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ferrite, and so forth?-14 By the template of carbon colloids,
many hollow spheres, such as g GaN, WQ, and so
forth have been prepared with special optical or sensor
properties’* From above, it is concluded that because the
intrinsic properties of monodisperse nanospheres can be
finely tuned by changing parameters such as diameter, chemi-
cal composition, bulk structure, and crystallinity, searching
for novel methods and preparing more kinds of monodisperse
nanospheres are still required for some special applications.
Cuprous oxide (CG4D), a p-type semiconductor with
unique optical and magnetic properties, has potential ap-

Monodisperse nanospheres and spherical structures de”Veﬁlications in solar energy conversion, electronics, magnetic
from them, such as coreshell or hollow nanospheres, have  storage, catalysis, and gas sensors. CuO is also a potential

tions in optics, electrics, catalysis, sensors, and so fofth.

and lithium—copper oxide electrochemical cetis® CuO

Many researchers are working on the preparation of new yas the first kind of humidity sensing material found by
monodisperse nanospheres and their functional transformagrayver et al. in 1931. It was reported that Qufilms had
tion.5~14 The traditional monodisperse micro- or nanospheres gas sensing activity at200°C.16 Considering the potential
are amorphous silica and polymer colloids which were pre- applications of copper-based materials, many kinds of

pared by controlled hydrolyzation of tetraethyl orthosilicate
and emulsion polymerization® Using these colloidal tem-

morphologies have been reported, such as wires, monodis-
perse nanocubes, octahedral nanocages, hollow nanospheres,

plates, the Caruso group has prepared many kinds of porousng so forths:17.18 Typically, the Zeng group used a
TOHOW spheref and coreshell nanospheres through the — golyothermal method itN,N-dimethylformamide (DMF) at
layer-by-layer” method, such as coating the spheres with 150-180°C for 20-40 h to get hollow CgO nanospheres.
noble-metal nanoparticles, metal oxide nanoparticles, poly- They found the formation process of &uhollow spheres

electrolytes, or biomolecules with specific electronic, optical,
catalytic, and biological applicatiodd®In recent years, much

included formation of CuO nanocrystals, aggregation of
primary CuO nanocrystals, and the reductive transformation

progress has been made on the preparation of monodispersg, CwO.1% On the basis of the previous work on the

inorganic nanospherés.*® For example, the Xia group has

preparation of CyD nanostructures, we introduce a low

developed the glycol refluxing method to synthesize mono- temperature solution-phase method to synthesize nearly
disperse metal micro or nanospheres, such as Bi, Pb, Semonodisperse GO nanospheres with controlled diameter

metal alloys, and their functional corshell structure$t Our

and crystallization and then transform them to CuO nano-

group has develqped the hydrothermal or solvothermal spheres by gas-phase oxidation. Monodispers©@u CuO
method to synthesize monodisperse micro- and nanospheresanospheres which can form three-dimensional self-assembly
such as chalcogenide, carbon, single-crystalline magnetiCpatterns should have potential usage on gas sensors because
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they have sufficient surface area and interspaces for gas
absorption. Thus, their sensor properties have been explored
in this communication.

Nearly Monodisperse CyO Nanospheres.Typically,
Cu(CHCOO)*H,0 (2 mmol, A.R., Tianjin BODI chem-
ical reagent Co., Ltd.) was dissolved in 25 mL of DMF (A.
R., Tianjin chemical reagent factory, containingd.3%
water), followed by the addition of poly(vinyl pyrrolidone)
(PVP; 0.5-2 mmol, molecular weight= 30 000, C.R.,
Beijing chemical reagent Co., Ltd.) and NaB(.01-0.3
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Figure 1. Flowchart of the nanospheres sample and sensor preparation :
details.

g, A. R., Tianjin chemical reagent factory). After stirring
for several minutes, the mixture was heated to and maintainedg®
at 85-95°C, and in 2-6 min, the color of the mixture was
an orange color. The mixture was cooled to room temperature
at once and washed by alcohol several times (Figure 1).

CuO Nanospheres. The spherical colloids of GO
nanospheres were deposited on a Si wafer and dried in ove
at 60°C for 10 min. They were then transferred into the §
muffle furnace and heated at 50CQ for 1—2 h. |

Scanning electron microscopy (SEM) images were taken
using a field-emission microscope (Sirion FEI). Transmission
electron microscopy (TEM) images were taken by a JEM-
1200EX microscope operated at 120 kV. Electron diffraction
(ED) patterns were taken by a Hitachi H800 (acceleration
voltage 200 kV) and JEM-1200EX microscope operated at
120 kV. The X-ray diffraction (XRD) test was performed
with a Bruker D8 Advance X-ray diffractometer with
monochromatized Cu & radiation ¢ = 1.5418 A). The
UV —vis spectra were obtained by a Hitachi U-3010 spec-
trophotometer. The gas sensitive properties were measureFi ure 2. SEM images of G0 nanospheres at different aging ime: (A)
using a static teSt. SyStem.made by Hanwei Electronics Co"O.g, (B) 15 and (C?) 3 min. The insept of part C shows tﬁe ?:Iear surface
Ltd., Henan Province, China. morphology of near-monodisperse fQunanospheres. Part D shows TEM

In this communication, we introduce NaBHas the and ED patterns of the nanospheres in part C. Parts E and F show the SI_EM,
reducing agent and DMF as the solvent. Differing from the lezgl and ED patterns of nanospheres prepared by adding more appropriate
reported formation mechanism on the preparation ofCCu
hollow spheres by the Zeng grotits,NaBH,, working as a  Supporting Information identifies the pure cubic phase of
strong reducing agent, reacts with a trace amount,Gf i Cu,O (JCPDF 05-0667). The narrow size distribution of
DMF and then reduces Cu(GBOO) to CL,O nanocrystals.  gbtained nanospheres in Figure 2C can be demonstrated by
Under the low temperature of 8®0 °C, DMF, a weak  Figure 2A of Supporting Information and mostly concentrates
reducing agent, acts merely as the solvent of this reaction.at the size of 200 nm. Most importantly, the properly high

The chemical reaction is as follows: concentration of reactants is necessary for the supersaturation
" _ DME of uniform CwO single-crystalline nanoparticles which can
4C#" + BH, +5H,0— - aggregate to be nearly monodisperse spherical coltédss

2Cu0(s)+ B(OH), + 2H, + 7H" (1) To confirm the reaction mechanism mentioned in eq 1, we
add ~0.05 mL of HO additionally to the same reaction

With the effect of DMF solvent and PVP, the primaryQu system as above. As shown in Figure 2E,F, we gain single-
nanocrystals prefer to aggregate into spherical nanospherescrystalline CuO nanospheres with improved monodispersity
The formation process of @D nanospheres can be identified and the size distribution concentrates~#25 nm (Figure
by Figure 2A-C, which are obtained from the ¢ products 2B, Supporting Information). This result is reasonable
collected at different aging times. Figure 2A shows the because, when adding an appropriate amount of additional
existence of small nanospheres during the process of ag-water, the reaction velocity of eq 1 is increased and leads to
gregation to spherical morphology. With the increase of aging the enhanced supersaturation of uniform@uanopatrticles.
time, the nearly monodisperse nanospheres gradually comdn the present case, @b nanoparticles could aggregate
into being which can be confirmed by Figure 2B,C. The ED regularly to single-crystalline nanospheres with larger size.
pattern of one Ci© nanosphere shown in Figure 2D However, the addition of D enables the larger nanospheres
confirms that the as-prepared f£u nanospheres are the and makes the monodispersity worse. This can be identified
regular spherical aggregation of £ single-crystalline by the SEM image shown in Figure 3 of Supporting
nanoparticles. The XRD pattern shown in Figure 1 of Information. Thus, the proper quantity ok® is necessary
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Figure 3. SEM images of two-dimensional (A) or three-dimensional (B)
self-assembly modes of as-prepared@@unanospheres when spreading on
Si wafer or ITO glass.
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Figure 4. UV—vis absorption spectra of @D primary nanoparticles and
near-monodisperse nanospheres.

for the kinetically controlled synthesis of monodisperse@u
nanospheres. Of course, the optimal concentration of re-
agents, especially the concentration gHn DMF, should

be further studied. Because of the monodispersity of as-
prepared C¢O nanospheres, as shown by the SEM images
of Figure 3A,B, the two-dimensional or three-dimensional
self-assembly pattern would spontaneously form when their
alcohol colloids are spread on the Si or indium tin oxide
(ITO) conductive glass substrate. This is perhaps attributed
to the attractive capillary forces among the colloidal nano-

spheres. When the solvent evaporates slowly, these colloidal

spheres are self-assembled into a closely packed &tfay.
As a p-type semiconductor, g has been widely

researched because it has the potential to form a solar cel

with high open-circuit voltage by combination with a suitable

n-type semiconductor. So the optical characterizations of the

as-obtained G nanosphere colloid have been carried out
by the UV—vis absorption spectrum which was demonstrated
in Figure 4. Differing from the nanoparticles which have an
obvious absorption edge at550 nm consistent with the
reported band gap energythe prepared nanospheres of
Cuw,0O have a wide absorption peak-a520 nm. This result

is consistent with many reported & nanostructure?. It

is mainly because when the & nanoparticles aggregate
to be nanospheres, the size becomes larger and uniform, an
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Intensity (a.u.)

Figure 5. (A) SEM image of as-prepared CuO nanospheres with an inset
of clear morphology of several nanospheres; (B) two-dimensional self-
assembly pattern of CuO nanospheres; (C) TEM image of the CuO product
with an inset to show the ED pattern of one nanosphere; and (D) XRD
pattern of prepared CuO nanospheres.

then the scattering of visible light superimposes on the
absorption of as-prepared nanospheres.

Considering the importance of the Cu-based materials
family and the feasibility of chemical transformation between
them, the CuO nanospheres were prepared by heat treatment
of as-obtained GO nanospheres in a muffle furnace at 500
°C for 1-2 h. The SEM image in Figure 5A and TEM image
in Figure 5C show that the nanospheres nearly have no shape
evolution. Figure 5B shows the two-dimensional self-
assembly state of CuO nanospheres. As shown in Figure 5C,
the irregular diffraction dots in the ED pattern of one CuO
nanosphere identify that CuO nanospheres are also the
aggregation of single-crystalline nanopatrticles. Clearly, the
surface of the CuO nanospheres is more rough than that of
Cw,0 nanospheres which may be helpful for their catalysis
ra\pplication. The XRD pattern in Figure 5D identifies that
the product is monoclinic CuO (JCPDF 48-1548, Tenorite).

In recent years, many gas sensors based on copper oxides
|and n-type metal oxides have been researched, such as ZnO
CuO, SnQ—CuO, and so forth. Typically, Snds sensitive
to H,S gas by the addition of a small amount of CuO because
of the formation and the disruption of-m junction?!22
Herein, we fabricated the gas sensors based on our prepared
Cw,O and CuO nanospheres only. Interestingly, we found
they had high sensitivity to some gases, such as alcohol or
gasoline.

The CuyO sensor was fabricated by dip-coating as-prepared
Cuw0 alcohol colloids to the ceramic tube of the sensor body
without an additional annealing process except for aging in

gﬂe gas sensor system. Figure 6A shows the photograph of

(21) (a) Kong, X. H.; Li, Y. D.Sens. Actuators, R005 105 449. (b)
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2004 84, 1180. (b) Chowdhuri, A.; Gupta, V.; Sreenivas, 8ens.
Actuators, B.2003 93, 572. (c) Chowdhuri, A.; Sharma, P.; Gupta,
V.; Et al. J. Appl. Phys2002 92, 2172.
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Figure 6. (A) Photograph of the gas sensor and the SEM image of thin 0 200 400 600 .FUO 1(;0%1200140016001800
films coated on it. (B) Schematic diagram showing the structure of a typical ime (s

Cu,0O nanosphere gas sensor by top view and sectional view.
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S 4_’?~I"T»ﬁ ;“.ur*_glll f“‘illl EFT e as the CuO nanosphere cqlloid to make gas sensors p)_/ dip-
% ¢ £l P \J §'-\J coating and the same aging process. Their sensitivities to
> E g THRERE \J alcohol and gas oil have been demonstrated in Figures 7B
i 215 L4 Bl & and 8B. From these sensor results, it is evident that our as-
Sy I prepared CyO nanosphere sensor is much more sensitive
o o S e e than CuO, CpO octahedral microparticle, and & nano-
0 200 400 600 800 1000 1200 1400

Time (s) particle sensors. The @0 nanosphere sensor offers a better

e 7 () Typical a0 (black J and CuO response and quicker response/recovery time than many
igure /. ypical response curves o0 acK curve) an u . 3 .

(gray curve) nanosphere gas sensors to alcohol with increasing concentra—“terature_reportg' The reSISt_ance of the @D nanosphere

tions at 210°C. (B) Typical response curves of @ octahedral micro- sensor will decrease dramatically on the injection of ethanol

particle (gray curve) and nanoparticle (black curve) gas sensors to alcohol or gasoline and reach its initial value quickly when releasing

with increasing concentrations at 210. gases. The response time of the;Gsensor is only~15 s

a typical sensor and the SEM image of the@manospheres to alcohol and~25 s to gasoline. The resume time of,Cu

covering on it before the annealing process. Figure 6B showsS€NSOr also is only-30 s for alcohol and-45 s for gasoline.
the schematic diagram of the @usensor structure and the The detection limit of the as-preparedQusensor can reach

sectional view. The CuO gas sensor was made by heat-2S little as several parts per million yvhen detecting certain
treating the as-prepared € sensor in a muffle stove at kinds of gas, such as alcohol or gasoline. On explaining these
500°C for ~1 h. The nanosphere morphology was kept as r_esults, one important reason is that, in thQ_(O:uan_osphe_re

a rough surface as shown in Figure 5A. From the SEM image film coqted on the sensor body, the m_onod|sper5|ty of single-
shown in Figure 6A, it is clear that the nearly monodisperse crystalline CyO nanospheres and their stacking mode result

nanospheres in the film can provide enough surface area and" larger surface area and much more capacious interspaces
interspaces to contact the detected gas or atmosphere. ~ than any other shapes, which can provide sufficient space
Figures 7A and 8A show the typical isothermal response fOr the interaction between @0 and detected gases.
curves of CyO and CuO sensors when cycled by increasing However, the C¢O microparticle film has less surface area
alcohol and gasoline concentrations in ambient air with the @nd fewer active sites to contact with the gas. The SEM

range of 16-800 ppm, at a working temperature of 2%0. :
(23) (a) Khatko, V.; Calderer, J.; Llobet, E.; Correig, Sens. Actuators,

For comparison with the prepared Qu n_anosph_ere gas B 2005 109 128. (b) Gopal Reddy, C. V.; Cao, W.; Tan, O. K.; Et
sensors, we choose &b octahedral microparticle and al. Sens. Actuators, B003 94, 99.
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8- temperature, they have bad sensitivity or even no sensitivity

7- possibly as a result of the less active @nd G~ ions. This

6. 30 40 160 result is consistent with the theory by Gray et al. in 19%48.
P 10ppm Of course, the radical mechanism about the high sensitivity
20 i
= i P iR of our as-prepared GO nansphere sensor should be further
S 4] g i v IR = researched. Furthermore, as reported by much of the
S 3-——Z\_hf,f—;f-\__jf-.——J;k L4 literature?*25 to enhance the selectivity of some gases and
= i i = dilll{Ehec 4 i icati i

2- i P 1 e satisfy more applications, the work of noble metal doping

1] {1 ot IOl | on as-prepared nanospheres and preparation of-cbu|

2 AR 3 structures, such as @d—SnQ, ClO—2Zn0, CuO-SnQ,

0 100 200 300 400 500 600 and CuG-ZnO, should be further studied.
Time (s)

) ) In summary, this communication shows an effective
Figure 9. Typical response curves of &b (black curve) and CuO (gray

curve) nanosphere gas sensors #5 hvith increasing concentrations at method to prepare n?arly mondeSpersez@wnd CuO
210°C. nanospheres. The rapid production of supersaturate® Cu

single-crystalline nanoparticles and their regular spherical

image of the microparticle film is shown in Figure 4A of aggregation lead to the monodispersity ofQunanospheres.
Supporting Information. For the GD nanoparticle film, as By modulating the concentration of reactantQ{ the
shown by the SEM image in Figure 4B of Supporting diameter, crystallization, and monodispersity obGunano-
Information, although the nanoparticles have a smaller size spheres can be kinetically controlled. Because the thin films
than the nanospheres, their strong irregular aggregation alsrepared by as-obtained nanospheres have big surface areas
leads to fewer opportunities to contact the detected gas.and plentiful spaces to interact with gases, the gas sensors
Considering the selectivity of the as-prepared@sensor, based on as-prepared Qunanospheres have high sensitivity
we have detected 43 gas with the same concentration level and good selectivity to some flammable gases. The surface
at the working temperature of 22C, and the result is shown  modification with noble metals or n-type metal oxides based
in Figure 9. From the response curve, we find it is not on obtained nanospheres will be more helpful to enrich their
sensitive enough for practical usage and the voltage respons@ensor applications.
is not proportional to the increasing concentration eSH
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