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Effect of copper (ll) content and metal
vanadate formation on the structure, grain
morphology and electrical conductance
behaviour of Mg, ¢-,—Cu,~V,, (0.0 < X<1.0)

mixed oxide systems
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Chemistry Department, Catalysis Lab 514, Faculty of Science, Assiut University, Assiut, Egypt

A series of Mg, ,_,—Cu,~V, , oxides as well as the corresponding metal vanadates

(0.0 < x < 1.0) were prepared by calcination at temperatures between 500 and 1000 °C. X-ray
diffraction and infrared spectral studies were used to identify the different phases present.
Scanning electron microscopic investigations showed that the grain morphology not only
depends on the sample calcination temperature, T, but also on its composition, x. The
electrical conductance properties of the samples were studied between 100 and 350°C. The
variation of the conductance/and the activation energy values with x or T, is discussed in
terms of the oxides or vanadate semiconducting properties. A conduction mechanism
involving hopping of electrons or polarons through M”?/M” " lattice sites is proposed.

1. Introduction

Several attempts [1-3] have been made to correlate
the catalytic activity of some metal vanadates and/or
the corresponding oxide mixtures with their semi-
conducting properties, in order to obtain a better
understanding of the operation mechanism of these
catalyst systems. Many of these complex systems have
also drawn the attention of the solid state chemists
[4, 5] and physicists [6, 7] due to their interesting
structural [4, 5] electrical [7-10] and other physical
properties [6, 7, 11]. One of the interesting systems is
the Mg, ,_,—Cu,V,, oxide (0.0 < x < 1.0) series
which is structurally controlled by the action of calcin-
ation temperature [5, 12]. The interest comes, also,
from the fact that the individual parent oxides do not
exhibit much electronic conductivity. It was reported
that stoichiometric V,04 [13] and CuO [14] are
excellent electrical insulators, whereas the conductiv-
ity of MgO (107'7Q " tem ™! at 377°C) is one of the
lowest values ever reported for any material [14]. The
Mg, o-xCu,—V, s mixed oxide systems calcined in
the temperature range 500-1000°C show drastic
changes in structure, grain morphology and electrical
conductivity either with increasing copper (II) content
or calcination temperature. Therefore, and in connec-
tion with our previous studies on some related systems
[2, 12, 15-17], the present study was undertaken to
investigate the structural properties and semiconduc-
ting nature of the Mg, ,_,—Cu,~V, , oxide system (x
= (.0) calcined in the temperature range 500-1000 °C.
Our investigation was extended to study the effect of
the progressive increase in copper (II) content
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(0.1 < x < 1.0) as well as the formation of metal vana-
dates on the structural and electrical conductance
properties of these materials. Structural investigations
were conducted by combining the results of X-ray
diffraction, infrared spectroscopy, and scanning elec-
tron microscopy. To our knowledge no similar studies
on our systems or other related ones are cited in the
literature.

2. Experimental procedure

2.1. Materials

All the reagents used in the present investigation were
of analytical grade (BDH chemicals). A series of
Mg, o-—Cu,~V, , mixed oxides (where x = 0.0, 0.1,
0.3, 0.5, 0.7, 0.9 and 1.0) were prepared by mixing
ammonium metavanadate (AMV), with MgO and/or
CuO. The mixing of AMV with the metal oxides was
carried out in an agate mortar in the ratio of 2:1 [5, 14,
16]. In order to obtain a homogeneous mixture, a
mixing time of 20 min was required. The parent
mixtures were calcined in air for 5 h at 500, 700 and
1000°C. The solids (500 °C samples) ‘were slightly
crushed to break up the crumbs, whereas the melts
(700 and 1000°C samples) were ground into fine
powders after cooling.

2.2. Apparatus and techniques

The X-ray diffraction (XRD) patterns of the calcined
samples were recorded using a Philips diffractometer
(Model PW 1710) in the range of 20 between 5° and
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70°. A Philips generator operated at 40kV and
30 mA, provided a source of CuK, radiation (nickel
filtered). The scanning speed was 2° min~ . The dif-
fraction patterns were matched with ASTM cards
[18].

The infrared measurements were carried out in the
range 4000-200 cm~! using a Perkin Elmer infrared
spectrophotometer (Model 599 B). The KBr disc tech-
nique was used where 2 mg fine substance was mixed
with ~ 100 mg spectroscopically pure dry KBr
powder by shaking for approximately 10 min in a
vibrator. The mixture was then pressed in a special die
under vacuum at ~4x10°kgcm™? using a hy-
draulic press.

The scanning electron microscope (SEM) investiga-
tions were performed on a Jeol JSM-T 200 scanning
microscope (Jeol, Tokyo, Japan). The samples were
prepared by sprinkling the powder lightly on to a
double-sided adhesive tape which was mounted on an
SEM specimen stub. The edge of the double-sided
tape was printed with silver paint to minimize charg-
ing. Finally, the sample was sputter-coated with gold.
Micrographs were obtained in a secondary electron

imaging mode using a potential difference of 25kV.
SEM observations were carried out at a magnification
of 350-10 000.

The electrical conductivity measurements were car-
ried out using a conductivity cell described by Chap-
man et al. [197]. The temperature was controlled with a
Digi-Sense temperature controller (Cole-Parmer
Instrument Company, Chicago). The resistance meas-
urements were made at 100-350°C in air using a
610 C Solid-State Electrometer (Keithley Instru-
ments). The reproducibility was within + 2.0%.

3. Results and Discussion
3.1. X-ray diffraction and infrared spectral
studies

The XRD patterns of Mg, oV, , Mgy s—Cuy 5s-V, o
and Cu,; (—V, , mixed oxide systems (i.e. of the sam-
ples with x = 0.0, 0.5 and 1.0, respectively) calcined at
500, 700 and 1000 °C for 5 h are represented in Fig. 1.
The patterns for the composition of x = 0.0 show the
diffraction lines of the primary oxides as major phases
at 500°C and indicate that magnesium metavanadate
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Figure 1 XRD for Mg, ,_,—Cu,~V, 4 oxide systems: x = (a) 0.0, (b) 0.5, and (c) 1.0.

4926



[11] becomes a major phase at 700°C and predomin-
ates at 1000 °C [16]. The XRD patterns for the com-
position of x = 1.0 indicate that copper meta- and
pyrovanadates are the major phases present at 500 °C,
whereas copper pyrovanadate is the major one present
at T, = 700 °C. The XRD patterns also show that the
major phases present in the x = 0.5 samples calcined
at 500°C are the primary metal oxides, whereas at
T.>700°C magnesium and copper vanadates
(700 °C) and mixed metal vanadates (1000 °C) repres-
ent the major constituents [16].

The infrared spectra, in the region 500-1100 cm ™%,
of Mg, ¢-,Cu,V,, mixed oxide (x = 0.0, 0.5 and
1.0) systems calcined at 500, 700 and 1000 °C and that
of V,0; calcined at 500 °C, for comparison, are shown
in Fig. 2. Inspection of these spectra showed that
V,O; exhibits a band at 1000 cm ™! which is assign-
able to the V-O stretching vibration [20]. It also
showed a combination band of V-O-V stretching and
lattice vibration at 805cm~! [20, 21]. For the
Mg, o-—Cu, -V, , oxide samples calcined at 500 and
700°C, these absorption bands were significantly
weakened, especially for the 700 °C samples, whereas
for the 1000 °C ones, these characteristic bands were
not observed (for the composition of x = 0.0 and 1.0)
or shifted to a higher frequency (the V-O absorption
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Figure 2 Infrared absorption spectra of Mg, ,_,—Cu,-V, , oxide
systems: x = (a) 0.0, (b) 0.5, and (¢) 1.0, (d) V,0O;,.

for the x = 0.5 sample). Hanuza et al. [22] reported
the spectrum for MgV,0¢. This spectrum shows
absorption bands in the region 500-600 cm !. The
presence of absorption in this region in our x = 0.0
samples calcined at 700 and 1000°C supports the
presence of magnesium metavanadate [11]. Spectra
for the x = 1.0 samples calcined at 700 and 1000 °C
possessed two absorptions at 960 and 810 cm ™! which
can be assigned to V-O stretching characteristics of
pyrovanadates [6]. The spectrum of the 1000°C
sample also possessed an absorption in the
840-860 cm ™' region, two others at 695 and
730 cm ™!, and a shoulder at 920 cm ~ . This structure
also supports the existence of copper orthovanadate in
our 1000 °C sample [23]. The two absorptions around
700 cm ~ ! may reflect the presence of different degrees
of distortion of the orthovanadate structure [23]. The
v, antisymmetric stretch of (VO,)3~ anions [24] ap-
pears at 840-860 cm ™!, whereas the v symmetric
stretch appears as the shoulder at 920 cm ™! [25].

3.2. Grain morphology examination

The results of the scanning electron microscopic in-
vestigation are shown in Figs 3-5. It is seen that the
morphology of the particles not only depended on the
sample calcination temperature, 7., but also on its
composition x. Fig. 3a and b show that Mg, ,—V,,
oxide sample calcined at 500 °C containing agglomer-
ates of less uniform size and shape, Fig. 3a. An exam-
ination of one of these agglomerates, Fig. 3b, showed
that they consist of both rod-shaped particles and
plate-like grains (of V,0s, as described elsewhere
[25]). The pictures of the 700°C sample, Fig. 3c,d
show that it consisted of poorly defined particles,
Fig. 3c, as well as many porous ones, Fig. 3d, whereas
the picture of the 1000°C sample, Fig. 3e, indicates
that the grains are elongated bars of nearly rectangu-
lar section. This suggests that the external surface of
the grains consists mainly of two practically perpendi-
cular crystallographic planes. Kozlowski and Stad-
nicka [26] found that monocrystals of such vanadate
solid solutions grown from the melt are of thin-plate
shape with a large face corresponding to the (201)
crystallographic plane, which supports our result.

Fig. 4 depicts the morphology of Cu, -V, , oxide
system calcined at 500, 700 and 1000 °C. Close exam-
ination of a particle in the 500 °C sample indicated its
spongy and porous nature, Fig. 4a and b. The grains of
the powder sample of the 700 °C solid solution are
mainly of elongated bar shape, Fig. 4c. Focusing the
examination on one particle showed that the large
faces have some surface roughness, Fig. 4d. In this
respect, the picture of the 1000°C sample shows a
resemblance to that obtained for the 700 °C sample,
Fig. 4e.

Electron micrographs of the Mg, ~Cu, 5~V o 0%-
ide system calcined at 500, 700 and 1000 °C are shown
in Fig. 5a—{. This figure shows clearly that the change
of the grain morphology, characterizing these samples,
with the calcination temperature was somewhat sim-
ilar to that of the x = 1.0 ones.
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3.3. Electrical conductivity measurements

Fig. 6 shows the temperature dependence of the elec-
trical conductivity, o, as a function of composition, x,
for the Mg, ,_,—Cu,—V, , oxide (0.0 < x < 1.0) sys-
tems calcined at 500, 700 and 1000°C (a-c, respect-
ively). Log o values have been plotted against the
reciprocal absolute temperature for all the composi-
tions, x. The linear relationship obtained shows that
the conductivity, o, at a given temperature, 7, can be
expressed by the equation [27]

o = oo exp( — E,/KT) (1)
4928

Figure 3 Scanning electron micrographs of Mg, ~V,, oxide
system calcined at different temperatures for 5h. T. = 500°C:
(a)x 350, (b)x10000. 7T,=700°C: ({(c)x1500, (d)x 5000.
T, = 1000°C: (e) x 5000.

where o, is a constant, E; the activation energy for
conduction, K the Boltzmann constant, and 7" the
absolute temperature. Accordingly, the slope of these
lines was considered to give the activation energy for
conduction. Values of E; obtained by least squares
fitting of the data are plotted as a function of composi-
tion, x, in Fig. 7.

Examining the conductivity data represented in
Fig. 6a for the 500°C samples starting from the
Mg, «—V,, oxide system (i.e. at x = 0.0), one can
distinguish a sharp conductivity increase with increas-
ing concentration of copper ion content until x = 0.3,
then it begins to fall at x = 0.5. A further increase of x
increases the conductivity values up to x = 0.9, then
they decrease slightly at x = 1.0. A comparison be-
tween the conductivity values of the 500°C samples
(Fig. 6a) with the activation energy of the various
compositions (Fig. 7a) provides the observations: (i)
variation of the activation energy values, Eg, obeys the
same order of conductivity, ¢, change; (ii) among the
different values of x, two compositions, namely x
= 0.3 and 0.9, represent two inversion points in the
activation energy pattern; (iii) the x = 0.0 composition



possesses the highest Eg value, whereas the 0.3 com-
position possesses the lowest one. Inspection of the
conductivity data of the 700 and 1000°C samples
(Fig. 6b and c) starting from the x = 0.0 composition,
one can observe a pronounced conductivity increase
with increasing concentration of Cu®* ions until x
= 0.5, then it decreases at x = 0.7. A further increase
of x increases the conductivity values up to x = 0.9,
then they decrease again at x = 1.0. A comparison
between the electrical conductivity values of the 700
and 1000 °C samples (Fig. 6b and c) with the activa-
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Figure 4 Scanning electron micrographs of Cu, -V, , oxide system
calcined at different temperatures for 5 h. T, = 500 °C: (a) x 500, (b)
x 1000. T, = 700 °C: {c) x 1500, (d) x 5000. T, = 1000 °C: (e} x 500.

tion energy of the various compositions (Fig. 7b and c,
respectively) showed that: (i) variation of the activa-
tion energy values, Eg, obeys the same order of con-
ductivity, o, change, except for the composition of x
= 0.9; (i1) there is a definite composition, i.e. x = 0.5,
which represents an inversion point in the activation
energy pattern; (iii) the x = 0.0 composition possesses
the highest E value, whereas the x = 0.5 composition
possesses the lowest one. Generally, Fig. 6 indicates
that: (1) the electrical conductance of the 700 °C sam-
ples is higher than that of the corresponding 500 °C
ones, especially for the x = 0.0 and 0.5 compositions,
with the exception of the samples with higher x-val-
ues, namely with x = 0.9 and 1.0, where they show
slightly lower conductivity values; (ii) the conductance
of the 1000 °C samples is slightly lower than that of the
corresponding 700 °C ones, with the exception of the
samples with lower x-values i.e. with x = 0.0 and 0.1,
where they show slightly higher conductivity values. A
comparative study of the effect of the calcination
temperature, T,, on the conduction activation energy
of the Mg, ;_,—Cu, -V, , oxide systems calcined at
500-1000 °C shows a strong dependence of Eg5 on T.,.
The noticeable trend is that E, decreases with increas-
ing T, in the order 500 °C > 700 °C > 1000 °C, Fig. 7.
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Figure 5 Scanning electron micrographs of Mg, —Cu,y s—V, , oxide system calcined at different temperatures for 5 h. 7, = 500 °C: (a) x 1500,
(b) x 2000. T, = 700°C: (c) x 3500, (d) x 3500. T, = 1000°C: (e) x 500, (f) x 10 000.

In order to explain the above conductivity data, one
has to consider the probable conduction mechanisms
in such materials. For the 500 °C samples, the com-
position with x = 0.0 represents the primary metal
oxides. The conductivity of MgO in the temperature
range studied was one of the lowest values ever re-
ported in the literature [14] for any material, whereas
that of pure V,0 is zero [13, 28]. Thus, the conduct-
ivity of this composition must be expected to be low.
The observed conductivity of the x = 0.0 sample can
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be attributed to the interaction between MgQ and
V,0, according to Reaction 2, which leads to the
enhancement [29] of the conduction electrons via hole
production

30 + 2MgO = 2Mg|V|"” + V,O; + 6le|”  (2)

where Mg|V|” is the Mg?" ion replacing the V> ion
in its normal lattice site, and |e| "is a defect electron
produced.

The increase in o with increasing x up to the
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Figure 6 Variation of electrical conductivity, o, values with x measured in the temperature range 100-350°C for Mg, ,_,—Cu,V, , oxide

systems calcined at (a) 500°C (b) 700 °C and (¢) 1000°C.
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Figure 7 Variation of the activation energy, E, values with x for
Mg, o-.—Cu,-V, , oxide systems calcined at (a) 500 °C, (b) 700°C
and (c) 1000°C.

composition of x = 0.3 could be due to the progressive
enhancement of the conduction electrons via more
hole production by Reaction 3

30 4+ 2Cu0O =2 CulV|" 4+ V,05 + 6le| "  (3)

Furthermore, the lattice oxygen deficiency [29] of
V,0s, accompanying Reactions 2 and 3, will give rise
to some V** jons [30] so as to maintain electrical
neutrality. The hopping of electrons between the adja-
cent V4*/V3* [1, 13, 31] ions increases the number of
charge carriers which are responsible for the observed
increase of o. The sequence of Eg values shows a
Fermi potential of higher activation energy for
x = 0.0, and of lower ones when the copper content, x,
is increased to x = 0.3. At a composition of x = 0.5,
the solid solution effect [29] was observed, which

decreased the conductivity of the sample. The increase
in conductivity at x > 0.5 can be attributed to the
formation of the copper vanadates, Fig. 1. The
conduction of such transition metal (t.m.) compounds
was reported [32] to be characterized by a narrow 3 d-
band [33] near the Fermi level. The presence of
oxygen ions as a constituent in the lattice means that
the 2s and 2p-oxygen orbitals strongly overlap the 4s-
and 4p-orbitals of the 3d t.m. ions. This gives rise to a
strong hybridization leading to a wide energy band
gap between the top of the filled 2p band and the
bottom of the 4s and 4p conduction bands. The
narrow 3d bands of the t.m. cations in the studied
series lie within this energy gap and are split by the
crystal and exchange fields [2]. Thus, it can be said
that two competing conduction processes exist;
conduction by hopping of charge carriers in the nar-
row 3d band and normal band-like conduction in the
2p band, these two mechanisms dominating at lower
and higher temperature, respectively. It is evident,
from the small values of Eg ( < 0.144 eV) obtained for
the activation energy of the different 500 °C samples at
x > 0.5, that the hopping mechanism [32, 33] is the
one operating in the employed temperature range.
Consequently, the charge carriers are considered to be
localized at the ions or vacant sites and the conduc-
tion occurs via a hopping-type process, which implies
a thermally activated electronic mobility [34]. Be-
cause the activation energy in this case is often associ-
ated with the mobility of charge carriers rather than
their concentration [35], one can consider that the
composition x = 0.5 (characterized by the highest E;
value at x > 0.5) represents the composition at which
the charge carriers are more localized, due to a lower
probability of at least two copper ions to be in adja-
cent positions, taking into consideration that no hop-
ping-type conduction can take place between magne-
sium cations [ 14]. This concept allows us to infer that
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the lowering of Es values characterizing the composi-
tions x = 0.7 and 0.9 may be ascribed-to the decrease
of the isolated nature of the copper cations. In addi-
tion, according to Matkovich and Corbett [36] and
Hibino et al. [37], the oxygen deficiency accompan-
ying the solid-state formation of the vanadates at x
= 0.7 and 0.9, i.e. the oxygen non-stoichiometry, will
give rise to some V#* ions in order to maintain the
electrical neutrality. The hopping of electrons between
the adjacent vanadium and/or copper sites, according
to Reactions 4-6

V4+/V5+‘_—‘VS+/V4+ [31] (4)
V4 /Cu2 =Vt /Cut  [38] (5)
Cu*/Cu2*=Cu?*/Cu* [16] (6)

increases the total number of charge carriers and ac-
cordingly the electrical conductivity of these samples.
Although an increase in copper pair concentration
must be expected with further deviation from the
composition of x = 0.5, and consequently leads to an
E s decrease, the composition at x = 1.0 behaves in the
opposite manner. This can be referred to a significant
role of the spin of the hopping electrons in the transfer
process especially at higher concentration of copper
ion pairs [39].

The samples prepared at 700 and 1000 °C are pro-
duced by quenching the melts to room temperature.
The loss of oxygen from the melts and the change in
their grain morphology cause a pronounced change in
their conductance behaviour. Fig, 6a and b show that
the conductivity of the 700 °C samples is higher than
that of the corresponding 500 °C ones. In these sam-
ples, the low-valency vanadium and copper ions are
produced due to loss of oxygen from the melt [33, 40].
The electrical conduction in these non-stoichiometric
vanadates occurs mostly through the hopping of pol-
arons [33, 34, 39, 41, 42], which consists of a d-
electron and its polarized region in the lattice. The
polarons generally move by hopping from one polar-
ization well to the next one [2]. Fig. 8 illustrates the
mechanism; Fig. 8a represents a small polaron with an
electron localized in its potential well at equilibrium. If
the electron is to be transferred, thermal fluctuations
must ensure that the energies of the adjacent wells are

(a) '
V(x) (l)

{a) {b)
W (i)
(b)
\ { (1ii)

—_——
X

Figure 8 Potential wells on a pair of ions a and b during the
hopping process: (i) before hopping; (ii) thermally activated state
when electrons can move, and (iii) after hopping.
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equal, as in Fig. 8b. It was established that the smallest
activation energy which can produce this situation
is when both wells have half the original depth [39],
i.e. when the distribution of the t.m. cations allows
at least two cations of the same metal to be in
adjacent positions. As reported [7, 41-43], the
conductivity of such vanadates depends on the ratio
B =[V**]/[V*®]. Tt increases with the increasing
B and is a maximum for a particular value of this ratio.
In the system studied here, enhanced chemical reduc-
tion of V°* ions might be achieved by interaction with
the reduced ions of the added t.m., i.e. Cu*, according
to a chemical exchange mechanism of the form

Cu+ +V5+——>CU2++V4+ (7)

Thus, by increasing the copper content, x, of the
700°C samples from x=00 to x=05 an
oxidation-reduction mechanism as in Reaction 7,
could easily be taking place with the increase of V4*
ions which increased the concentration ratio
[V4*]/[V*®] and hence the conductivity increases.
On increasing the sample copper (II) content, namely
at x > 0.5, the concentration of V47 ions decreases
[44] according to the chemical exchange mechanism
(Reaction 5 [387) between two valency states of the
two different transition elements. The reduction of
V#* ion concentration reduces the concentration ratio
B and hence the conductivity decreases, Fig. 6b. There-
fore, the decrease in conductivity at x > 0.5 may, in
our case, be ascribed to pairing of mixed ions in the
form of oxygen—bridged associates [39]. Thus, the
effect of the copper ion is expected to alter the ratio of
concentrations of reduced valency vanadium ions to
the concentration of normal valency vanadium ions,
and thus to control the transition probabilities of
conduction electrons and hence the electrical conduct-
ivity. It appears that there exists a critical concentra-
tion of copper content (i.e. at x = 0.5) for which p and
hence the electrical conductivity showed a maximum.
In the light of the above discussion the change in the
activation energy for hopping conduction could be
ascribed to the copper (II) content which alters the
reduced valency ratio, B, in the vanadates under in-
vestigation.

The variation of the electrical conductance of the
1000°C samples with Cu®?” content, x, has a trend
similar to that obtained for the 700°C samples,
Fig. 6b, ¢. Under the same experimental conditions of
both composition (0.3 < x < 1.0) and temperature,
comparative studies relating the conductance behavi-
our for the 700 and 1000 °C samples reveal that the
concentration ratio [V4*]/[V**%!] decreases with in-
creasing calcination temperature, 7, from 700°C to
1000 °C.

The decrease of the activation energy, Eg, with the
increase of the sample calcination temperature in the
order 500°C > 700°C > 1000°C (Fig. 7) can be at-
tributed to the increase in the mobility of the electrons
through the hopping process, because Eg in this case is
associated with the mobility of charge carriers rather
than their concentration. Electron micrographs of the
systems investigated (Figs 3-5) show that the particle
size increases and the porosity decreases on increasing



T, from 500°C up to 1000 °C. This permits a higher
mobility of charge carriers, and accordingly lower Eg
values, with increasing 7.
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