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Surfactant-Assisted Hollowing of Cu Nanoparticles Involving Halide-Induced
Corrosion—-Oxidation Processes

Chih-Chia Huang,™ Jih Ru Hwu,"” Wu-Chou Su,'! Dar-Bin Shieh,'"!
Yonhua Tzeng,'*! and Chen-Sheng Yeh*!*!

Abstract: We have demonstrated a
simple fabrication of hollow nanoparti-
cles by halide-induced corrosion oxida-
tion with the aid of surfactants. Cupr-
ous oxide Cu,O nanoshells can be gen-
erated by simply mixing Cu nanoparti-
cles with alkyltrimethylammonium hal-
ides at 55°C for 16 min. The hollowing

fragmentation, oxidation, and self-as-
sembly were observed and the CuO el-
lipsoidal structures were formed. The
headgroup lengths of the surfactants
influenced the degree of CuO ellipsoi-
dal formation, whereby longer surfac-
tants favored the generation of ellip-
soids. Optical absorption measured by

UV-visible spectroscopy was used to
monitor both oxidation courses of
Cu—Cu,O and Cu,0—CuO and to de-
termine the band-gap energies as
24eV for Cu,O nanoshells and
1.89eV for CuO ellipsoids. For the
contact-angle measurements, the wetta-
bility changed from hydrophilicity

mechanism proposed is that absorption
of surfactants onto the Cu surface facil-
itates the formation of the void interior
through an oxidative etching process.
Upon extending the reaction up to 4 h,
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Introduction

Copper is an important material because of its high electri-
cal and thermal conductivities. Cu,O and CuO are known as
p-type semiconductors exhibiting narrow band gaps and
have been widely used as powerful heterogeneous cata-
lysts.?! For example, Cu,O has a direct band gap (2eV),
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(18°) to hydrophobicity (140°) as the
Cu,O nanoshells shifted to CuO ellip-
soids.

corrosion

which makes it a promising material for the conversion of
solar energy into electrical and chemical energy.’! Nanoscale
materials in various forms, such as one-dimensional, prism,
core-shell, and interior hollow structures, are ideally suited
for a wide range of applications in science and industry be-
cause of their unique optical, magnetic, and catalytic behav-
iors.

Hollow nanostructures have attracted tremendous inter-
est, due to their potential use in chemical reactors, drug de-
livery, catalysis, and sensors.! Generally, manipulation of
hollow materials is performed by depositing the target pre-
cursors onto a template, subsequently a calcination or disso-
lution by using solvents is employed to remove the tem-
plate.’! Well-known physical phenomena involving the Kir-
kendall effect® and Ostwald ripening”! have been intro-
duced successfully to synthesize core-free nanomaterials.
Recently, we reported a new form of Au;Cu, alloy-based
nanoshells, produced by the reaction of Cu nanoparticles
with HAuCl, on the basis of the differential reduction po-
tentials between AuCl,/Au and Cu’*/Cu (Cu*/Cu).®! Here,
we demonstrate a new synthetic strategy that can generate
hollow nanostructures by a halide-induced corrosion oxida-
tion and with alkyltrimethylammonium halide surfactants.
The Cu,O nanoshells were synthesized by simply mixing Cu
colloids with surfactants (CTAX, X=Br~, ClI") at 55°C
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through an oxidative etching process. As the reaction was
prolonged, the Cu,O nanoshells collapsed, oxidized, and as-
sembled into three-dimensional CuO ellipsoids. The forma-
tion mechanism is presented as Cuanoparticiey— CUO otiowy—
CuOygjjipsoiay- The band gaps (E,) and the wettability were
also determined for both Cu,O nanoshell and CuO ellipsoid
nanomaterials.

Results and Discussion
Polydispersed Cu nanoparticles were prepared by laser abla-

tion. The transmission electron microscope (TEM) image
(Figure 1) displays the morphology prior to the addition of

Figure 1. TEM image of the Cu nanoparticles prepared by laser ablation.

the cetyltrimethylammonium bromide (C,TAB)/H,0 mix-
ture. The resulting Cu colloidal solution had a deep wine-
red color and exhibited particle size distribution of 45.9+
19.8 nm.

After injecting 1 mL of Cu colloidal solution into C,;TAB
aqueous solution, colloidal copper was gradually oxidized to
Cu,0 and CuO at 55°C. The solution color changed to dark
green after 1 min, then turned to pale yellow after 16 min
reaction time, indicating the formation of the Cu,O colloids.
The resulting colloids were found to remain as Cu,O for at
least two weeks in air. If the reaction time was prolonged to
4 h, the colloidal solution became orange, indicating CuO
formation. The TEM images show that Cu,O exhibited a
hollow structure (Figure 2a) and CuO formed in an ellipsoi-
dal shape (Figure 2b). A single CuO nanoleaf is displayed in
the right panel of Figure 2b and the corresponding electron
diffraction (ED) pattern indicates that the longitudinal axis
[010] is perpendicular to the ¢ direction.

The image in Figure 3a shows a single Cu,O nanoparticle
exhibiting light interior contrast compared to the dark pe-
riphery, which suggests a core-free nanostructure. It is
known that laser ablation readily generates an inhomogene-
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Figure 2. TEM images of 1 mL of colloidal copper injected into 4 mL
aqueous solution containing 2.2 mm CTAB at 55°C for a) 16 min and b)
4 h. The right-hand panel of (b) shows a single CuO ellipsoidal shape and
the inset ED pattern was obtained along the [001] zone-axis.

ous distribution in particle size. Interestingly, we found that
the hollowing degree is related to particle size. As seen
from Figure 3a—d, the hollowing process can be completed
more readily in the smaller particles within the same reac-
tion period.

X-ray diffraction (XRD) patterns provide evidence for
the structure conversion, as seen in Figure 4. Initially, the
laser-ablated colloidal solution exhibited pure Cu nanoparti-
cles, which is consistent with our previous studies.* After
injection of C(TAB, Cu,O composition increased accompa-
nied with the Cu structure at 10 min. As the reaction was
prolonged to 2h, Cu completely converted to Cu,O and
CuO. Further extension of the reaction up to 4 h resulted in
CuO as the final product.

The oxidation reactions resulted in a color change of the
colloidal solution: wine red —pale yellow—orange. The opti-
cal absorption measured by UV-visible spectrometry was
used to monitor the oxidation course: Cu—Cu,O—CuO.
Figure 5a shows the UV-visible evolution in the early stage
of the reaction period from Cu nanoparticles to Cu,O nano-
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Figure 3. TEM images showing the relationship of hollowing degree to particle size. Particle diameters increase from a) to d). All of the images were

taken at the reaction time of 16 min.
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Figure 4. Evolution of XRD patterns as a function of reaction time.

shells. The pure Cu colloidal solution has maximum absorp-
tion at 572 nm. As the oxidation reaction continued, the ab-
sorption band gradually shifted to red (~587 nm) and the in-
tensity decreased until it disappeared after 16 min. This sug-
gests the formation of copper oxide through Cu oxidation.!”!
The increased intensity at 360 nm, which is attributed to the
band-to-band transition, indicates the presence of Cu,O."?
As the oxidation reaction was extended up to 4 h, the UV-
visible behavior changed, as shown in Figure 5b, and implies
that the colloidal nature shifted to another phase.

Figure 6 shows the absorption band-gap E, values of the
Cu,O hollow spheres and CuO ellipsoids calculated from
the absorption curves at 16 min (Figure 5a) and at 4 h (Fig-
ure 5b) by using the following equation: (ahv)'=B-
(hv—E,).™ The term hv represents the photoenergy, a is
the absorption coefficient, B is a constant related to the ma-
terial, and n has a value of either 2 for a direct transition or
1/2 for an indirect transition. The optical band gaps are the
extrapolated values at a=0 from the plot of (ozEph(,mn)2
versus E ., and give the absorption-edge energies of E,=
2.46 and 1.89 eV for Cu,O and CuO, respectively.

The TEM images (Figures 1-3) and XRD results show
that the formation process of the Cu-based colloids is
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Figure 5. UV-visible absorption spectra obtained over different reaction
periods: a) from 455 to 16 min (Cu,neparicies = COpanoshens) and b) from
15hto4h (Cuzonanoshells_’CUOellipsoids)'

Clmanopartictey = CO hottow)— CUO (ellipsoia)-  Scheme 1 illustrates
the hollowing of the particles and the formation of the ellip-
soidal structure. The oxide layer formed within the particle
periphery after a short reaction time, for example, 45 s, and
was accompanied by the formation of the partial interior
void. Figure 7a shows the TEM image obtained at 45s of a
single particle displaying partial hollowing. The Cu,O layer
with light contrast developed on the particle surface, as indi-

— 3807

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

C.-S. Yeh et al.

A EUROPEAN JOURNAL

<= 4h
o — 16 min
g
=
L
-
@
g
2
:gn.
~ CuO
.- 246V
= - T T
1.0 1.5 / 2.0 /2.5
Ephoton /eV

Figure 6. Plot of ((lEphOm“)z VS Eppoton for Cu,O nanoshells and CuO ellip-
soids.
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Scheme 1. The oxidative etching and the assembly of the ellipsoidal structures.

Figure 7. Typical TEM images showing the copper oxidation reaction over different time periods: a) 45s, b)
45 min, and c,d) 2 h. The inset of (a) is the selected area diffraction pattern for the corresponding particles.
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cated by the dotted lines (Figure 7a), and the particle interi-
or showing a dark contrast is composed of Cu. The inset of
Figure 7a displays the corresponding selected area electron
diffraction patterns, which show both Cu and Cu,O rings. As
the reaction was prolonged, the hollowing process proceed-
ed through the etching of Cu. The consumption of the Cu
component is also supported by the UV-visible absorption
data shown in Figure 4a, in which the characteristic Cu band
completely disappeared after the reaction time of 16 min.
As the reaction period was prolonged to 45 min, the Cu,O
hollow nanospheres began to collapse and yielded the spher-
ical particles and islandlike fragments, as indicated by the
arrows and dotted lines in Figure 7b. These islandlike frag-
ments are made of many small nanoparticles and are likely
to act as ellipsoid backbones for the further development of
the CuO ellipsoidal structures
(Figure 7c). The higher-resolu-
tion image in Figure 7d shows
the small CuO nanoparticles as-
sembled into an ellipsoidal mor-
phology. The XRD pattern (ob-
tained after 4 h) in Figure 4 cal-
culated by using the Debye-
Scherra equation indicates the
crystal domain size of 6.1 nm
for CuO.

We have demonstrated the
one pot synthesis of hollow
Cu,0 nanoshells and ellipsoidal
CuO nanostructures through
the oxidation, hollowing, frag-
mentation, and assembly pro-
cesses. It should be noted that
CTAB was introduced into
the reactions. In the absence of
CsTAB, no hollow structures
were observed for Cu colloids
in 2-propanol/H,O after heating
for 10 min at 55°C. The addi-
tion of C,;TAB surfactant facili-
tated solid evacuation in Cu
nanospheres. It is known that
halide ions play the critical role
in both the oxidation and corro-
sion processes.'*"! A control
experiment involving CjTAC
(octadecyltrimethylammonium
chloride) surfactant with chlo-
ride ions was conducted and
yielded the same results, with
the formation of both hollow
and ellipsoidal structures.

On the basis of FElsner
et al.,"® oxidation of Cu in the
presence of halide ions can be
described in the following four
steps. Initially, both Cu dissolu-

b

a

+ CuO crystal
® Cu,0 crystal

. colloidal Cu

_{ ellipsoidal backbone
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tion and formation of the CuX salt layer occurred simulta-
neously on the copper surface.

Cu+X™ — (CuX),qte~ (1)
Cu+X™ — Cu(X),qte” (2)

Steps (3) and (4) followed steps (1) and (2) successively
and yielded Cu(OH),q and (Cu,0),q following the absorp-
tion of water by copper.

Cu(X)us +H,0 — Cu(OH),y +(CuX), +H +e" G)
Cu(OH),q — (Cu,0),4 +H,O (4)

The parenthesis refer to adsorbed species or products
(ad.) at the Cu surface in the reactions (1)-(4). Thus, it can
be understood that the Cu,O product was formed in the re-
action of Cu colloids with an aqueous solution containing
halide ions. In addition to Cu,O formation, we also identi-
fied a hollowing process in this study. In this aspect, the sur-
factants (CTAX, X=Br~, CI") could have played a role in
facilitating the formation of the void interior. For example,
the positively charged C,\TAB adsorbed electrostatically by
means of the headgroup *N(CH,);(C,sH;;) onto the Cu sur-
face. We measured the -potential of the nascent Cu colloids
immediately after laser ablation as —17 mV. Adsorption of
the positively charged headgroup could have synchronized
with the copper surface oxidation. With the surfactant ad-
sorption, the spherical morphology was maintained in the
course of the reaction and the Cu dissolution caused the
etching process inside the Cu core. A control experiment
was performed by replacing CTAX (X=Br~, CI") with
NaBr and this led to the production of many spherical-like
Cu,0 particles with very little core-free morphology. Clear-
ly, the carbon chain headgroups affect the formation of the
hollow structure in the copper corrosion—oxidation reaction.
Notably, Liz-Marzan et al. studied recently the oxidation of
Au nanoparticles in the presence of CTAB."! AuCl,” ions
complexed with CTAB led to AuCl,” formation by dissolu-
tion and oxidation of Au nanoparticles. The similar redox
reaction cannot be ruled out and might also take place be-
tween Cu nanoparticles and Cu?’*-CTAB, resulting in Cu*
formation to yield Cu,O.

FULL PAPER

As shown in Scheme 1, further extension of the reaction
time resulted in the collapse of the Cu,O nanoshells, which
fragmented into islandlike domains accompanied by small
spherical particles. At this stage, Cu,O structures started to
grow into monoclinic CuO products. Subsequently, these
CuO units aggregated and assembled into the ellipsoidal
structures. The electron diffraction image (Figure 2b) indi-
cates that these CuO ellipsoids grew in the [010] direction
(b axis). As measured by XRD, these ellipsoidal structures
are assembled from the small CuO nanoparticles with
domain size of 6.1 nm. The CuO ellipsoidal structure with
the aggregation-based growth of small nanoparticles in a
preferred [010] direction, as well as an almost single crystal-
line diffraction from the aggregated particles are consistent
with the previous results from the reaction of Cu foil with
formamide through a copper-complexation process."! How-
ever, the driving force for the morphological transition of
the sphere—ellipsoid from cubic Cu,O to monoclinic CuO re-
mains to be resolved.

Furthermore, we found that surfactants also affected the
formation of the final CuO ellipsoidal products. The varia-
tion in the headgroup lengths in surfactants, that is, C;sTAB,
C,TAB, and C;,TAB, resulted in different degrees of CuO
ellipsoidal formation. Addition of C;;TAB yielded the same
ellipsoidal products as those with C;;TAB (Figure 8a). How-
ever, C,TAB yielded only some CuO ellipsoids (Figure 8b),
and C,;TAB led to hollow nanospheres only (Figure 8c). It
seems that the longer headgroup favors ellipsoidal forma-
tion, although the detailed mechanism of this remains to be
discovered.

Finally, we also investigated the wettability of these oxide
nanomaterials. It is known that antifogging and self-cleaning
properties are associated with the hydrophilic and hydro-
phobic natures, respectively, of the material surface. Super-
hydrophilicity with a contact angle close to 0° and a super-
hydrophobic surface with a contact angle larger than 150°
have attracted great interest because of various applications
in industry."”) The wettability was investigated by measuring
the water contact angle. Figure 9a shows an image of the
water droplet spread out on the surface of the Cu,O nano-
shells with a water contact angle of 18°. Conversely, a spher-
ical water droplet on the CuO ellipsoidal surface resulted in
a contact angle of 140° (Figure 9b). We observed that wetta-

Figure 8. SEM images of CuO ellipsoidal formation with different surfactants: a) C;TAB, b) C,TAB, and c) C,;TAB. The arrows indicate the nano-

shells.
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Figure 9. Shape of a water droplet on the surface of the a) Cu,O nano-
shells and b) CuO ellipsoids that were produced after 2 h reaction time.

bility changed from hydrophilicity to hydrophobicity as the
Cu,0 nanoshells shifted to three-dimensional CuO aggregat-
ed ellipsoids. The enhanced hydrophobicity could be attrib-
uted to high surface roughness in CuO nanomaterials made
of many aggregated nanoparticles.

Conclusion

We have demonstrated a surfactant-assisted hollowing reac-
tion. The oxidative etching resulted in Cu,O nanoshells. It
was found that Cu,O hollow nanospheres further converted
into three-dimensional CuO ellipsoids by means of oxida-
tion, fragmentation, and self-assembly processes. Interesting-
ly, the CuO formation is strongly related to the surfactant
length, whereby the longer surfactants favor the growth of
the ellipsoidal structure. In addition, the as-synthesized
Cu,0 and CuO nanomaterials reveal opposite natures of
wettability. Overall, we have provided a new strategy to fab-
ricate hollow nanostructures. Such a hollowing reaction with
the aid of surfactants should have applications in the related
corrosion—-oxidation processes for other nanomaterials and
different morphologies.

Experimental Section

Polydispersed copper nanoparticles were prepared by laser ablation of
0.02 g of CuO powders in 2-propanol (5 mL). An unfocused Nd:YAG
laser (1064 nm) with laser fluence of 100 mJ/pulse was employed to irra-
diate mixtures containing CuO powders and 2-propanol for 5 min. This
was followed by centrifugation to remove the remaining CuO powders.
Subsequently, the prepared colloidal solutions were illuminated for an
additional 5 min.**)

For the synthesis of the hollow Cu,O, 1 mL of Cu colloids in 2-propanol
was injected into 4 mL of an aqueous solution of C,(TAB (cetyltrimethyl-
ammonium bromide), followed by reaction at 55°C for 16 min. C;(TAB
(2.2 mm) was predissolved in 4 mL of pure water. If the reaction time
was extended to 4 h, the synthesized cuprous oxide (Cu,O) nanoshells
transformed into crystalline CuO ellipsoids. For the contact angle experi-
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ments, 20 mL of the as-prepared material, that is, hollow Cu,O or ellip-
soidal CuO, was washed in 2-propanol and allowed to settle on a 0.6x
0.6 cm? glass substrate, then dried in a vacuum.

Electron micrographs were obtained by using transmission electron mi-
croscopes (JEOL 3010 at 300 KV and PHILIPS CM-200 at 200 KV). A
drop of the sample was placed on a copper mesh coated with an amor-
phous carbon film, followed by evaporation of the solvent in a vacuum
desiccator. Scanning electron microscopy (SEM) images of the as-synthe-
sized materials on the copper substrates were obtained by using a Hitachi
S$4200 field-emission scanning electron microscope. X-ray diffraction
(XRD) results were collected by using a Rigaku D-Max IIIV diffractom-
eter with Cuy, radiation (A=1.54056 A) at 30 kV and 30 mA. Contact
angles (CA) were measured by using a contact-angle meter (OCA20, Da-
taphysics).
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