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Electrical transport and thermoelectric properties of Ni-doped
perovskite-type YCo;_,Ni,O; (0 < x <0.07) prepared
by sol-gel process™
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Electrical transport and thermoelectric properties of Ni-doped YCo1_,Ni, O3 (0 < x < 0.07), prepared by using the
sol-gel process, are investigated in a temperature range from 100 to 780 K. The results show that with the increase of Ni
doping content, the values of DC resistivity of YCo;_,Ni,O3 decrease, but carrier concentration increases. The temperature
dependences of the resistivity for YCo;_,Ni;O3 are found to follow a relation of Inp o< 1/T in a low-temperature range
(LTR) (T <~ 304 K forx =0; ~230 K < T <~ 500 K for x = 0.02, 0.05, and 0.07) and high-temperature range (HTR)
(T >~ 655 K for all compounds), respectively. The estimated apparent activation energies for conduction E,; in LRT
and Ey; in HTR are both found to decrease monotonically with doping content increasing. At very low temperatures
(T <~230 K), Mott’s law is observed for YCo;_,Ni, O3 (x > 0.02), indicating that considerable localized states form
in the heavy doping compounds. Although the Seebeck coefficient of the compound decreases after Ni doping, the power
factor of YCo;_,Ni O3 is enhanced remarkably in a temperature range from 300 to 740 K, i.e., a 6-fold increase is achieved
at 500 K for YCog.9gNig 9203, indicating that the high-temperature thermoelectric property of YCoOs3 can be improved by

partial substitution of Ni for Co.
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1. Introduction

Perovskite-type rare earth cobaltites, including yttrium
cobaltite, with general formula RCoO3 (R =Y, rare earth),
have attracted extensive attention in the last several decades
due to the fact that they have potential technological ap-
plications in thermoelectric materials,[!! cathodes for solid
oxide fuel cells (SOFC)'%!! gas sensors,'?! and so on,
and also have interesting, unusual, electrical and magnetic
properties.['3-2%1 This performance oxide, as thermoelectric
material, can be characterized by a dimensionless figure of
merit Z7TT211 (ZT = PT/x, where T and x are the absolute
temperature and thermal conductivity, respectively; P = % /p
with S being the thermopower or the Seebeck coefficient,
and p the electrical resistivity), is the power factor related
to electrical property.??! Therefore, large power factor and
relatively low thermal conductivity are necessary for a high-
performance thermoelectric material. As thermoelectric ma-
terials, these oxides have many advantages in addition to
high thermal stability, oxidation resistance, and non-toxicity
with respect to the traditional thermoelectric materials (e.g.,
Bi,Tes, PbTe), such as fairly large thermopower in the vicinity
of room temperature (for instance, S = 1050 uV'K_1 at 300 K
for YCoO3,[' § =555 uV-K~! at 300 K for LaCoO3,[?3]
S = 1300 uV-K~! at 300 K for HoCoO3**!) and small ther-
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mal conductivity (for example, k = 3.0 W-m~!.K~! at 300 K
for Lag g5 Sr0.05C003[”).

Among these oxides, the yttrium cobaltite (YCoO3) was
first synthesized by Demazeau et al?! Its crystal structure,
thermoelectric (electrical and thermal), and magnetic prop-
erties have been widely investigated. Mehta e al*®! and
Knizek et all?’! have reported that its crystal structure in a
broad temperature range from 17 to 1000 K is a distorted per-
ovskite structure with orthorhombic symmetry (space group
Pbnm (Z = 4)), where each cobalt ion is surrounded by six
oxygen atoms and only one form of cobalt site exists. Some
physical properties of YCoO3 were also reported by Knizek
et al?"l Moreover, the effects of element (e.g., Ca, Sr) dop-
ing in Y sites of YCoO3 (e.g., Y1_xM,CoO3 compounds
with M = Ca, Sr) on its properties were also reported.[?8-3?]
Among these studies, the thermoelectric properties of com-
pounds Yi_,Ca,CoO3, in which Ca atoms are partially sub-
stituted for Y atoms, were investigated by us, and it was
found that Ca substitution for Y led to remarkable decrease in
the electrical resistivity of Y|_,Ca,C003,%%! but effective en-
hancement of its thermoelectric property.”°! At present, how-
ever, one knows little about how element doping in Co sites
of YCoOs3 affect its properties. To our knowledge, no such
kind of investigation as mentioned above has been performed
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so far. Therefore, it is interesting and very important to in-
vestigate the effects of element substitution for Co of YC0O3
on its physical properties. In the present work, Ni-substituted
compound YCo1_,Ni,O3 is synthesized by a sol-gel process,
and the influences of such doping on its DC electrical transport
and thermoelectric properties are investigated in a temperature
range from 100 to 780 K. The results indicate that electrical
transport behavior of YCoOs3 is remarkably modified and its
thermoelectric properties could be improved substantially by
Ni substitution for Co of YCoOs3.

2. Experimental details

Nickel-doped yttrium cobaltates were prepared from
stoichiometric yttrium, nickel, and cobalt nitrates. 0.02x
(x =0, 0.02, 0.05, 0.07) mol of Ni(NO3),-6H,O (98.0%),
0.02(1 — x) mol of Co(NO3),-6H20 (99.0%), and 0.02 mol of
Y(NO3)3-6H,0 (99.0%) were dissolved in 20 ml of an aque-
ous solution of 0.02 M citric acid (99.5%) confected by de-
ionized water. The solutions were continuously stirred for
about 1 h, resulting in a homogenization of Y3, Ni?*, and
Co?™ cations in the mixture solution. Subsequently, the mix-
tures were slowly heated to 90 °C, and at this temperature they
were dried for 12 h, forming brown powders. The brown pow-
ders were calcined in air at atmospheric pressure in a muffle
furnace at 300 °C for 2 h, forming black powder samples so as
to remove organic compounds. Then, these powder samples
were ground and subsequently compressed into pellets with
13 cm in diameter. Finally, bulk samples were obtained by
sintering the green pellets in air and tube furnace at 900 °C for
120 h, followed by spontaneous cooling slowly down to room
temperature in the furnace.

Phase structures and lattice constants for the obtained
samples were determined by using XRD (Philips-X PERT
PRO diffractometer) with Cu Ko irradiation at room tem-
perature. The accurate lattice parameters were determined
from the d-value of the XRD peaks using a standard least-
squares refinement method with an Si standard for calibra-
tion. To measure their electrical resistivity, the bulk samples
were cut into bar-shaped specimens, each with a size of about
12 mm x 2 mm x 1 mm. The electrical resistivity and the See-
beck coefficient were measured on a computer-assisted de-
vice. The DC electrical resistivity was measured in vacuum
by a conventional standard four-probe method at temperatures
ranging from 100 K to 720 K. The Seebeck coefficient was
also measured in a vacuum in a temperature range from 300
K to 780 K. Carrier concentrations were determined by mea-
suring the Hall coefficient at room temperature in a magnetic
field H=0.73 T.

3. Results and discussion

3.1. Phase determination, change of lattice parameters af-
ter Ni doping

Figure 1 displays the XRD patterns of YCo;_,Ni, O3
(x=0, 0.02,0.05, 0.07). The diffraction peaks for synthesized
YCoO3 are indexed based on the standard JCPDS card (Card
No. 88-0425) of YCoOs, indicating that their main diffrac-
tion peaks are well accordant with each other. However, we
should note that a small amount of impurity phase Y,03 ap-
pears (as marked in Fig. 1) in our samples, which is consistent
with the results in a previous synthetical work performed by
Thornton et al!'3! For the synthesis of pure YCoO; phase, a
high-pressure oxygen atmosphere is needed.”>! From Fig. 1,
one can see that all the main diffraction peaks for the synthe-
sized YCo;_,Ni, O3 (x > 0) are the same as those for the syn-
thesized YCo0Os3, suggesting that Ni element has been doped
into the lattice of YCo00O3, and the required phases of the doped
compounds are formed. Moreover, to check whether the sub-
stitution of Ni for Co occurs, accurate lattice parameters (a, b,
¢) of YCo;_,Ni,O3 with different Ni contents are calculated
from the XRD data, and the results are plotted in Fig. 2. We
see that the lattice parameters a, b and ¢ for YCoOj3 are 5.1393,
5.4197, and 7.4588 A, respectively, which are in agreement
with the data measured by Mehta ez al.”®! One can also see that
with Ni content x increasing from 0 to 0.07, the lattice parame-
ters a, b and ¢ of YCo;_,Ni, O3 increase from 5.1393, 5.4197,
and 7.4588 A for x = 0 to 5.1425, 5.4282, and 7.4662 A for
x = 0.07, respectively, indicating that the increase in lattice
constant of YCo;_,Ni,Os is consistent with the doped content
of Ni. These results also show that Ni replaces Co in YC0oO3
lattice and the substitutional compounds YCo;_,Ni,O3 have
been formed, for ionic radius of Ni>* (0.69 A) is larger than
that of Co®* (0.63 A),[20] which will lead to lattice expansion
upon doping. Moreover, Ni doping will give rise to lattice de-
formation (or distortion) of YCo0O3. In order to examine the
deformation degree after substitution of Ni for Co, a geomet-
rical quantity, Goldschmidt tolerance factor ¢ is introduced,
which is a fundamental parameter characterizing the degree
of structural distortion in perovskite with the general formula
ABOs. It is defined as?3!

_ratro
V255 +70)

where ra, 7, and ro represent the average ionic radii of the re-

ey

spective cations (A and B) and oxygen, respectively. Accord-
ing to the data listed in Fig. 2, the relation a < ¢/ V2 < bex-
ists for all YCo;_,Ni, O3 samples, indicating that they belong
to so-called O-type structure,['4 and suggesting that the lattice
deformation of YCo0Os is relatively small after Ni substitution
for Co. The dominating source of orthorhombic small distor-
tion comes from buckling of the octahedral CoOg network, as
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suggested elsewhere.['* Owing to the effects of the experi-
mental condition and the facts that the average ionic radius of
A and O is invariable and the ionic radius of Ni%t (0.69 A) is
larger than that of Co**t (0.63 A), the tolerance factors ¢ will
decrease as the Ni content x increases, suggesting that buck-
ing of octahedral network of YCo;_,Ni,O3 increases as the Ni

content increases.

*Y 5,03

Intensity/arb. units

Fig. 1. XRD patterns (CuKy, irradiation) for YCo;_,Ni, O3 (curve i:
x =0, curve ii: 0.02, curve iii: 0.05, curve iv: 0.07). The ‘*’ denotes a
little impurity phase.
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Fig. 2. Variations of the lattice parameters (a) a, (b) b, and (c) ¢ with Ni
content x for YCo;_,Ni, O3 (x =0, 0.02, 0.05, 0.07).

3.2. Effect of Ni doping on DC electrical resistivity

In Fig. 3, the temperature dependences of DC electrical
resistivity p in the form of logp for YCo;_,Ni,O3 (x = 0,
0.02, 0.05, 0.07) compounds in a temperature range of 100-
720 K are displayed. One can see that the electrical re-
sistivity for YCoOj3 decreases with the increase in temper-
ature in the whole temperature range measured, displaying
semiconductor-like behavior. A similar phenomenon was
also observed in other similar perovskite compounds, such as
LaCo03.34 After Ni substitution for Co in YCo;_,Ni, O3 (x >
0), the temperature dependences of its resistivity appear not to
change much. In other words, they still show semiconductor-
like behaviors, i.e., dp/dT < 0. However, the absolute mag-
nitudes of the electrical resistivity for YCo;_,Ni, O3 at the

same temperature decrease with the increase in Ni doping con-
tent. For example, the electrical resistivity of YCo;_,Ni, O3
at 300 K decreases from 6.9 Q-m for x = 0 to 1.9 Q-m for
x = 0.02, then decreases to 0.94 Q-m for x=0.07 (see Ta-
ble 1). The decrease in electrical resistivity for YCo;_,Ni, O3
may mainly come from the contribution of carrier concentra-
tion. Table 1 lists the carrier concentration of YCo;_,Ni, O3
at room temperature. We note that with the increase in Ni
doping content x, the carrier concentration of YCo;_,Ni, O3
increases, which is consistent with the change of lattice con-
stant of YCo;_,Ni, O3 shown in Fig. 2. For instance, the
carrier concentration increases rapidly from 6.1 x 10 cm ™3
for x =0 to 3.6 x 10'® cm~3 for x = 0.02, then it increases
slowly from 1.6 x 10'7 ecm™3 for x = 0.05 t0 2.6 x 107 cm 3
for x = 0.07. This indicates that the decrease in the resistiv-
ity for YCo;_,Ni,Os3 is mainly due to the increase in carrier
concentration since the substitution of Ni** for Co* should
introduce acceptor levels in the energy gap. In addition, the
carrier mobility is also listed in Table 1, with the aid of the
formula u = 1/pne, where U, n, and e are the carrier mo-
bility, carrier concentration, and electron charge, respectively.
One can see that the carrier mobility decreases monotonically
with Ni content x increasing, which may be caused by impu-
rity scattering due to Ni doping. The values of carrier mobility
u for YCo;_,Ni, O3 are relatively small because they are ce-
ramic materials, which were also found in Sri_,La,PbO;_js
(0 < x < 0.15) with similar structures.[3]

Table 1. Values of room-temperature resistivity p,;, carrier concentra-
tion n, and carrier mobility u for YCo;_,Ni,O3.

x 0.00 0.02 0.05 0.07
P/Q-m 6.9 19 1.1 0.94
n/108 cm=3 6.1x107* 3.6x107% 1.6x107! 2.6x107!
u/em?v-l.s=l 104 0.91 0.35 0.26
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Fig. 3. Plots of the DC electrical resistivity In p versus temperature
T for YCo;_,Ni, O3 (x =0, 0.02, 0.05, 0.07).

In order to examine temperature dependences of the elec-
trical resistivity for YCo;_,Ni, O3 in detail, the curves of re-
sistivity p (in log) versus the reciprocal of temperature 1/T are
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presented in Fig. 4. One can see that for each sample, there
are two temperature regimes: low temperature range (LTR)
(T <~304Kforx=0,~230K < T <~ 500K forx=0.02,
0.05, 0.07) and high temperature range (HTR) (T >~ 655 K
for all compounds), within which good linear relations be-
tween Inp and 1/T exist, but they have different slopes in
different temperature ranges. This indicates that the temper-
ature dependences of the resistivity in LTR and in HTR (see
the inset in Fig. 4) obey the following exponential (Arrhenius)

law:[28]

p = poexp| 5. @)
where p, E,, and kg are the pre-exponential factor, the con-
duction activation energy, and the Boltzmann constant, respec-
tively. By fitting the experimental data to formula (2) (see
Fig. 4), one can obtain the activation energy E,; in LTR and
Eq in HTR, as shown in Fig. 5. It can be seen from Fig. 5
that the activation energies E,; and E,, both decrease after Ni
substitution: E,; drops from 0.31 eV for x =0 to 0.25 eV
for x = 0.07, and E, drops from 1.2 x 1073 eV for x = 0 to
3.3 x 107* eV for x = 0.07. Since YCo;_,Ni, O3 is a p-type
semiconductor system (which is proved by both a positive Hall
coefficient and a positive Seebeck coefficient S), the exponen-
tial increase of the electrical resistivity with decreasing tem-
perature would reflect the excitation of holes. Therefore, the
decrease in the activation energy can be explained as a shift
of the corresponding Fermi level Er toward the edge of the
valence band, making the energy difference between valence-
band edge E, and Femi level EF, i.e., E, = Ep — E,, smaller.
The E,» in HTR is two orders of magnitude smaller than Ej; in
LTR, which shows that there is a huge shift of the correspond-
ing Fermi level Er toward the edge of the valence band. Much
more rapid decrease of E,, than E,; with Ni content increasing
indicates that the deep level corresponding to Ey; is strongly

influenced by Ni doping.
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Fig. 4. Plots of Inp versus 1/T for YCo;_,Ni, O3 (x =0, 0.02, 0.05,
0.07). The inset shows the plots of Inp versus 1/T in high tempera-
ture range of 7 >~ 600 K. The solid lines represent the best fitting
of the experimental data to formula (2).

However, the temperature dependences of the resistivity
for YCo;_,Ni,O3 (x > 0.02) are found to follow Mott’s law
(Inp o< T-1/4) if T <~ 230 K for x = 0.02, 0.05, and 0.07,
as shown in Fig. 6, suggesting that variable-range hopping
conduction occurs in each of these compounds. According
to Mott’s variable-range hopping conduction theory, the rela-

tionship between resistivity and temperature can be expressed
[28,36]
as

Ton 1/4
Phop = Preexp| () |- )
with
18.108¢c°
=, 4
0 N () “)

where p,., Ty, &, and N(Eg) are a constant, the Mott char-
acteristic temperature, the inverse decay length of the wave
function for localized states near the Fermi level, and the den-
sity of localized states at Fermi level, respectively. By best
fitting the experimental data using Eq. (3), we find that Ty de-
creases rapidly from 1.63 x 10? K for x = 0.02 to 4.43 x 108 K
for x = 0.05, and then decreases slowly to 4.29 x 10® K for
x = 0.07. This decrease in Ty may, according to Eq. (4),
indicate that the density of localized states N(Eg) increases
with increasing doping content of nickel, which implies that
stronger potential disorder is formed in the case of heavy dop-

ing.
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Fig. 5. Variations of activated energy E, with Ni content of doping
x in low-temperature (E,;) and high-temperature (E,,) regions for
YCo_,Ni, O3 (x =0, 0.02, 0.05, 0.07).
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Fig. 6. Plots of Inp versus T4 for YCoj_, Ni,O3 (x > 0.02).
Solid lines: the linear fitting to the experimental data.
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3.3. Effect of Ni doping on thermopower

Figure 7 shows the curves of Seebeck coefficient S of
YCo1_xNi,O3 (x = 0, 0.02, 0.05, 0.07) versus temperature
in a temperature range from 300 to 780 K. The positive val-
ues of the Seebeck coefficient in the whole temperature range
measured for all samples suggest that the majority of charge
carriers in YCo;_,Ni,O3 are holes, which is also in accor-
dance with our Hall measurements. The Seebeck coefficient
of YCoOs3 first decreases slowly with the increase in tem-
perature at 7 <~ 550 K, then decreases rapidly as tempera-
ture increases further. This is consistent with the temperature
dependence of its electrical resistivity. With the increase in
Ni doping content x, the temperature dependence of the See-
beck coefficent for YCo;_,Ni, O3 does not change remarkably.
However, the absolute value of Seebeck coefficient decreases
gradually. This phenomenon can be understood by the frame-
work of Mott’s model. By replacing electrical conductivity
o (= enp(€)) in Mott formulal37-38!

AT sdIno(e)
§="_B 5
3e ( Je )8:8]:, )
we obtain
272
_ce | ThkgT (dlnu(e)
§= ne 3e < e ):s:ep7 ©
with
T AT
ce =3 y(e), ()

where ce, n, (&), kg, and y(€) are the electronic specific
heat, carrier concentration, carrier mobility, Boltzmann con-
stant, and the density of state (DOS), respectively. According
to formula (6), the increase in carrier concentration should re-
sult in the decrease in the Seebeck coefficient. As mentioned
above, our experiments indicated that Ni substitution results in
substantial increase in carrier concentration, as shown in Ta-
ble 1, which is qualitatively consistent with the decrease in the
Seebeck coefficient for YCo;_,Ni, O3 upon Ni doping.
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Fig. 7. Variations of the Seebeck coefficient S with temperature 7

for YCo;_¢Ni,O3 (x =0, 0.02, 0.05, 0.07).

3.4. Effect of Ni doping on the power factor

Figure 8 shows variation of the thermoelectric power fac-
tor P(= S/p) with temperature T for YCo;_Ni, O3 (x = 0,

0.02, 0.05, 0.07) in a temperature range from 300 to 720 K.
The value of P is calculated by using the determined resistiv-
ity p and the Seebeck coefficient S shown in Figs. 3 and 7,
respectively. We see that the power factor P of YCoOs3 in-
creases slowly from 10~7 W-m~'.K=2 at ~300 K to 0.3 x
10> W-m~1.K~2 at ~600 K, then increases rapidly with the
further increase of temperature. In contrast, the power fac-
tor P for YCo;_,Ni, O3 (x >0) increases sharply from 0.012 x
107 W-m~ 1 K~2at~ 300K to 107> W-m~!.K~2 at ~ 500 K.
Specifically, at 500 K, the power factor P increases from
1.49x 107 W-m K2 forx=0t09.31x 10 * W-m 1.K~2
for x = 0.07.
the decrease in the resistivity after Ni substitution for Co.

This huge increase in P is mainly due to

The present results suggest that partial Ni substitution for Co
in YCo;_,Ni,O3 can substantially enhance high-temperature
thermoelectric property of YC0Os.

1.4
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P/107° W-m~ LK ~2

0.2
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Fig. 8. Variations of the power factor P with temperature 7' for
YCo;_,Ni,O3 (x =0, 0.02, 0.05, 0.07).

4. Conclusions

Nickel-doped cobalt oxides YCo;_,Ni, O3 (0 <x <0.07)
are prepared by using a sol-gel process, and their electrical
transport and thermoelectric properties are investigated in a
temperature range from 100 to 780 K. The results show that
with the increase in Ni content, the values of DC resistiv-
ity and Seebeck coefficient of YCo;_,Ni, O3 decrease, which
could be attributed to the increase in hole concentration, as ev-
idenced by Hall measurements. The temperature dependences
of the resistivity p for YCo;_,Ni,O3 are found to follow a
relation of Inp o« 1/T in LTR (T <~ 304 K for x = 0 and
~ 230 K< T <~ 500 K for x =0.02, 0.05, 0.07) and in HTR
(T >~655 K for all compounds), and both E,; and E,, are
found to decrease monotonically with doping content increas-
ing. At very low temperatures (T <~ 230 K), Mott’s law
(Inp o< T_1/4) is observed for YCo;_,Ni,O3 (x > 0.02), in-
dicating that considerable localized states are formed in the
heavy doping compounds. Moreover, experiments show that
the values of Seebeck coefficient S of YCo;_,Ni, O3 decrease
monotonically with the increase in Ni content x, presumably
due to the rise of carrier concentration. The values of power
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factor of YCo;_,Ni, O3, however, are enhanced substantially

in a temperature range from ~ 300 to ~ 740 K after Ni doping,

indicating that the partial Ni doping in YCo;_,Ni,O3 could

improve the thermoelectric properties of YCoO3 at high tem-

peratures.
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