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Wepropose a simplemethod for fabricating porous CuO, which is elementally abundant, nontoxic, environmen-
tally stable, and a good electrochemical performingmaterial, and easily controlling pore size byusing amixture of
Cu precursor and polystyrene solutions followed by heat treatment, which we named polymer-confined direct
solution pyrolysis (PDSP). We mixed an ionized metal solution and polymer template with different molecular
weights, and then burned out the polymer template in air. The fabrication technique and application of
nanoporous CuO produced by PDSP are presented herein. The applications studied were metal oxides for
nanoenergetic materials and a non-enzyme glucose sensor.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Nanoporous materials have pore sizes ranging from several
nanometers to several hundreds of nanometers. Since nanoporous
materials have unique advantages due to their large ratios of
volume to surface area compared to those of bulk materials, their
applications, such as adsorption, catalysts, acoustic shielding,
insulation, super capacitors, and even for lightweight structural
materials, have been studied. The applications of nanoporous ma-
terials depend on their porosities and pore distributions. There-
fore, research on controlling the pore sizes of nanoporous
materials is essential. In previous studies, nanoporous materials
have been prepared by vapor deposition, injection of molten
gases, dealloying, the sol-gel method, spraying with polymeric ma-
terials, etc. [1–5].

In this study, we focused on metal oxide nanoporous struc-
tures because oxides are extremely stable and sustainable, even
in extreme environments. Metal oxide nanoporous materials are
usually fabricated by casting into hard templates, such as silica
or anodized alumina, and then removing the templates [6–10].
Another common method is pyrolysis with polymer particles
and an ionized metallic source, in which the ionized metal species
form metallic oxide networks during burn-out of the polymer
particles. In the conventional methods, pore size is dependent
on the template properties, which requires pore size control of
the template. In the spray pyrolysis method, the nanoporous
structures can be dependent on the particle size of the polymer.
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Herein, to overcome these limits, we propose a simple technique
to produce nanoporous metal oxide networks, which we named
polymer-confined direct solution pyrolysis (PDSP). We mixed an
ionized metal solution and polymer template with various molec-
ular weights and then burned off the polymer template in air.
During burn-out of the polymer template, metal ions react with
oxygen to form oxides and diffuse on the surface to form oxide
networks.

We mainly focused on the fabrication and application of
nanoporous CuO by PDSP in this study. CuO (copper (II) oxide) is a
p-type semiconductor with about a 1.2 eV band gap energy, and it
belongs to the monoclinic crystal system. The copper atom is coordi-
nated with four oxygen atoms in an approximately square planar
configuration [11]. Cupric oxide can be used to produce dry cell bat-
teries [12–14], gas sensors [15], and antimicrobial agents [16], and
hasmany other potential applications. In this study, two applications
were considered: 1) metal oxides for energetic materials and 2) non-
enzyme glucose sensors.

Toluene (C6H5CH3) was used as a solvent to dissolve the polymer
template (polystyrene), and copper nitrate (Cu(NO3)2) in acetone was
prepared as the Cu source. Polystyrene, 0.1 g, dissolved in 5 ml of tolu-
ene and 0.5 g of copper nitrate in 5 ml of acetone were well mixed
using magnetic-bar stirring and ultrasonication. To observe the effect
of themolecularweight of the polymer template, we used four different
molecular weights (m.w.) of polystyrene, 1300, 13,000, 123,000,
900,000 m.w. (Alfa Aesar, USA), denoted as P1.3, P13, P123, and P900,
respectively.

Detailed experimental procedures of the two different methods are
shown in Fig. S1. Fig. S1(a) shows a schematic of the conventional
spray pyrolysis process. In conventional spray pyrolysis, nanosized
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polymer particles are usually used to control pore size. In this work, we
used a polymer solution with ionized metal species instead of polymer
nanoparticles as the template, which we named polymer solution
spray pyrolysis (PSSP). Fig. S1(b) shows a schematic of an alternate
method, PDSP, to form nanoporous CuO in a simpler way. We spread a
paste, whichwas amixture of the polymer solutionwith aqueous Cu ni-
trate, on a substrate and then burned off the polymer in a tube furnace.
Burn-out of all samples obtained with the twomethods was performed
in air at 400 and 600 °C for up to for 3 h. Burn-out temperatures were
chosen based on TGA analysis (see Fig. S2). The PDSP specimens were
placed in an alumina crucible and then heat-treated using a tube fur-
nace for 20 min at 600 °C in air.

The samples were cooled to room temperature after removing
them from the furnace, and then the samples were collected with a
spatula to investigate their microstructures and crystal structures
using scanning electron microscopy (SEM, Hitachi 4500 s) and X-
ray diffraction (XRD, Philips Expert™). Application of the
nanoporous CuO fabricated by PDSP 1) as metal oxides to control
the energy release rate in nanoenergetic materials (nEMs); and
2) non-enzyme glucose sensing substrates were studied. For ener-
getic materials, nanoporous CuO was mixed with commercial Al
nanoparticles (80 nm, NTbase, Korea) in a 7:3 weight ratio (see
Fig. S1(c)). Two different types of CuO were used to measure the
burn rate. The detailed experimental procedures for measuring the
Fig. 1. SEMmicrographs of PSSP for P900: (a) PS/Cu nitrate particle after spraying amixture of p
400 °C for 3 h in air of the particle shown in (a). (c) PS/Cunitrate particle after spraying amixture
out at 400 °C for 3 h in air of the particle shown in (c). (e) PS/Cu nitrate particle after spraying am
burn-out at 400 °C for 3 h in air of the particle shown in (e).
burn rate are in the Supporting Information. For non-enzyme glucose
sensing, cyclic voltammetry (CV) and chrono amperometry (CA)
techniques were used to measure amount of glucose present. The cy-
clic voltammetry response from −1.0 to 1.0 V was used to investi-
gate and compare the catalytic activities of a bare copper (Cu) film
and nanoporous CuO electrodes (see Fig. S1(d)).

First, we used the spray pyrolysis technique to fabricate nanoporous
CuO. A solution of polystyrene dissolved in toluene was mixed with Cu
precursors as a template insteadof polystyrene nanoparticles,which are
usually used in conventional spray pyrolysis to synthesize nanoporous
oxide particles [5]. Fig. S3 shows the SEM micrographs of the
nanoporous CuO fabricated by spray pyrolysis. For comparison, we
also fabricated nanoporous CuO with a polystyrene nanoparticle tem-
plate, as shown in Fig. S3(a). As shown in Fig. S3, the microstructures
of the nanoporous CuO fabricated using the polystyrene solution tem-
plate and polystyrene nanoparticles were not significantly different,
and pores formed more effectively using the polystyrene solution as a
confinement template. Spray pyrolysis requires complex equipment,
as shown in Fig. S1(a), due to clogging in the ultrasonic spray tube.
Moreover,many cycles are required to obtain a sufficient amount ofma-
terial to use in applications. Thus,we directly burned off the polystyrene
template from the mixed solution (Fig. S1(b)).

Micrographs of the polymer solution used as a template to form
porous structures by spray pyrolysis (PSSP) are shown in Fig. 1.
olystyrene (1wt%)with Cu nitrate (5wt%). (b) Nanoporous CuO particles after burn-out at
of polystyrene (2wt%)with Cunitrate (10wt%). (d)NanoporousCuOparticles after burn-
ixture of polystyrene (2wt%)with Cunitrate (15wt%). (f) Nanoporous CuO particles after
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Fig. 1(a), (c), and (d) show micrographs of the materials fabricated
by spray pyrolysis (before burn-out of the polymer template) with
various mixing conditions between the Cu precursor and polysty-
rene. As can be seen in Fig. 1, nanoporous structures were well
formed after burn-out of the polystyrene. For comparison, we also
used polystyrene nanoparticles as a template for spray pyrolysis,
which is shown in Fig. S3(a). As can be seen in Fig. S3, there were
no significant differences in the porous structures formed by poly-
mer nanoparticle confinement and polymer solution confinement
using spray pyrolysis.

This result shows that fabrication of nanoporous copper oxide
structures can be achieved without the expensive polymer nanopar-
ticles used in conventional spray pyrolysis. However, the yield is
very low in the production of nanoporous metal oxide structures
using spray pyrolysis methods. Therefore, in this study, a metal
oxide nanoporous structure with high yield was prepared by directly
heat-treating a mixed solution of a metal precursor and polymer
without spraying, i.e. the PDSP method. Another merit of PDSP is
that nanoporous CuO films are easily formed on substrates for use
as sensors.

With PDSP, many experiments were performed under various
conditions, such as polymer solutions with different molecular
weights and various burn-out temperatures and times. We observed
that pore structures were well formed and there were no residual
polymers when samples were heat-treated at 600 °C; moreover,
the pore size increased with increased annealing time, which is
shown in Fig. S4. It is assumed that formation of pore structures oc-
curs through a well-known mechanism involving surface diffusion
of the constituents. Interestingly, we observed that pore size also
changed with the molecular weight of the polymer used for the tem-
plate. Fig. 2 shows that CuO structures with larger pore sizes were
formed with smaller molecular weight polystyrene as a template
(about 230 nm) compared to the pore sizes of structures formed
with higher molecular weight polystyrene (about 65 nm). Pore size
was measured with the standard metallographic method (ASTM
Standard E112).

It was assumed that themolecular weight of the polymer can be a
factor for controlling the degree of mixing with the metal precursors
in solution. The degree of mixing is affected by the pore distribution.
Fig. 2. SEMmicrographs of nanoporous CuO formed by PDSP after burn-out at 600 °C for 20min
and (c) P900 mixture (64.8 nm average pore size).
As shown in Fig. 2, the pore size in P1.3 was much larger than those
of the other samples. From these results, a pore-forming mechanism
is proposed, shown schematically in Fig. 3. This mechanism explains
why the lower molecular weight polymer produced structures with
larger pore sizes. While the mixed solution of the polymer template
solution and the Cu precursor is heat-treated (burn-out process),
the solvent is removed, and the polymer is randomly positioned in
a bundle At the same time, the Cu precursor reacts with oxygen in
the air and is converted to copper oxide. The lump of the polymer
is thermally decomposed after expansion to form an empty space,
and simultaneously copper oxide forms in the area surrounding
the polymer lump. After, a random network structure of copper
oxide can be formed through the surface diffusion of CuO species.
Comparing Fig. 3(a) with Fig. 3(b), P1.3, which had a relatively
small molecular weight, had a low glass transition temperature.
Thus, it expands more at 600 °C than the high molecular weight
polystyrene, P900. Larger pores were formed when the molecular
weight was small. Therefore, the pore size can be controlled by
glass transition temperature differences with the molecular weight
of the polymer and time and temperature for surface diffusion of
oxide species.

An explosion experiment [17–20] was carried out by mixing
the nanoporous copper oxide particles prepared in this study
and solid copper oxide particles, which were heat-treated only
with the copper precursor solution, with the Al nanopowder.
The P1.3 and P900 nanoporous copper oxide samples prepared
by PDSP were used for energetic materials tests. For comparison,
an energetic materials test was also performed for solid copper
oxide particles, which were prepared by a direct oxidation pro-
cess of a copper nitrate solution mixed with the Al nanopowder.
Each copper oxide sample (nanoporous and solid) was mixed
with Al nanopowder at a weight ratio of 7:3 using ultrasonic
waves and was ignited using a tungsten wire. The explosion
characteristics of the solid particles and P900 were not signifi-
cantly different.

As shown in Fig. 4(a), the explosion propagation time of P1.3
was 11 times faster than that of P900. The burn rates of P1.3 and
P900 were 33.33 and 3.03 s, respectively. In the case of P900, the
sizes of the Al nanoparticles used were about 80 to 100 nm. Since
. (a) P1.3mixture (231 nmaverage pore size), (b) P13mixture (96.2 nmaverage pore size),



Fig. 3. Schematics of mechanisms to control porosity using PDSP: (a) P1.3 and (b) P900.
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the pore size was similar to or smaller than the size of the Al nano-
particles, the advantages of the porous copper oxide could not be
realized. However, the larger the pore size samples, e.g. P1.3, had
larger contact areas when mixed with the Al nanoparticles. Thus,
control of the pore sizes can readily control the explosion propaga-
tion speed.

Fig. 4(b) shows the results of the glucose detection by graphite
with and without nanoporous CuO films in a solution of 0–5 mM
glucose dissolved in 0.1 M NaOH. Cyclic voltammetry was used
with a sweep from −1 to 1 V at a 0.05 V/s of scan rate. According
to the literature, glucose will be oxidized around 0.5 V to form
gluconolactone. As shown in Fig. 4(b), while the activated graphite
electrode (no nanoporous CuO, open symbols) did not show any
well-defined oxidation peaks other than for water oxidation, the
nanoporous CuO/graphite electrode (solid symbols) exhibited sig-
nificantly increased current density due to oxidation of glucose
[21–24].

Using PDSP, the pore size is readily altered and various types of sub-
strates can be used to create porous oxide structures. We presented a
method for fabricating nanoporous CuO easily. Other nanoporous
oxide monolithic and complex forms, such as Fe2O3 and NiO, can also
be fabricated using PDSP (not presented in this study). There are
many potential applications of nanoporous CuO, and its uses as an
oxidizer for energetic materials and enzyme-free glucose sensors were
successfully demonstrated.

We also suggested a possible mechanism for controlling the
pore size with the polymer confinement effect: because the glass
transition temperature varies with the polymer (polystyrene
(PS) in this study) molecular weight, the amount of volume ex-
pansion of the polymer template changes with increased burn-
out temperature. The ionized metallic species were covered with
polymeric materials in solution, and then they reacted with oxy-
gen to form oxides. During the oxidation process, polymeric mate-
rials covering the metallic species play a role in controlling the
pore size.
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Fig. 4. Examples of possible applications of nanoporous CuO: (a) burn rate control of nEMs with different surface areas of fuel oxides. (b) measurement of enzyme-free glucose sensing
ability with various porosities.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2018.10.038.
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