts as a reservoir of Cu(ll) ions,
decreasing diminishing the reaction rate for the reduction. Under these conditions, well-defined crystals
with sharp faces were formed, indicating a selective growth of the crystal facets {100} and {111} as
shown in the cube-cuboctahedron-octahedron transition. Previous works were able to control the
growth of both crystal facets through the addition of surfactants such as PVP [13] or NH; [24], which
reduce the surface energy of {111} facets and hence octahedra were obtained. On the other hand,
molecules with carbonyl functional groups like sodium citrate lead to crystal growth through {100} facet
and consequently cubic particles were obtained [25]. Ascorbic acid could lead to the growth of cubes
due to {100} facets stabilization, while N,H, was shown to stabilize {111} facets [19, 20]. The surfactant-
free synthesis presented here was capable of controlling the growth rate through only the increase of
the N,H, concentration.

preseat—eemplementary—e*permemsa#ere—earned—el% Complementary experiments were carrled out

to corroborate that no other directing agents were involved in the reaction. Eirstly First, CuCl, was

replaced with Cu(N03)2 and CuSO4 to assess the counterion effect—As—ean—be—seen—m—Su-ppl—ln-fe—F+g—S—1

ved-, and no significant modification
in the crystal morphology was observed due to these changes (Suppl Info, Flg S1 and S2). A—seeenel

consideration was the effect of dissolved O,. The same conditions for cubes and octahedra synthesis
was carried out in a N, atmosphere and no alteration of the crystal morphology was observed (Suppl.

Info, Fig. S3 and S4). Both experiments suggest that under high NaOH concentrations the morphology
was determined only by the concentration of N,H,. When the N,H,:CuCl, ratio was 1, no significant
excess of N,H, was available for adsorption, which resulted in the formation of cubic crystals. When the



concentration of N,H,was increased, cuboctahedral and truncated octahedral particles were obtained.
Adsorption led to lowering the surface energy of {111} facets and the growth of both facets was similarly
promoted. When the N,H,:CuCl, ratio was higher than 4, only octahedra were synthesized.

When a NaOH:CuCl, ratio of 2 was used, low N,H, concentrations induced the formation of aggregated
cubes and hexapods while at higher concentrations, only octahedra were obtained. The formation of
hexapods can be attributed to an etching process by O, over the {111} facets, as previously reported by

MWN;H4MW4;WHGH&%%%M%—N;H¢%
chemically-produced-a-deoxygenated-selution—Fig. 5 presents the evolution from hexapods to octahedra
of selected particles from samples prepared with a NaOH:CuCl, ratio of 2, showing how the etching
process loses strength as the N,H,:CuCl, ratio increases. This trend is caused by excess N,H, reacting
with the dissolved O, and leading to a chemically deoxygenated solution. In this sense, O, etching was
found to be significant only at a low-to-medium N,H,:CuCl, ratio and a medium NaOH:CuCl, ratio. To
confirm this hypothesis, the synthesis of sample 2:2 was carried out under a N, atmosphere, keeping
unaltered the rest of the synthetic conditions. The particles produced under these conditions were
octahedra, confirming the O, etching process (Suppl. Info, Fig. S5).

Fig. 5. Evolution from hexapods to octahedra due to distinct O, etching of selected particles from
samples prepared with a fixed NaOH:CuCl, ratio of 2 and variable ratios N,H,:CuCl,. Bar size: 500 nm.

The pH of the Cu* solution after NaOH addition was measured to clearly understand the effect of OH  in
the crystal formation. The titration curve of this experiment is presented in Fig. 6. Initially, the gradual
addition of NaOH produces the precipitation of Cu(OH), colloids, and the pH values slightly shift due to
the buffer effect of Cu(OH),. Immediately after reaching the stoichiometric equivalence (NaOH:CuCl,
ratio of 2) a steep shift in the pH solution was observed. The samples obtained at different pH values
present clear morphologies differences. For instance, when employing a fixed N,H,:CuCl, ratio of 3,
spheres were synthesized at pH values near 7.0 and below the stoichiometric conditions (sample 1:3),
hexapods were obtained at pH values slightly above 7.0 at the stoichiometric equivalence (sample 2:3),
and octahedra were synthesized at pH values higher than 11 in the presence of excess OH™ (sample 5:3
and 10:3). As mentioned before, {111} facets have a positive surface charge, with local dangling bonds



that can easily interact with negative ions such as OH". As the OH™ concentration increases, {111} facets
are protected and no further O, etching can take place [25].

6 T T T
0 2 4 6 8 10

[NaOH]:[CuCl,]

Fig. 6. Evolution of the resulting initial pH of the reaction mix as a function of the NaOH:CuCl, ratio.

For a NaOH:CuCl, molar ratio lower than 2, relatively high concentrations of Cu(ll) ions were available in
the solution. Therefore, the reduction of Cu(ll) ions was fast. Under these conditions, monodisperse
porous spheres were synthesized. Zhang et al. [44] proposed a mechanism for the synthesis of porous
spheres in which small Cu,O crystallites are first formed, followed by an aggregation process. Solid
particles in the inner core have a higher surface energy than those located in the outer core leading to
symmetric hollowing during Ostwald ripening. This favors the dissolution of the inner particles,
generating cavities inside the aggregated particle. Therefore, quasi-spherical porous particles were
produced. When a sub-stoichiometric amount of NaOH was added, the Cu,O particles tended to be
larger and less porous. This can be attributed to a two-step process, in which nucleation and aggregation
of small particles from the reduction of free Cu(ll) are followed by growth at the expense of the Cu(OH),
colloid.



3.3 Electrocatalysis of hydrogen peroxide reduction

The catalytic properties towards hydrogen peroxide reduction and the stability of the different cuprous
oxide nanoparticles were evaluated. This was performed by preparing electrodes from a mixture of a
waterborne CNT ink with the addition of cuprous oxide particles of different shapes.

Fig. 7 displays the cyclic voltammograms obtained at pristine and coated GC electrodes in a 0.1 M
phosphate buffer solution of pH 7.4. While a bare GC electrode and a CNT coated one displayed a
capacitive behavior, it could be noted that the current for the latter was considerably higher than the
uncoated electrode. On the other hand, the effect of Cu,0 particles drop-casted onto a GC electrode
showed redox peaks between -0.2 and 0.1 V. These anodic and cathodic peaks could be assigned to the
oxidation of Cu,0 to CuO and the further reduction of CuO to Cu,0. As expected, the printed electrode

of CNT-Cu,0 particles showed both capacitive and redox behavior.
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Fig. 7. Cyclic voltammogram obtained at a glassy carbon electrode (a), a CNT ink coated electrode (b), a
Cu,0 spheres coated electrode (c) and a CNT ink + Cu,O spheres from sample 0:3 coated electrode (d)
in 0.1M phosphate buffer solution of pH 7.4 at a scan rate of 0.05 Vs™.

Fig. 8a and 8b show current-potential curves at a scan rate of 0.05 V s* of 0.1M phosphate buffer
solution of pH 7.4 at CNT and CNT + Cu,O spheres ink coated Valox™ electrodes with different



concentrations of H,0, (0, 0.3, 0.6, 1, 2, 5, 8 and 10 mM). For all the morphologies involved, cuprous
oxide-based inks showed a linear current-concentration response (Fig. 8c). Sensitivity and limits of
detection for each morphology in quiescent solutlons are summed up in Table 1. while-tinearplotsof
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Fig. 8. Current-potential curves at a scan rate of 0.05 V s of CNT (a) and CNT + Cu,0 spheres (b) ink
coated Valox™ electrodes in 0.1M phosphate buffer solution of pH 7.4 with different H,0,
concentrations (0,0.3,0.6,1, 2,5, 8 and 10 mM) (-e)—Deaendeﬂee-ef—eu-FFem—de%ﬁ-yumeaswed—at—QA—v

1O-spheres{full-cireles)
pFFnted—eleetFodes. (c) Dependence of the increment in current density measured at -0.4 V with H,0,
concentration for CNT (triangles) and CNT + Cu,0 ink coated Valox™ electrodes presented for each

cuprous oxide morphology in quiescent solutions for hexapods (full diamonds), spheres (open squares),
octahedrons (full squares), cuboctahedrons (open circles), cubes (full circles).

As it was previously reported [7, 18], {111} facets present a higher electrocatalytic activity than {100}
facets, which explains the-trend-in-decreasing-sensitivity the decreasing trend observed for the
electrochemical performance of the cube-cuboctahedron-octahedron sequence. This phenomenon can
be attributed to some specific features of the {111} facets such as the higher surface energy and the
unsaturated coordination of Cu atoms that leads to dangling bonds perpendicular to the surface.



Furthermore, {111} facets present a positive charge while {100} facets are electrically neutral, allowing
them to easily interact with polarizable molecules such as H,0, [13, 42]. The high sensitivity and low
limit of detection measured for spherical Cu,0 particles can be attributed to a relatively high surface
energy that is related to the small crystallite size of the nanocrystals that conforms the mesoporous
structure.

Finally, ink-coated Valox™ electrodes were prepared. The printed layer showed a surface resistivity of
171 + 20 Q/o. Stability tests were performed by determining the sensitivity and LOD daily over a two-
week period (Table 2). To avoid any unwanted reaction during the process such as oxidation or
precipitation of salts, after each measurement the electrodes were rinsed with distilled water to remove
phosphate salts remaining on their surface and kept dry avoiding any light source. Expressed as a
sensitivity loss percentage in Table 2, the results have shown that after two weeks Cu,0 spheres is the
most stable morphology in terms of sensitivity, losing only 10 % of its catalytic activity. Other
morphologies such as hexapods, octahedron and cuboctahedron present a 35-50 % activity loss while
cubes only retain 9% of its original catalytic activity. While the reason for this sensitivity loss can be
attributed to the dissolution of particles from the electrode to the buffer solution, further studies are

required to confirm this hypothesis.

Sensitive Layer Sensitivity (LA cm™? mM™) LOD (mM) % Sensitivity loss (14 days)
Hexapods 247 0.13 50
Sphere 162 0.05 10.1
Octahedron 121 0.14 38
Cuboctahedron 84 0.25 47
Cube 79 0.45 91

Table 1. Analytical performance of CNT + Cu,0 ink coated Valox™ electrodes towards hydrogen peroxide
reduction presented for each cuprous oxide morphology in quiescent solutions.

In comparison to similar systems in which catalytic inorganic particles were added to a CNT matrix for
the amperometric determination of hydrogen peroxide, cuprous oxide-CNT printed electrodes showed a
higher sensitivities and lower limits of detection (Table 2). Due to the different hydrodynamic conditions
used for the determination of sensitivity, comparisons with previous reported non-enzymatic sensors
are not always straightforward. In quiescent solutions, electrodes prepared with CNT-based inks with
Cu,0 spheres presented a sensitivity of 162 pA cm? mM™ and a limit of detection of 50 pM. On the
other hand, glassy carbon rotating disk electrodes coated with the same ink presented a sensitivity of
642 pA cm? mM™ and limit of detection of 1 M at 800 RPM, respectively (Suppl. Info, Fig. S6). Despite
the improvements in sensitivity and LOD observed under forced convection, results under purely
diffusional conditions should be considered for applications such as wearable sensors.



Electrode Sensitivity Linear range Detection limit  Reference
(LA cm? mM (mM) (uM)
)
Cu,0/PANI/rGO 39.4 0.0008-12.78 0.5 [45]
Ag-Au/Cu,0/GCE 4.16 0-1.4 1.3 [46]
Cu,0 Hexapods 94.4 0.05-3.6 5.4 [18]
/Nafion/GCE
CuO/Ag NR 0.05-0.5 4 [47]
Cu,0 Cubes/GCE 25 0.5-8500 1.61 [40]
PdNPs-CNT/GCE 68 0.02-1 14 [48]
AuNBP/CNTs 170.6 0.005-47.3 1.5 [49]
Co-Al /CNT 118 0.1-4 10 [50]
NiMn-LDH/GO 96.82 0.02-8.65 4.4 [51]
CuCo,0,/GCE 400 0.01-8.9 3 [52]
NiC0,S,/rGO 118.5 0.025-11.25 0.19 [53]
Cu,0 spheres - CNT 642 0.007-5 1 This work
(RDE at 800 RPM)
Cu,0 spheres - CNT 162 0.050-10 50 This work

(In quiescent solutions)

Table 2. Analytical performance comparison of various hydrogen peroxide electrochemical sensors. GO:
Oxide graphene; rGO: reduced graphene oxide; NBP: nanobipyramids; LDH: Layered double hydroxides.

Summing up, the preparation of a CNT/Cu,0 inks showed promising results as the catalytic properties of
cuprous oxide particles were preserved while carbon nanotubes provide mechanical stability and
electrical conductivity suitable for the development of printed devices. Electrocatalytic non-enzymatic
electrodes could be fabricated by printing a single layer of ink. The use of spheres would be the most
suitable to develop a non-enzymatic printed sensor to detect H,0, as they present both high sensitivity
and stability among the tested cuprous oxide morphologies.



Conclusions

A simple and surfactant-free method for the synthesis of cuprous oxide mesoparticles has been
developed. The morphology of cuprous oxide particles could be controlled by simply varying the ratio of
three reactants at room temperature. Seven different particle morphologies have been obtained using
this method. The particles were incorporated into a waterborne CNT ink which was used for the
fabrication of electrodes with electrocatalytic activity towards hydrogen peroxide reduction onto a
flexible substrate thus combining electrical conduction and catalytic activity in a single printed layer. A
sensitivity of 162 pA cm™? mM™and a limit of detection of 50 pM were obtained for an amperometric
sensor made with the carbon nanotube ink containing spherical cuprous oxide particles in quiescent
solutions.
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Journal of Alloys and Compounds:” Performance of Cuprous Oxide Mesoparticles with
Different Morphologies as Catalysts in a Carbon Nanotube Ink for Printing Electrochemical

Sensors”

e A facile surfactant-free synthetic route is presented to obtain Cu,O particles of
different morphologies by varying the concentration of only three reactants.

* The influence of the reactants in the growth mechanism has been discussed.

e A carbon nanotube and Cu,O ink has been formulated for the preparation of
printable electrodes for the electrochemical detection of H,0..

* The electrochemical sensor presents a high sensitivity and a low limit of detection.
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