
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013  J. Name., 2013, 00, 1‐3 | 1 

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Synthesis of Porous Cu2O/CuO Cages using Cu-based 
Metal-Organic-Framework as Templates and their 
Gas-sensing Properties 

Yiting Wang, Yinyun Lü, Wenwen Zhan, Zhaoxiong Xie, Qin Kuang,* and 
Lansun Zheng 

Shape-controllable porous, hollow metal oxide cages are attracting more and more attention 
caused by their widespread applications. In this paper, octahedral, truncated octahedral and 
cubic Cu2O/CuO cages were successfully fabricated by the thermal decomposition of the 
polyhedral crystals of Cu-based metal-organic frameworks (Cu-MOFs) as self-sacrificial 
templates at 300°C. The morphology of the Cu-MOF polyhedral precursors was well tuned by 
using lauric acid as the growth modulator under solvothermal conditions. Gas-sensing 
measurements revealed that the octahedral Cu2O/CuO cages exhibited a gas-sensing 
performance far better than those exhibited by truncated octahedral and cubic cages, which is 
attributed to the cooperative effect of the large specific surface area (150.3 m2·g−1) and high 
capacity of surface-adsorbed oxygen of the octahedral Cu2O/CuO cages.  
 

 

1. Introduction 

 Porous, hollow inorganic nanomaterials with well-defined 
morphologies, also known as cages, have attracted significant 
attention because of their potential application in many fields, 
such as gas sensing, energy storage and conversion and 
catalysis.1-3 Because of the low cost and high efficiency 
involved in the fabrication of cages, the self-sacrificial template 
strategy has stood out from various other synthetic strategies. 
Obviously, the exploration of appropriate template materials is 
key for this strategy.  
 Metal organic frameworks (MOFs) are an emerging class of 
organic–inorganic hybrid functional materials that are 
composed of metal ions or metal ion clusters and bridging 
organic linkers; they have been demonstrated to have promising 
applications in gas storage and separation, catalysis and drug 
delivery.4-7 In recent years, significant efforts have been 
devoted to exploring new utilization of MOF materials. For 
example, composite catalysts and sensors have been developed 
by the combination of high specificity and the precise 
positioning of MOFs onto different platforms.8-12 Besides these 
reports, many attempts have been made to use MOFs as 
template materials for preparing other functional materials, 
since they can be transformed to carbons, metals, metal oxides 
or their hybrid materials via thermolysis under controlled 
conditions.13-27 In thermolysis, the organic content of MOFs 
decomposes into small molecules such as CO2, H2O and others, 
easily leading to the formation of porous, hollow nanostructures 

while maintaining the geometric shape of the precursors. For 
this MOF template strategy, both original features (such as 
exposed facets and thermostability) of the MOF precursors and 
thermolysis conditions (such as gas atmosphere, temperature, 
and post-treatment) significantly affect the composition and 
structure of the final products.23,26-28 Therefore, the morphology, 
particle size, composition and surface area of porous 
nanostructures can be effectively controlled if the 
abovementioned factors are fully considered in the MOF 
template strategy.  
 In contrast to the facilitation in controlling thermolysis 
conditions, that in controlling the shape of the MOF crystals at 
the nanoscale, that is, design controlling morphology or 
exposed crystal facets of MOF crystals without changing 
material compositions, have been rarely reported.29-35 This may 
be caused by the lack of knowledge about the growth 
mechanisms of MOF crystals. The morphology of MOF 
crystals cannot be readily predicted according to the relative 
growth rates of crystals in different orientations caused by 
complicated topologies.29 Because of the limited specific 
faceted MOF crystals, it is difficult to conduct a systematic 
study to clarify the intrinsic influence of the structural 
characteristics of the MOF precursors on the nanostructures of 
the as-fabricated porous metal oxides. Therefore, it is desirable 
to explore more synthetic routes for acquiring MOF crystals 
with different shapes.  
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 In this study, we developed a facile solvothermal method to 
fabricate Cu-based MOF ([Cu3(BTC)2(H2O)3], HKUST-1) 
crystals with different polyhedral shapes by using lauric acid 
(LA) as the growth modulator. The as-synthesized Cu-based 
MOF crystals were uniform in size, and their morphology 
evolved from octahedra to truncated octahedra to cube with an 
increase in the LA concentration. By using these well-defined 
Cu-MOF polyhedral crystals as template materials, porous and 
hollow Cu2O/CuO cages with the same shapes were acquired 
by simple calcination under appropriate temperatures. 
Interestingly, we found that the specific surface areas of the as-
prepared hollow polyhedral cages are closely related to the 
thermal stability of the corresponding Cu-MOF templates. In 
addition, the as-prepared hollow polyhedral cages exhibited 
good responses towards ethanol, which follows the order of 
octahedra > cubes > truncated octahedra depending on their 
specific surface areas.  

  
2. Experimental section 

2.1 Chemicals 

 Copper nitrate trihydrate (Cu(NO3)2·3H2O), ethanol, 
acetone, methanol, isopropanol and n-butyl alcohol were 
purchased from Sinopharm Chemical Regent Co., Ltd. 1,3,5-
Benzenetricarboxylic acid (BTC) and LA (C12H24O2) were 
purchased from J&K Chemistry Technology and Alfa Aesar, 
respectively. All the reagents were analytically pure and used 
without further purification. 

2.2 Syntheses of samples  

 HKUST-1 crystals with different morphologies were 
fabricated by a facile solvothermal route, where LA was used 
as the shape controlling agent. In a typical synthesis of 
HKUST-1 octahedra, 41 mg Cu(NO3)2·3H2O, 24 mg BTC and 
1.902 g LA (2.550 g for truncated octahedra; 4.250 g for cubes) 
were dissolved in 15 mL of n-butyl alcohol in a 25 mL Teflon-
lined stainless-steel autoclave, followed by vigorous stirring for 
30 min. Then, the autoclave was transferred to an oven and 
heated at specific temperatures (90 °C for octahedra; 140 °C for 
truncated octahedra; 120 °C for cubes) for 5 h. The blue 
product was collected by centrifugation, washed with ethanol 
three times, and finally dried in a vacuum dryer. It should be 
stated that the yield of octahedral HKUST-1 obtained from the 
above LA-assisted solvothermal route was relatively low (ca. 
10 mg/autoclave), which is far from enough to meet the 
practical requirements in our study. For this, an alternative 
synthetic route was adopted to fabricate octahedral HKUST-1 
in high yield. First, 0.91 g Cu(NO3)2·3H2O and 79 mg BTC 
were each dissolved in 25 mL of methanol and then the 
methanolic solution of Cu(NO3)2·3H2O was added to that of 
BTC. After sonication for 10 min, the resulting mixed solution 
was placed at room temperature for 2 h without stirring. Finally, 
a large amount of octahedral HKUST-1 products (ca. 120 
mg/bottle) was obtained.  

 The conversion of HKUST-1 into CuO/Cu2O cages was 
achieved by calcination in which the as-fabricated HKUST-1 
crystals were calcined at 300 °C in a muffle furnace for 1.5–3 h. 
Finally, black products were obtained. It should be in particular 
stated that the octahedral CuO/Cu2O cages for the structure and 
performance investigations were converted from the octahedral 
HKUST-1 crystals prepared by the method without LA.  

2.3 Characterization and gas-sensing measurement of samples 

 The morphology of the products was observed by scanning 
electron microscopy (SEM, Hitachi S4800) and transmission 
electron microscopy (TEM, JEOL 2100F) with an accelerating 
voltage of 200 kV. The composition of the products was 
investigated by powder X-ray diffraction (XRD) on a Rigaku 
D/max X-ray diffractometer (Cu Kα radiation, λ = 0.15418 nm). 
Thermogravity (TG) analysis was conducted using an SDT 
Q600TGA thermal gravimetric analyzer in air flow at a heating 
rate of 10 °C·min−1. Nitrogen adsorption–desorption isotherms 
of the products were measured at 77 K on a Tristar II 3020 
sorption analyzer (Micromeritics). The specific surface area 
was determined by the Brunauer–Emmett–Teller (BET) method, 
and the pore size distribution was calculated by the Barrett–
Joyner–Halenda (BJH) method. X-ray photoelectron 
spectroscopy (XPS) was measured using a Perkin–Elmer model 
PHI 5600 XPS system from a monochromatic aluminium anode 
X-ray source with Kα radiation (1486.6 eV), and the spectra 
were calibrated with the C1s peak at 284.6 eV as the internal 
standard. Gas-sensing measurements of the as-prepared 
Cu2O/CuO hollow cages were conducted on a WS-30A sensor 
measurement system (Zhengzhou Winsen Electronics 
Technology, China). The fabrication and testing processes of 
the sensors have been described in detail in our previous 
study.27 The operating temperature was optimized and fixed to 
150 °C. 
 

3. Results and discussion 

3.1 Controlled synthesis of Cu-MOF polyhedral crystals  

 
Fig. 1  (a–c) SEM  images and  (d) XRD patterns of Cu‐MOF  (HKUST‐1) octahedra, 

truncated octahedra  and  cubes  synthesized with  different  amounts  of  LA;  the 
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insets  in  (a)–(c)  show  the  corresponding  high‐magnification  SEM  images  of 

individual particles, which show morphology details. 

 HKUST-1 (Cu3(BTC)2), which was first reported by 
Williams et al., is a polymer framework composed of dimeric 
cupric tetracarboxylate units (paddle wheels) with aqua 
molecules coordinating to the axial positions and BTC bridging 
ligands.33 This coordination polymer forms face-centred cubic 
crystals that contain an intersecting three-dimensional (3D) 
system of large square pores (9 Å by 9 Å). In many cases, 
HKUST-1 results in octahedral crystals caused by a preference 
for an increased stability of the (111) surface.36 To tune the 
morphology of HKUST-1 crystals, it is necessary to explore a 
new synthetic strategy. Recently, a so-called coordination 
modulation strategy has been proposed to achieve the 
morphology-controlled synthesis of MOFs.29-32,37 This 
coordination modulation strategy is based on the use of 
modulators for modulating the coordination equilibrium by 
adding capping agents with the same chemical functionality as 
the linkers to adjust the coordination interactions between metal 
ions and organic linkers. By doing so, the rates of framework 
extension and crystal growth are readily controlled, thereby 
tailoring the size and morphology of the resulting crystals. 
Carboxylate salts such as sodium formate and sodium acetate 
are effective modulators for reducing the size of MOF crystals 
from micrometer to nanometer.38 The role of carboxylate salts 
is related to their basicity (increases nucleation rate) and 
capping groups (COO−) (prevents crystallites from growing). In 
our study, LA was used the growth modulator molecules, which 
has been proven to be highly effective for the rapid microwave-
irradiation-assisted syntheses of MOFs.29 
 Figs. 1a–c show SEM images of the HKUST-1 crystals with 
different morphologies, which were prepared using LA as the 
shape controlling agent. With increasing LA concentration, the 
morphology of the as-prepared HKUST-1 crystals clearly 
evolved from octahedron to truncated octahedron to cubes. The 
size of the truncated octahedral HKUST-1 crystals is similar to 
that of cubic HKUST-1 (~2 m) crystals; on the other hand, the 
size of the octahedral HKUST-1 crystals is smaller (~1 m). 
Fig. 1d shows the XRD patterns of the HKUST-1 crystals. The 
peaks of all the products match well with the simulated pattern 
of HKUST-1 (Cu3(BTC)2), indicating that they are phase-pure.  
 As is known, the growth of crystals is coordinated by the 
planes that cooperatively grow at faster and slower speeds, and 
the exposed facets of the final crystal are usually the planes 
with slower growth. As a coordination modulator molecule, LA 
could change the nucleation process of MOF crystals. When 
LA operates with the framework, the relative energies between 
the coordination sites on the {111} and {100} faces change 
with the LA amount, leading to a morphological transition. 
Under normal conditions, LA prefers the {100} than the {111} 
face, in which case the energy difference between the faces and 
the ideal equilibrium state is lower. In the crystal growth 
process, copper nitrate reacts with LA before the reaction with 
BTC, and BTC combines with the copper complex prior to 
copper nitrate, which accelerates the growth of the {100} face. 

For these reasons, the HKUST-1 crystals are reported to be 
octahedral. However, the sequence of the energy differences is 
reserved when large amounts of LA are introduced, leading to 
the appearance of cubic crystals. Truncated octahedra will be 
formed if the energy differences are balanced.29  

3.2 Conversion of the Cu-MOF polyhedra into the hollow 
Cu2O/CuO cages   

 
Fig. 2 SEM  images of as‐prepared Cu2O/CuO cages with different morphologies: 

(a) octahedra, (b) truncated octahedra (c) cube; insets in (a)–(c) show magnified 

images; (d) XRD patterns of three Cu2O/CuO cages. 

 The conversion of Cu-MOF polyhedra into hollow oxide 
cages was achieved by calcination at 300 °C. Given the low 
output of the octahedral precursors in the LA-assisted synthetic 
method, the octahedral HKUST-1 crystals prepared by an 
alternative synthetic route without LA, which possess highly 
similar characteristic to the octahedral one by the LA-assisted 
method in morphology and size, were used in our study (see Fig. 
S1, ESI†). Figs. 2a–c show the SEM images of the as-prepared 
Cu2O/CuO cages, where the morphologies of the products after 
calcination can be observed. The insets in each image show 
high-magnification SEM images. As expected, the template 
morphologies are well preserved in all the products, and their 
sizes are approximately consistent with those of their 
corresponding precursors, implying that no severe shrinkage 
occurs. Compared to the HKUST-1 precursors, the calcination 
products become slightly transparent under the electron beam 
of SEM, and the surfaces clearly turn concave because of the 
structural shrinkage caused by the loss of organic components. 
From the insets in Figs. 2a–c, the holes appear on the surface of 
octahedral particles more frequently than on the surface of 
truncated octahedra and cubes. The XRD patterns (Fig. 2d) 
indicate that all calcination products are mixtures of CuO 
(JCPDS No.45-0937) and Cu2O (JCPDS No.05-0067). The 
diffraction peaks of these products are not only weak but also 
slightly broaden, suggesting that the products are poor in 
crystallinity and formed with primary crystallites of CuO and 
Cu2O. To ascertain the complete decomposition of the Cu-MOF 
templates, the element analysis was further conducted. The 
contents of remnant carbon in the octahedral, truncated 
octahedral and cubic products are 2.26%, 0.20%, and 0.63%, 
respectively, implying that conversion is completed at 300 °C.  
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 10 m2·g−1) of the porous octahedral Cu2O/CuO cages is far 
higher than that of most of the previously reported porous Cu2O 
or CuO nanostructures, which are usually in the range of 10–70 
m2·g−1.16,20,38,40-43 Obviously, the superiority of the octahedral 
cages with respect to their specific surface area is attributed to a 
combination of highly porous and hollow structures. 

 
Fig. 5 TG–DSC curves of HKUST‐1 precursors. 

 In thermal decomposition, temperature is well known to be 
a key factor for ensuring that the shape of the as-formed 
products is well maintained with that of the templates. If the 
calcination temperature is very low, the organic components 
will not be completely decomposed. In contrast, if the 
calcination temperature is very high, the produced gaseous 
molecules will be released too fast such that the structure of the 
hollow cages will be ruined, thereby resulting in a decrease of 
the specific surface area. To clarify the possible influence of 
calcination on the structure of the as-prepared Cu2O/CuO cages, 
TG measurements of the HKUST-1 polyhedral crystals were 
recorded under air. TG curves in Fig. 5 reveal that the weight 
loss behaviour of HKUST-1 can be divided into two major 
stages. The first weight loss stage occurs at temperatures below 
200 °C, which is attributed to the removal of water, modulator 
(LA) and solvent molecules from the surfaces and pores of 
HKUST-1 precursors. Note that, for the three HKUST-1 
polyhedral crystals, there is a plateau stage before a sharp 
weight loss further occurs. This indicates that the frameworks 
of the HKUST-1 crystals with solvent removed remain stable in 
this temperature range. Interestingly, the three HKUST-1 
polyhedral crystals display different onset decomposition 
temperatures of the frameworks. For the octahedral HKUST-1 
crystals, the second weight loss starts at around 270 °C and 
ends around 340 °C. According to our calculation, the relative 
weight loss (weight loss/residual weight  100%) of the three 
HKUST-1 crystals at this stage is approximately 60%, roughly 
corresponding to the theoretical weight loss caused by the 
burning of the organic ligands in HKUST-1 in air (around 64% 
for the reaction Cu3(BTC)2 → Cu2O and 60% for the reaction 
Cu3(BTC)2 → CuO). Notably, with increasing temperature, a 
slight weight increase of approximately 1% is observed in the 
temperature range from 330 °C to 450 °C, which is attributed to 

the oxidation of Cu2O in air (Cu2O + 1/2O2 →  2CuO). 
Interestingly, the truncated octahedral and cubic HKUST-1 
polyhedra exhibit thermostability different from that of the 
octahedral sample. According to the starting and ending 
decomposition temperatures, the three HKUST-1 crystals 
follow the thermostability order of truncated octahedra < cubes 
< octahedra. For the truncated octahedra, the [Cu3(BTC)2] 
framework can only be preserved at 250 °C, which is lower 
than that of the octahedral HKUST-1 crystals by approximately 
15 °C. Of note, previous study has demonstrated that for 
HKUST-1 crystals with identically octahedral morphology, the 
onset decomposition temperature of the frameworks is not 
affected by different types of solvents in the pores.44 Given that, 
it seems reasonable that the difference of the specific surface 
areas of the as-prepared Cu2O/CuO cages primarily stems from 
the difference of HKUST-1 crystals enclosed with different 
facets in thermostability. Obviously, the pore sizes of the {111} 
and {100} facets of HKUST-1 precursors are different, which 
would lead to different releasing rates of gaseous decomposed 
products (H2O and CO2), thereby producing distinct porous 
structures and surface areas of polyhedral Cu2O/CuO cages. Of 
note, the calcination temperature of 300 °C is appropriate for 
the octahedral HKUST-1 precursors. In contrast, for the 
truncated octahedral precursors, the H2O and CO2 gases 
produced from thermal decomposition are released at a faster 
rate, which severely destroys the structure of the final 
Cu2O/CuO cages, thereby leading to the lowest specific surface 
area. In fact, the Cu2O/CuO cages would be severely 
structurally destroyed when the calcination temperature were 
elevated to a higher temperature, e.g. 350 °C (Fig. S2, ESI†). 
 
3.3 Gas-sensing performances of the Cu2O/CuO cages with 
different morphologies 

 
Fig. 6  (a) Temperature‐dependent sensitivity curve of the octahedral Cu2O/CuO 

cages towards 200 ppm ethanol; (b) concentration sensitivity curves of the three 

samples;  (c)  concentration  sensitivity  bar  graph  of  the  octahedral  Cu2O/CuO 

cages measured with different detected gases. 

 As traditional p-type semiconductors, both Cu2O and CuO 
play significant roles in gas sensing, and their composite 
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nanomaterials have been demonstrated to exhibit superior 
sensing performances compared to individual components, 
caused by the presence of an additional depletion layer at the 
interface.38,42-43,45-46 Considering significant advantages of 
porous and hollow structures as well as homogeneous 
heterojunctions in gas sensing, the as-prepared Cu2O/CuO 
polyhedral cages are anticipated to exhibit superior 
performance in gas sensing.  
 In our study, ethanol was chosen as the primary detected 
gas for its widespread use in daily life and well-understood 
sensing mechanism.47,48 Before testing, it is essential to find out 
an optimal operating temperature for the as-prepared 
Cu2O/CuO cages. As shown in Fig. 6a, the highest sensitivity 
(S = 6.6) appears at 150 °C for the octahedral Cu2O/CuO 
sample when 200 ppm ethanol was used as the detected gas. 
According to previous reports, the optimal operating 
temperature of sensors based on Cu2O, CuO or their composites 
is mostly in the range of 150–300 °C, which varies with the 
detected gases and fabrication techniques of the sensors (see 
Table S1 in the supporting information).-38,40,42,43,45,46,48-52 
Therefore, the Cu2O/CuO hollow cages with a relatively low 
operating temperature show a great advantage on account of 
reducing energy consumption. Fig. 6b shows concentration-
dependent sensitivity curves of the three Cu2O/CuO hollow 
cages at an operating temperature of 150 °C. The sensitivity of 
the sensors increases with increasing ethanol concentration, and 
it almost reaches a plateau at 600 ppm. The curves demonstrate 
a significant difference between these three samples. Among 
the three samples, the octahedral Cu2O/CuO cages perform the 
best, followed by cubic cages, with the worst performance by 
the truncated octahedral cages. This order well agrees with that 
of the abovementioned BET surface area, which is mainly 
caused by the fact that the larger surface area can offer more 
active sites for interaction with the detected gases. However, 
the sensing performance of the as-prepared octahedral 
Cu2O/CuO cage is just above average compared to other 
relevant reports listed in Table S1. Obviously, the sensing 
performance of the samples is restricted by their relatively poor 
crystallinity. 
 For sensors, selectivity is another critical parameter for 
evaluating the gas sensing performance. Therefore, in addition 
to ethanol, methanol, isopropanol and acetone were further 
detected in our study, in view of their similar response 
mechanism. Fig. 6c compares concentration-dependent 
sensitivities of the octahedral Cu2O/CuO cages to ethanol, 
methanol, isopropanol and acetone. For the four detected gases 
with the same concentration, the sensitivity of the octahedral 
cages follows the sequence of ethanol > methanol > 
isopropanol > acetone. This means that the octahedral 
Cu2O/CuO cages demonstrate promising potential for ethanol 
with high selectivity. With respect to reducibility, acetone is 
significantly weaker than alcohols, and because of the alkyl 
group, alcohols exhibit distinguishable reducibility. 

  
Fig. 7 (a) Cu2p XPS spectra and (b–d) O1s XPS spectra of three Cu2O/CuO samples: 

(b) Octahedra, (c) Cubes, (d) Truncated octahedra 

 Notably, besides the specific surface area, the surface state 
of sensing materials, which varies depending upon the 
adsorbent species, plays key roles in gas sensing. When O2 is 
adsorbed on the metal oxide surface, the electrons inside the 
metal oxides are delivered to O2, forming an electronic 
depletion layer on the oxide surface, resulting in a charge 
transport barrier between particles. When the semiconductor 
surface is exposed to the detected gas, the thickness of the 
electronic depletion layer of the sensing material significantly 
changes. This surface state change can be translated into the 
electrical signals during gas-sensing measurements. To acquire 
information about the surface state of the as-prepared 
Cu2O/CuO polyhedral cages, XPS was conducted. As shown in 
Fig. 7a, the three samples display similar Cu 2p XPS spectra, 
where two main peaks are observed at 952.5 ± 0.2 eV and 932.7 
± 0.1 eV, respectively, corresponding to the 2p1/2 and 2p3/2 

peaks of Cu. Judging from the positions, the two main peaks 
mainly originate from Cu+, rather than from Cu2+, because XPS 
peaks of Cu2+ usually appear at higher energy positions (953.6± 
0.4 eV and 933.6 ± 0.3 eV).53,54 However, some satellite peaks 
corresponding to electronic shake-up are observed in the Cu 2p 
XPS spectra of the three samples, accompanied by 2p1/2 and 
2p3/2 peaks. The presence of the satellite peaks proves the 
existence of CuO on the cage surface, because of their absence 
in Cu2O.54,55 Therefore, both Cu2O and CuO coexist on the 
surface of these hollow cages. Fig. 7b–d show the O1s XPS 
spectra of the three samples. Notably, every O1s curve is 
asymmetric and can be resolved into four components by 
Gaussian fitting, i.e. lattice oxygen of Cu2O and CuO (OL(Cu+) 
and OL(Cu2+)), oxygen vacancy (OV) and adsorbed oxygen (OC). 
The OC component of high binding energy (531.8–532.9 eV) is 
usually attributed to chemisorbed and dissociated oxygen 
species (O2

−, O2− or O−) and OH−. Thus, we can estimate the 
oxygen adsorption ability of different samples according to the 
relative proportion of OC in the XPS O1s peaks. Table 1 lists 
the results of each oxygen component in the three samples. The 
relative proportion of OC in the samples is 18.3%, 10.4% and 
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15.4% for the octahedral, cubic and truncated octahedral 
Cu2O/CuO cages, respectively. This indicates that the 
octahedral Cu2O/CuO cages exhibit the strongest ability for 
adsorbing oxygen, followed by the truncated octahedral and 
cubic cages. Note that this sequence does not match the 
performances of the three samples for gas sensing. As 
mentioned above, the gas sensing ability of semiconductor 
materials is related to both the specific surface area and amount 
of the external OC species. With respect to the specific surface 
area, the truncated octahedral cages are far lower than the 
octahedral and cubic cages. Under the combined effect of both 
specific surface area and capacity, the octahedral cages perform 
the best for gas sensing, followed by cubic and truncated 
octahedral cages.  

Table 1. Results of curve fitting of O 1s XPS spectra of the different samples 

Oxygen species 
Octahedra Cube 

Truncated 
octahedra 

OC 

Binding 
energy (eV) 

531.8 532.0 532.9 

Percentage 
(%) 

18.3 10.4 15.4 

OV 

Binding 
energy (eV) 

531.0 531.2 531.6 

Percentage 
(%) 

31.3 25.6 14.4 

OL 

Binding 
energy (eV) 

530.8 (Cu+) 
529.7 (Cu2+) 

530.7 (Cu+) 
529.8 (Cu2+) 

530.3 (Cu+) 
529.5 (Cu2+) 

Percentage 
(%) 

50.4 64.0 70.2 

 

4. Conclusion 

 In summary, the porous Cu2O/CuO cages with different 
polyhedral morphologies were successfully synthesized by the 
thermal decomposition of HKUST-1 precursors. These porous 
cages were actually composed of numerous primary crystallites 
of Cu2O and CuO. The as-prepared octahedral Cu2O/CuO cages 
exhibited the largest surface area (150.3 m2·g−1), while the 
truncated octahedral cages exhibited the smallest one (9.8 
m2·g−1). Taking advantage of their porosity, the as-prepared 
cages were applied as gas sensing materials. Because of the 
larger surface area, the octahedral Cu2O/CuO cages exhibited 
superior performance in gas sensing tests with high sensitivity 
and exhibited good selectivity to ethanol as compared to the 
truncated octahedral and cubic Cu2O/CuO cages. This study 
describes an economical and simple method for fabricating 
other porous metal oxides with well-defined structures, which 
can be used in catalysis, lithium ion batteries and energy 
storage. 
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Graphical Abstract 

 
Porous Cu2O/CuO polyhedral cages with excellent gas-sensing properties were successfully fabricated by thermal decomposition of Cu-

based metal-organic frameworks polyhedral crystals.  
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