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ABSTRACT

CuO-based materials have broad scope of practical applications. Improving its
conductivity might be important for enhancing the performance of CuO-based
materials. Here, Cu;_,Sr,O ceramics with various concentration of isovalent Sr-
ion were prepared via a traditional solid reaction method. X-ray diffraction
revealed that Sri4Cuy4O4 phase formed when Sr-ion was doped. Sr14Cu4O4q
phase has an incommensurately modulated structure with high conductivity.
The quantity of Sr14Cu,404 phase increases with Sr-ion content and its distri-
bution is almost homogenous in Cu;_,SryO ceramics. The room-temperature
resistivity pp5 of Cu;_,Sr,O ceramics shows significantly decrease even if with a
very small amount of Sr-ion, such as the p,5 of CuO is 114.18 kQ cm and the one
of Cui9ST0010 ceramic is 32.69 Q cm. The co-existing of Cu*", Cu™ ions, and
existence of high conductive Sr14Cu4O4; phase in the Cu;_,Sr,O ceramics are

responsible for their high conductivities.

1 Introduction

Among various oxides, CuO-based materials have
been intensively studied for their broad scope of
possible applications. For its narrow band gap (about
1.7 eV), CuO-based materials have been reported as
efficient catalysis and photocatalyst materials [1-4],
antibacterial agent [4], solar cells [5], semiconductor
gas sensors [6, 7], and varistor [8] etc. For the low
sintering temperature (~ 1000 °C), CuO-based
materials could also be a potential candidate for
application in low-temperature co-fired ceramics
(LTCCQC). In the meantime, CuO-based materials were
also studied as Li-ion electrode for the applications in
Li-ion battery (LIB). As reported by Chen et al. [9],
nanostructured CuO thin film showed high capacity,
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good cycling stability, excellent rate performance,
and exhibited discharge capacities of 703 mA h-g™"
at 100 mA-g~' and 465 mA h-g~' at 1000 mA-g~*
even after 100 electrochemical cycles. Yang et al. [10]
and Wang et al. [11] also reported that CuO-based
ceramics showed adjustable temperature sensitivity
by altering the content of each additive.

Improving of conductivity might be important for
enhancing the performance of CuO-based materials.
For example, Tilley et al. have reported a stable CuO-
based photocathode for photoelectrochemical (PEC)
H, generation, but the charge separation and transfer
in CuO was low due to the low conductivity and
carrier mobility, resulting in quite low photocurrent
density [12, 13]. Defect engineering is widely applied
in modifying the properties of semiconductors, by
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treating in various atmosphere conditions, doping
with heterovalent ions and composite technology, etc.
Wang et al. reported that the concentration of Cu
vacancies in CuO can be tuned by changing the O,
partial pressure during CuO thin-film treatment, and
effectively improved the photoelectrochemical per-
formance [3]. Like traditional semiconductors, the
conductivity of CuO can also be tuned by doping
with heterovalent ions, e.g., the room-temperature
resistivities (p;s) of CuO-based ceramics were repor-
ted to be effectively reduced by doping with Y°*,
AIPT, or F~[10, 11, 14]. For the enhanced conductivity
with CuzN phase, the modified CuO thin-film elec-
trode for LIB showed excellent electrochemical per-
formance [15].

On the other hand, Tanaka et al. reported that CuO
ceramics modified with small amounts of alkaline
earth elements (MgO, CaO, SrO, or BaO) showed
almost stable resistance at the applied electric fields
from 0 to 500 kV/m [16, 17]. These indicate that the
CuO-based ceramics doped with alkaline earth ele-
ments have potential applications in electronic com-
ponents. In this work, CuO ceramics doped with
various contents of Sr*" ions were prepared. The
influence of Sr** on the phase component and elec-
trical properties were investigated in detail.

2 Experimental

CuO-based ceramics doped with isovalence Sr** ion
were synthesized via traditional solid reaction
method. Copper oxide (CuO, AR, Xilong Scientific
Co., Ltd., China) and strontium carbonate (SrCOs,
AR, Xilong Scientific Co., Ltd., China) were utilized
as the starting materials. Certain amount of CuO and
SrCO; were weighed according to the nominal for-
mula of Cu;_,Sr,O (x = 0.001, 0.006, 0.01, 0.02, 0.05,
0.08, 0.10). Polyvinyl alcohol (PVA) solution was
prepared by dissolving 8 g PVA into 100 mL deion-
ized water. The raw materials were ground thor-
oughly in a mortar and proper amount of PVA
solution was added as binder. Then, the mixture was
pressed into block and calcined in muffle furnace at
700 °C for 1 h in air. The calcined block was ground
again and granulated with appropriate content of
PVA solution. The granulated powders were pressed
into square slices with size of 28 x 12 x 2.5 mm’,
and then were further cut into rectangular bars with
size of about 12 x 3 x 2.5 mm’. These green bars
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were sintered at 980 °C-1000 °C for 1 h. After the as-
sintered ceramics were polished and cleaned by
ethanol, silver paste was painted at two ends of
sample followed by being heated to 600 °C for 5 min
to obtain the ohmic electrodes. CuO ceramics without
Sr-dopant were also prepared as reference following
the similar route described above, while the sintering
temperature was 1060 °C.

Phase detection was conducted using X-Ray
Diffraction (XRD, Rigaku D/max 2500, Japan) with
Cu K, radiation and A of 0.154056 nm, with the
diffraction angles (20) between 20° and 80° at scan-
ning rate of 8° min~'. Scanning electron microscopy
(SEM, JEM 7900F) was employed to observe
microstructure of the as-sintered ceramics, and ele-
ment distribution in ceramics were investigated
using energy-dispersive X-ray spectroscopy (EDS,
Oxford Ultimax 65) in the SEM. Samples for SEM
observation were either cross-sectional fracture areas
or prepared by grinding, polishing, and Ar" ion
milling. Temperature dependence of resistance (R-T)
of each ceramic was tested using a resistance-tem-
perature measurement system (ZWX-C, China) in
direct current (DC) condition. The measurement
temperature range was selected from room temper-
ature up to 250 °C.

Relative density D, of each sample was tested
using Archimedes method according to Eq. (1):

D, - pw - m1/(mi—my) (1)

o (v )

where, pw represents the density of deionized water,
po represents the theoretically density of CuO
(6.5348 g cm %), M, is the molecular mass of CuO
(79.545 g mol™Y), n; and M; represent the mole ratio
and the relative atomic mass of each element
respectively, m; is the sample weight in air. and m, is
the weight in deionized water. Samples were pol-
ished and ultrasonically cleaned for 30 min followed
by being dried in furnace thoroughly.

3 Results and discussion
3.1 Phase and microstructure

The XRD patterns of the as-sintered ceramics Cuj_,.
5r,O (x =0, 0.02, 0.05, 0.1) are shown in Fig. 1a.
Analyzed by MDI Jade 6, the main phase in all
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samples can be confirmed to be the monoclinic CuO
phase (ref. PDF 48-1548, space group of C2/c (15)). In
the samples for x = 0.05 and 0.1, some additional
diffraction peaks belonging to a second phase can be
detected. The second phase was identified to be
Sr14Cuy404; phase with orthorhombic structure (ref.
PDF 48-1496). These indicate the Cu;_,Sr,O ceramics
to be a CuO-5r14Cu»404; composite system. Tanaka
et al. also pointed out that there might be Sr—Cu-O
complex oxide compounds in CuO ceramics con-
taining small amounts of alkaline earth elements [17],
but they failed to determine the detailed crystal
structure. Figure 1b shows the magnified partial
patterns in 20 range of 34° and 41° the peaks in which
correspond to (111) and (111) respectively. It can be
seen that the diffraction peaks 20 shift slightly to
lower angle with increase of Sr-content, indicating
the increasing of the lattice parameters. These also
reveal that some Sr** ions have substituted into the
CuO lattice. The substitution of Sr-ion leads to lattice
expansion, because Sr** ion has larger ionic radius
(0.118 nm) than that of Cu®* ion (0.073 nm). There
should be a limited solid solubility of Sr** ions in
CuO lattice for the large difference of radii between
Sr** and Cu®" ions.

By refining the XRD patterns, the detailed lattice
parameters of CuO phase in the studied ceramics are
calculated and listed in Table 1. Lattice parameters (a,
b, ¢ and lattice volume) of as-prepared CuO without
Sr-dopant are smaller than those of CuO crystal cited
from PDF 48-1548. This could be ascribed to the
occurrence of oxygen vacancies for insufficient

15909

ambient oxygen during the sintering process. Com-
pared with the CuO without Sr-dopant, the lattice
parameters of Sr-doped samples slightly increased
with increase of Sr-content.

The Sr14Cuy4Oy4q crystal was initially synthesized
and reported by Mc Carron et al. [18] and Siegrist
et al. [19], both in 1988, though it was known as an
impurity phase in Bi2212 superconductor single
crystals [20]. Sr14Cu404; has an incommensurately
modulated structure [21-25]. The 3D framework of
S114Cup404; crystal lattice is illustrated in Fig. 2a,
which is consulted from the report by Gotoh et al.
[26]. In the Sr;4CupO4; crystal lattice, each of the
repeat unit is composed of two Sr** layers, a quasi-
one-dimensional [Cu,0s] spin ladder layer (shown in
Fig. 2b) and an edge-shared [CuO,] spin chain layer
(shown in Fig. 2c). Each Sr2+ layer locates between
ladder layer and chain layer (see in Fig. 2d and e).
These layers alternately stack along b direction fol-
lowing the sequence of ladder-Sr-chain-Sr-ladder
while extending along c¢ direction. The ratio of the
length of (Sr,Cu,O3) ladder unit and (CuO;) chain
unit along ¢ direction was reported to be approxi-
mately 0.7, leading to the chemical formula of (Sr».
Cu,,03)07(Cu0,), converted into Sr;,Cu, Oy [27].

Figure 3 shows SEM observations of Cu;_,Sr,O
ceramics (x = 0, 0.02, 0.05, 0.1). The average grain size
of pure CuO ceramic is approximately 10 um (see in
Fig. 3a). The one for x = 0.02 ceramic is similar to that
of the pure CuO sample, but small particles emerges
at the grain boundaries which might be the second
phase. The average sizes of grains are about 6 pm and
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Fig. 1 XRD patterns of the as- (a)
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Table 1 Lattice parameters of

CuO phase in Cu;_,Sr,0 Sr-content x a (nm) b (nm) ¢ (nm) p(©) Lattice volume (nm>)
f:zr:n?;cg.fezf{n(;'ssf';(?;?l)le PDF 48-1548 0.4688 0.3423 0.5132 99.51 0.0812
XRD patterns as shown in 0 0.4679 0.3418 0.5128 99.56 0.0809
Fi lp W 0.02 0.4683 0.3418 0.5127 99.52 0.0810
& 0.05 0.4688 0.3422 0.5131 99.50 0.0812
0.10 0.4696 0.3426 0.5138 99.44 0.0816
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Fig. 2 Structural schematics of adaptive misfit compound Sr;4Cu,404;, a 3d architecture of overall component, b [Cu,05] ladder layer,
¢ [CuO,] chain layer, d stacking structure view along b orientation, and e stacking structure view along a orientation

8um for the ceramics with x = 0.05 and 0.1, respec-
tively. All the samples contain some pores. Tested by
using Archimedes method and calculated with
Eq. (1), the relative densities of the Cu;_,Sr,O
ceramics were 92.85%, 94.20%, 94.10%, 91.59%,
88.74% and 87.20% for x is 0, 0.01, 0.02, 0.05, 0.08 and
0.1 respectively.

To further investigate the distribution of elements
in the studied composite ceramics, EDS analysis was
carried out. Figure 4 shows the analysis results of
cross section of pure CuO and Cuy 9gSrg 2O ceramics.
Figure 4a—c shows the SEM secondary electron image
and the related element distribution mappings cor-
responding to Cu, O in CuO ceramic, respectively.
Figure 4d—g shows the SEM secondary electron
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image and the element distribution mappings corre-
sponding to Cu, O, and Sr of CuyggSrg02O ceramic,
respectively. Apparently, compared with undoped
CuO, element Sr accumulated at the small particles in
Cug.08510,020 ceramic, confirming those small parti-
cles to be Sr-rich second phase, which is named as
5114Cu2404; according to the XRD results shown in
Fig. 1.

Figure 5 shows the microstructural and element
distribution analysis of a Cug 95519050 ceramic which
was Ar" polished. Figure 5a is a SEM secondary
electronic image, and Fig. 5b—d shows the element
distribution mappings corresponding to Cu, O, and
Sr, respectively. Similar to the results from cross-
sectional observation of CugggSrgpO ceramic
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Fig. 3 SEM images of cross-
sectional fracture surface in
Cu;_,Sr, O ceramics with
various contents of Sr-dopants,
ax=0,bx=0.02
cx=0.05 andd x=0.10

described in Fig. 4, Cu and O elements distribute
almost uniformly, while Sr mainly locates at some
areas where second phase is locating. Furthermore,
the ceramic with higher Sr-content ceramic, Cugs.
Srp10, was also investigated, as shown in Fig. 6.
Figure 6a shows the analysis of the cross-sectional
observation of Cug 5110 ceramic in lower magnifi-
cation. Figure 6b—d shows the element distribution
mappings corresponding to Cu, O, and Sr, respec-
tively. Compared with the results shown in Figs. 4
and 5, the quantity of Sr-rich regions increased and
almost homogeneously distributed in the Cug¢Srg ;0
ceramic.

3.2 Ionic valence state

To analyze the valence state of ions, XPS investiga-
tions were carried out on CuQO, Cugg9Srg0O, and
Cug.95510,050 ceramics, and the results are fitted with
Thermo Avantage soft. Figure 7a shows the XPS full
patterns for the ceramics. The peaks for Sr element
can be detected even in both two doped samples. The
Cu 2p3/»> narrow spectra are shown in Fig. 7b. Each
spectrum is composed of a 2p;,, peak and a satellite
peak. The fitted results reveal that each of 2p;,, peaks
is distinguished into two peaks ascribed to Cu* and
Cu”* ions, respectively, while the satellite peaks are

composed of three peaks which are in agreement
with the report by Biesinger et al. [28]. The fitted
binding energies of Cu* and Cu®* ions are shown in
Table 2.

The concentration ratio of Cu*" ions comparing to
all Cu-ions in each ceramic can be calculated by
Eq. (2) [28]:

_B+4A
=g ¥ 100%, (2)

Vo2t

where A represents whole area covered by the Cu
2ps,» peak, A; is the area for the fitted peak of Cu**
ions, and B represents the area of the satellite peak.
As reported by Ghijsen et al. [29], Cu™ ion makes no
contribution to the Cu 2p satellite peak. The different
XPS characteristic between Cu®* and Cu® ions
mainly results from the different 3d electronic con-
figuration, i.e., Cu?" ion has open-shell 3d°, while
Cu" ion contains closed-shell 3d'® electronic config-
uration. This indicates that all the satellite peaks
come from Cu®' ions. The calculated ratios are
shown in Table 2. The co-existing of Cu*" and Cu™
ions in the ceramics is consistent with the discussion
in Fig. 1 that the formation of oxygen vacancies in the
CuO lattice. These also indicate that the CuO phase in
the studied Cu;_,Sr,O ceramics ought to be nonsto-
ichiometric compound. The concentration of Cu**
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Fig. 4 EDS analysis of element distribution in CuO and
Cug.9gSr.020 ceramic: a SEM image of CuO ceramic, b Cu
mapping of CuO ceramic, ¢ O mapping of CuO ceramic, d SEM

ions increased with increase of the Sr-content. Fig-
ure 7c shows O 1s narrow patterns of CuO and
Cup.99510,010 ceramic. The peaks located at 529.5 eV
and 531.2 eV are identified as lattice oxygen and
adsorbed oxygen, respectively [30, 31].

3.3 Electrical properties

Figure 8a presents the plot of room-temperature
resistivity (p,s) as function of Sr-content in the
Cu;_,5r,O ceramics. The py5 of Cu;_,Sr,O (x =0,
0.001, 0.006, 0.01, 0.02, 0.05, 0.08, 0.10) ceramics is
114.18 kQ-cm, 91.69, 71.39, 32.69, 13.96, 4.74, 3.44, and
2.70 Q-cm, respectively. It is interesting that, com-
pared to the pure CuO, the p,5 of the Sr-doped CuO
ceramics shows a significantly decrease (even if a
very small amount of Sr-ion was introduced). This
indicates that the addition of Sr-ion plays a key role
in the conductivity improvement of CuO ceramic,
although Sr** and Cu”" ions have the same valence.
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image of Cuyg 9gSrg 02O ceramic, e Cu mapping of Cuyg 9gSrg 020
ceramic, f O mapping of Cug 9gStg 02O ceramic, and g Sr mapping
of Cu0_98$r0_02 of CUO'ggsro_Ozo ceramic

Figure 8b shows the plots of temperature depen-
dence of resistivity in Arrhenius plot of Cu;_4SrO
ceramics (x = 0, 0.001, 0.006, 0.01, 0.02, 0.05, 0.08, and
0.10) with various contents of Sr-ions. All samples
possess typical semiconducting characteristics for
that the resistivity decreases with the increase of
temperature.

CuO is a semiconductor oxide and has a band gap
of about 1.7 eV. If a CuO crystal is an ideal crystal
without any lattice defect, it is an electrical insulator.
Due to the insufficient oxygen in the sintering envi-
ronment, it is possible that oxygen vacancies formed
during sintering. The related defect reaction can be
described in the Kréger-Vink symbol, as shown in
Egs. (3) and (4):

1
0089V, 120 + 502 (3)
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Fig. 5 EDS analysis of
element distribution in

Cuyg 9551 950 ceramic: a SEM
image; b Cu mapping; ¢ O
mapping; d Sr mapping

Fig. 6 EDS detection of
element distribution in

Cug oSrg 10 ceramic: a SEM
image; b Cu mapping; ¢ O
mapping; d Sr mapping

e+ CuCuCiQCu’Cu. (4)

Oxygen escapes from the lattice for insufficient
oxygen environment and electrons left in the lattice,

.
'S_um'
()
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as shown in Eq. (3). The electrons act as weakly
bound electrons and locate at the donor level, which
can be thermally activated and jump to the conduc-
tion band. On the other hand, some of the electrons
might also be captured by Cu-cations, and then, Cu**
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Fig. 7 XPS analysis of the CuO, Cuyg.99Srg 010 and Cuyg 95Srg.950
ceramics: a full patterns, b Cu 2ps, patterns, and ¢ O 1 s patterns

changed to Cu™ ion, as shown in Eq. (4). Therefore,
the prepared CuO ceramic should be a nonstoichio-
metric compound and its conductivity increases.
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It is well known that the conductivity of a semi-
conductor can be adjusted by doping with various
contents of heterovalent elements such as donors or
acceptors. Sr- and Cu-ions are isovalent cations, and
therefore, Sr-ion could act as neither donor nor
acceptor for CuO-based semiconductor. However, as
shown in Fig. 8, py5 of Cu;_4SryO ceramics signifi-
cantly reduced even if a small content of Sr-ion was
added, and the p,5 decreased monotonously with the
increase of Sr-ion content. These indicate that the
influence of Sr-ion in the electrical properties of
Cuy _Sr,,O ceramics must originate from some factors
instead of semiconductor doping. According to the
above discussion, S5r14Cuz404; phase formed when a
small content of Sr-ions were added into CuO
ceramics and the Sr14Cu404; phase could play a key
role in enhancing electrical conductivity of the
ceramics.

Theoretically, it can be calculated that 6 holes form
in a single unit of Sr14Cu4O4; due to its intrinsic
character of excess O anions. However, only a limited
ratio of the holes is located in the ladder layer,
especially where they can contribute to the out-
standing conductivity of the Sr14Cup4O4 phase.
Those holes on the ladder layers are partly localized
under low temperature due to the existence of an
energy barrier called ‘spin gap’ and can only migrate
along the c direction contributing to one-axis con-
ductivity [22]. However, with the temperature
increasing, the holes are thermally activated and can
also transfer from ladder layer to chain layer [24-26].
The temperature dependence of electrical resistivity
of Sri4Cuy4Oy4; is semiconductor characteristic and
holes in the ladder are concluded to be dominant to
the electrical conductivity [32, 33]. Therefore, one can
get that Sr14Cuy4O4; phase has self-doping charac-
teristics and shows high conductivity. The quantity of
5114Cup4041 phase increases with increase Sr-ion
content, and distribution of Sr;4Cu,4O4 phase is
almost homogenous in Cu;_,Sr,O ceramics.

4 Conclusion

CuO-based ceramics modified with Sr** ions (Cu;_.
x5O, x ranges from 0 to 0.1) were obtained via tra-
ditional solid reaction method. The prepared CuO-
based ceramics containing Sr** additives are com-
posed of monoclinic CuO phase and incommensu-
rately modulated Sr14Cu,404; phase. The quantity of
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Table 2 Fitted results of Cu 2p;/, spectra in CuO, Cug 99Srg.0;O and Cug 95Sr 50O ceramics
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Binding energy of Cu™ (eV)

Binding energy of Cu®" (eV)

Concentration Cu®* (%)

CuO 932.56 933.97 66.95
Cug.99S19.010 932.87 934.38 66.97
Cuo.95510.050 933.21 934.25 79 50
Cuy_x5S14O ceramics are responsible for their high
conductivities.
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