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Two different procedures were used to prepare spinel-type
Ni, Al;_.Mn, 04 (0 <x < 1) compounds to study the effects of
solid state properties of mixed oxides on their electrocatalytic
properties. The oxalic route, coprecipitation of metal oxalates
dissolved in propanol or ethanol, and the propionic route, hy-
drolysis of metal carboxylates in propionic acid, have been used.
In both routes, thermal decomposition produces the correspond-
ing oxides. X-ray diffraction patterns showed that the oxides
crystallize in a cubic spinel phase with a unit cell parameter
a that increases as aluminum is replaced by nickel. At low
x values, compounds prepared by the propionic route showed
a larger variation for parameter a than compounds prepared by
the oxalic route, probably due to oxygen stoichiometric defi-
ciency. This effect was estimated from the tetrahedral force
constant (k) values, which showed a fast decrease as x varied
from 0 to 1. Electrical conductivity, conduction activation en-
ergy, hole mobility, and pHz of oxides prepared by the propionic
route were also higher than those from oxides prepared by the
oxalic route. Crystallinity grade and particle size were nearly
50% higher in propionic-route samples than in oxalic-route
samples. The apparent and real electrocatalytic activities of both
types of oxides were compared for O, evolution. © 1999 Academic
Press

Key Words: manganese oxides; mixed oxides; spinels; sol—gel;
electrocatalysis.

1. INTRODUCTION

Spinel oxides from transition metals, particularly manga-
nese and nickel spinel phases, are interesting systems

'To whom correspondence should be addressed. E-mail: jgautier@
lauca.usach.cl. Fax: 562 6812108.

because of their electrical and electrocatalytic properties
(1,2), which are based on the presence of two different
cationic sites in the spinel structure. For NiMn,O,, it is
assumed that manganese can be located at the tetrahedral
and octahedral sites (3-5), although the ionic distribution of
manganese cations is not well established. Contrarily,
the ionic distribution for cations in AIMn,O, spinel phase
is Mn?*[AI**Mn3*]0O, (6). Solid solutions between
NiMn,O, and AIMn,0O, are expected to have two manga-
nese valencies in the same oxygen environment. For
Nig. sAlg. sMn, Oy, the basic ionic distribution is expected to
be Mn?"[NiZ5AI35MndMng5]0,. Both conductivity
enhancement by electronic hopping (7) and electrocatalytic
properties can be explained by the presence of two manga-
nese valencies in the octahedral sites. However, ionic distri-
bution depends not only on cation valencies but also on
cation size, polarization, vacancies, pressure, temperature,
and, drastically, preparation methods (8).

Oxygen electrode reactions are a useful electrocatalytic
feature exhibited by compounds that crystallize with spinel
structure. The redox couple Mn**/Mn3* is a well-known
candidate for oxygen electroreduction (9), as in the pro-
posed global reaction O, + 2H,0O + 4¢ - 40OH ™. On man-
ganese spinels, this reaction is highly sensitive to the number
of surface active sites and to the bulk concentration of the
Mn**/Mn** couple, ie., to the nature of the other ions
present in the structure (10, 11). Therefore, bulk and surface
cation distributions must be controlled to prepare com-
pounds with high electrocatalytic reactivity, because they
determine the intrinsic factor and real surface area, which, in
turn, determine the extrinsic factor. In practice, materials
showing high conductivity and high surface area must be
selected. In this case, the choice of the preparation method
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and thermal treatment are of great importance, because the
extension of the real surface area (12, 13) will increase the
electrocatalytic surface (14) and will produce important
changesin the M3*/M** or M"* /M®™* D™ ratios (15). As far
as series investigation is concerned, intensive comparisons
require similarities in preparation techniques, particularly
in final heat treatment. Among the various preparation
procedures available, e.g., ceramic methods, spray pyrolysis
(16), dry evaporation, freeze-drying (17), sputtering (18), and
calcination of coprecipitated metal hydroxides (19), the
sol-gel method has not been used to prepare mixed oxide
electrocatalysts, even though it yields oxides with high sur-
face areas and very narrow particle size distributions
(14,20,21).

This paper reports the preparation of a Ni Al; - . Mn,O,
series (0 < x < 1) using three different starting preparation
methods: precipitation in two different alcohols using
oxalates as precursors (oxalic route) and a sol-gel type
procedure using a carboxylate polymeric gel in propionic
acid as precursor (propionic route). These preparations were
expected to render well-defined phases without secondary
phases and, therefore, with electrocatalytic activities higher
than those of oxides previously prepared by the hydroxide
coprecipitation method (19). To evaluate the physicochemi-
cal properties of the oxides, samples were characterized by
XRD, density, BET specific surface area, electrical conduct-
ivity, IR spectroscopy, charge carrier mobility, point of zero
charge, and electrode roughness measurements. Preliminary
results on the electrocatalytic properties of oxygen evolu-
tion on oxides are presented.

2. EXPERIMENTAL
2.1. Synthesis of Ni Al, - .Mn,0, Oxides

The chemical synthesis of Ni,Al; -, Mn,0, (0 <x<1)
with x =0, 0.2, 0.35, 0.5, 0.7, 0.8, and 1, was conducted by
the oxalic acid route in ethanol or propanol and by the
propionic acid sol-gel type route.

Oxalic acid route. Ethanolic solutions of Mn(NO3), -
4H,0 (Merck, Ref. 5940), Ni(NO3),-6H,O (Merck, Ref.
6743), and AI(NO3);-9H,O (Merck, Ref. 1063) were pre-
pared. For example, to prepare 5 g of the composition
Niy sAlg.sMn,O,, 11.58 g manganese nitrate, 3.354 g nickel
nitrate, and 4.327 g aluminium nitrate were dissolved in
50 ml of pure ethanol at 60°C. After stirring, 50 ml of an
ethanolic solution containing 10.395 g of oxalic acid
H,C,0,-2H,0 (5% excess to ensure complete precipita-
tion) was added. After a light pink precipitate was formed,
13.5 ml of a 33% ammonia solution was added to neutralize
the excess oxalic acid and to precipitate the aluminum
hydroxide. After cooling, a white precipitate was obtained.
Precipitation completion was tested by adding the precipi-
tating agent to the supernatant liquid. Absence of nickel salt

traces was demonstrated by adding hydroxylamine to the
mother solution. The expected stoichiometric cationic ratio
was confirmed by atomic absorption analysis. The same
procedure was used when solutions were prepared using
propanol as solvent. Precipitates were rinsed with water to
remove any NOj ions and were dried at 90°C for 24 h
before calcination at 1050°C, under Ar atmosphere, for
x =0 and x = 0.2, and at 950°C under air for the other
precipitates with different compositions. TG analyses
showed that the spinel phase could be obtained in the
temperature range between 800 and 1000°C, depending
upon the oxide composition.

Propionic acid sol-gel type route. This novel method
involved the formation of a viscous gel at 140°C, made up of
mixed metal carboxylates, after dissolution of pure manga-
nese carbonate, MnCO3, nickel carbonate hydroxide tet-
rahydrate, 2NiCOj; - Ni(OH), -4H,O (Aldrich, Ref. 33977-
6), and aluminum isopropoxide, Al(C;H-O); (Aldrich, Ref.
22940-7), in pure liquid propionic acid (Janssen, Ref.
149089). Again, for example, to prepare 5 g of the composi-
tion Nig sAly. sMn,O,, 1.373 g of nickel carbonate, 7.2875
g of manganese carbonate, and 2.9865 g of aluminum isop-
ropoxide were consecutively dissolved in 50 ml of propionic
acid. A brownish-green gel was obtained after solvent evap-
oration, quenched in liquid nitrogen, and further precal-
cinated at 500°C for 2h. The final heat treatment was
determined by TGA analyses. Manganese carbonate was
prepared by adding sodium carbonate, Na,CO; (Alfa, Ref.
307528), to concentrated aqueous manganese nitrate solu-
tion, MnNO;-4H,0O (Merck, Ref. 5940). The nickel-to-
manganese ratios were confirmed by atomic absorption
analyses. The final solid obtained was calcined under air
(under Ar for x = 0 and x = 0.2) at the temperatures used in
the oxalic acid route.

Finally, all powders obtained by both routes were an-
nealed under air at 500°C for 4 h to achieve thermal equilib-
rium. The temperature selection was based on the oxides
DTG analyses.

2.2. Characterization Techniques

Diffractograms were obtained using the powder method
with a Philips 1050-80 diffractometer and CoKo radiation.
A Jeol (JSM 840) SEM apparatus was used to obtain scann-
ing electron microscopy photographs. Thermogravimetric
and differential analyses were performed in a TG-DTA
Setaram apparatus. BET specific surface areas (S,) for
Ni,Al; - Mn,0, series (0 < x < 1) powders were obtained
with a Carlo Erba instrument (Sorpty 1750) using nitrogen
gas. Density measurements were carried out in a helium
pycnometer from Quantachrome Co. Oxidation power (q)
was determined by chemical reduction of Mn"* cations,
with n > 3, using 0.9830 N VOSO, as a soft reducing agent.
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In this method, which has been widely used by us
(10, 11. 22), approximately 600 mg of oxide was mixed with
30ml of VOSO, and 20 ml of 24 M H,SO, (to avoid
MnO, formation) and the mix was heated at 80°C for 48 h.
After oxide dissolution, the VOSO, excess was potentiomet-
rically titrated with 0.9860 N KMnQO, solution, prepared
and standardized according to McBride’s method (23). Oxi-
dation power was calculated according to the equation

(VVONVO - VKNK) Mox

>

mOK

where Vyo and Nyg and V¢ and Nk are the volume and
concentration of VOSO, solution and KMnQ, solution,
respectively, M, and m,, corresponding to molar mass and
weight of oxide. Each determination was made at least three
times. The standard deviation, considering all experimental
measurements, was estimated to be +0.02. Oxygen
stoichiometry was determined in an induction furnace with
stabilized zirconia as oxygen sensor (LECO TC 136 appar-
atus). A 20-mg pellet sample was put in a crucible, contain-
ing Ni as catalyst, and it was heated until complete oxide
calcination. Released oxygen was carried away toward the
sensor by Ar gas flow. The measurement had an accuracy of
0.2%.

Electrical conductivities of Ni-Al-Mn oxides were meas-
ured in a Keithley 2207 ohmmeter in the 25-600°C temper-
ature range, using heating—cooling cycles. The powders
were compressed at 2.5 ton cm ™2 into a parallelepipedic
shape (15 x 2 x 5 mm) and were painted with silver paint to
ensure ohmic contacts.

To determine major optical absorption vibrations, trans-
mission infrared spectra were recorded in a FTIR spectro-
photometer (Bruker IFS 66), between 400 and 4.000 cm ™2,
in KBr (4 cm ™! resolution).

The pH of zero charge, pHz, of the oxide powders was
determined by equilibrium potentiometric titration tech-
nique in 0.1 M KNOj solution, using a gas-tight cell, con-
tinuously purged with high-purity N, to avoid CO,
contamination. The oxide powder was immersed in the
previously degassed KNOj solution and adjusted to alka-
line pH. The dispersion was left to equilibrate for at least
1 h before it was titrated by adding fixed volumes (20 pl) of
0.1 M KOH or HCI, with a waiting period of 3 min between
titrant additions. Isoelectric points (i.e.p.) were estimated
from electrophoretic measurements, using a Zeta-meter Inc.
ZM-T77 apparatus. Briefly, oxide powders were suspended in
1073 M KCl aqueous solution, at alkaline or acid pH, using
KOH or HCl diluted solutions, respectively, and zeta poten-
tial ({) was measured as a function of pH.

Electrochemical characterization was performed in
1 M KOH solutions using stationary and cyclic voltametry
in a thermostated three-compartment all-glass cell at

25 + 1°C. Electrode potentials were referred to a Hg/HgO/1
M KOH electrode (E = 0.098 V/SHE). Intensities of capaci-
tive currents from cyclic voltammetry measurements, in
Ar-saturated 1 M KOH solution, were used to estimate the
porous pellet electrodes roughness factor, Rf. We tested scan
rates (v = dE/di) from 1 to 4.5 V min~"! in a small potential
range (— 0.04 to + 0.04 V) free of faradaic currents. Double
layer capacitance values were determined from the slope of
a linear plot ic,, vs v (C = i.,,/v), Where i.,, corresponds to
the charging current measured at midscan rate (i.c., 0.0 V).
The capacitance obtained was compared to a reference
value of C* = 60 pF ¢m ™2, which corresponds to an ideal
oxide electrode (Rf=1) (24): Rf = C/60. Voltammetric
curves were recorded using a Pine RD3 potentiostat and
a XY recorder (Houston 2000). Pellet electrodes were manu-
factured according to the Teflon-bonded method, using
graphite (UCAR, Union Carbide) as a conductivity additive
(25, 26). To form a paste, wet powder oxides (325 mesh), in
isopropylic alcohol, were mixed with graphite, in a ratio of
15:85 (w/w). The paste was mixed with Teflon (Dupont), in
a ratio of 10:3 (w/w), followed by a thermal treatment at
350°C under Ar. Pellet electrodes were prepared by pressing
the powder into 13-mm-diameter pellets at 5 ton cm™ 2.
Ohmic contacts were made of silver paint and isolated from
solution with Araldite glue.

3. RESULTS
3.1. Materials Characterization

X-ray diffraction analysis. An X-ray diffractogram for
Ni,Al; - \Mn,0, (1 > x > 0) prepared by the sol-gel route
is shown in Fig. 1. Good crystallinity and absence of second-
ary phases can be observed. Crystallinity varied among
members of the series. Diffractograms for x =0.2 and
x = 0.35 showed peaks broader than those from other ox-
ides, denoting the effect of aluminum substitution by nickel,
at low concentration. Cell parameters and {hkl) indices
were computed in a Lattice program (27). Oxides prepared
by the oxalic route showed classical spinel diffractograms.
Examples belonging to the Fd3m symmetry are shown in
Fig. 2. The cubic cell parameter a increased with nickel ratio
x, as expected (Fig. 3). An even more pronounced enhance-
ment can be observed with the propionic route. Standard
deviation for a-cell determinations was lower than
+0.0005 nm.

Scanning electron microscopy. Microphotographs for
oxides prepared by propionic and oxalic routes at two
nickel concentrations, x = 0.35 and x =1 are shown in
Fig. 4. Compared with oxide prepared by the oxalic route,
propionic-route compounds are more homogeneous and
showed a very narrow particle size distribution, around
0.5-0.8 um for x = 0.35 (Fig. 4B) and 0.9-1.3 pm for x =1
(Fig. 4A). The grain size of propionic-route samples
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FIG. 1. X-ray diffractograms from oxides prepared by the sol-gel
method.

appeared to be about 50% higher than that of oxalic-route
samples. Higher grain size values are obtained at high
x-values, supporting the influence of oxide composition on
grain size. Pellet electrodes manufactured with sol-gel com-
pounds showed higher porosity and lower surface area than
those made from powders prepared by the oxalic route. In
fact, specific surface area measurements using the BET
method showed that propionic-route oxides have specific
area, Sg, ranging from 1 to 4 m? g~ !, whereas the Sg values
for oxalic-route preparations were between 1 and 10 m?
g~ ! Low Sg values are normally expected for samples
annealed at high temperature (14).

Density measurements and oxidation power. Density
values varied from 4 to 5gcm ™3 with both methods, in-
creasing with their nickel content. Low nickel contents
produced low density values, probably due to non-
stoichiometry in oxygen, as exemplified in Table 4 for
propionic route oxides Ni,Al, -, Mn,0O4_;s. For x> 0.5,
they were stoichiometric in oxygen (6 = 0), but for x = 0.0,
0.2, and 0.35, 6 = 0.1, 0.08, and 0.05, respectively. This
nonstoichiometry condition affects the oxide’s oxidation

power: the equivalent amount per oxide mole, g(x), in-
creased with x. This suggests that progressive replacement
of AI*" ions by Ni?* ions at the B octahedral sites would
generate Mn** ions from Mn®* ions. The preparation
method used seems to have no important effect on the metal
oxidation state. Thus, ¢ values for oxalic-route and
propionic-route preparations increased from 1.1 to 2.0 and
from 1.0 to 2.0, respectively, as composition changed from
x=0tox=1.

Electrical conductivity. A 10-fold increase in electrical
conductivity was observed when x changed from x = 0.4
4x107°Sem™ Y to x=0.7 (5x10"8Scm™1), demon-
strating the effect of Ni incorporation into the spinel struc-
ture. The propionic route yielded pure oxide pellets with
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FIG. 2. X-ray diffractograms from oxides prepared by the oxalic
method.
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FIG.3. Lattice parameter (a) values as a function of composition (x) for
Ni,Al; - .Mn,0, oxide system prepared by (1) propionic route, (2) oxalic-
ethanol route, and (3) oxalic-propanol route.

higher conductivities than those obtained by the oxalic
route for values between x = 0.4 and x = 1.0. Conductivity,
g, increased exponentially with T, as expected from the
Arrhenius law for semiconductors, ¢ = o exp( — E,/kT),
where E, is the activation energy for the conducting process.
Based on the Seebeck effect, all oxide samples prepared in
this study showed an n-type semiconducting character. The
E, values measured for the oxide pellets are shown in Fig. 5.
These were obtained as a function of both oxide composi-
tion and preparation method. At low x values, E, was very
similar for both methods. At high nickel concentrations,
however, the propionic route showed higher E, values.
These results may be connected with charge carrier mobility
values (see below).

IR spectroscopy. Table 1 provides the IR band position
for each characteristic frequency, v, and v,, as a function of
both oxide composition and preparation method. The band
energy decreased when x increased, and propionic-route
products showed higher energies than oxalic-route com-
pounds.

The mobility of the charge carriers (1) can be deduced
from frequency values (v), lattice parameters (a), and activa-
tion energies (E,), according to Hiekes and Johnston [28]:
u = ed*v,exp( — E,/kt)/kt, where d is the jump distance
between nearest neighboring B-sites (d = 1 /4a\/ 2). The
variation of computed mobilities with composition is shown
in Fig. 5, together with the experimentally measured corres-
ponding activation energies, E,. Clearly, E, decreases when
u increases.

Applying Waldron’s theory to cubic spinels (29), we were
able to determine the octahedral (ko) and tetrahedral (k)

force constants, based on the frequencies of the two stron-
gest IR bands obtained. Absorption band v, corresponds to
metal-oxygen (M-0O) longitudinal vibrations and the metal
cation is octahedrally coordinated, while the v, band is
assigned to a vibration involving the M>" cation in either
an [MO,] tetrahedron or a [MOg] octahedron (30). The
corresponding relationships are

(2nc)*MoM,

ko o= o) ToetTx
T N@M, + M,)

[1]

_ (2me)’Mpi
ko= N4(1/3 + 1/7)° 21

Subscripts oc and t are related to octahedral and tetrahedral
sites, N is Avogadro’s number, c is the speed of light, 7 is the
tetrahedral cation’s relative shift, M, is oxygen’s molecular
weight, M, = xMy; + (1 — x)M s, + My, and M, = My,
with My;, M4, and My, being the Ni, Al, and Mn molecu-
lar weights and assuming an atomic distribution
Mn[Ni,Al; - Mn]. Table 1 shows the force constant values.
For the range x = 0.35 to x = 0.5, elastic k., and k, con-
stants exhibited maximum and minimum values, respective-
ly, in agreement with the ionic structure modification in
which the Mnz" and Mn3 " concentrations decrease but the
Mnj " concentration increases. Also, for x < 0.35 (sol-gel
oxides) k, will increase as the Mn?*-O distance decreases,
due to a decrease in manganese concentration at the A-site.

3.2. Oxide Surface/Solution Measurements

H™* and OH™ ions play a potential-determining role in
charging the oxide/solution double layer. The effect of pH
may be represented as

-MOH?>"*
positive surface

< -MOH + H,;, <
pzc

-MO~ +2H}

aq»
negative surface

where M is a surface cation. Point zero charge, pzc, can be
expressed in terms of pH as pHz = — log ay, ; where
ag+ z 1s the activity of hydronium ions for zero surface
charge. Table 2 shows the pHz and i.e.p., values as a func-
tion of x. As nickel content increases, both pHz and i.e.p.,
values decrease in different magnitude. The i.e.p. values are
lower than the pHz values, probably due to specific adsorp-
tion of ions, particularly Cl7, from the electrolyte. Clearly,
the surface of the oxide is saturated with a carpet of OH
groups, since water molecules adsorbed on surface cations
would further transfer a proton to a neighboring oxygen
atom at the oxygen sublattice. These OH groups will me-
diate the interaction between the surface of the oxide and
the environment. Because surface structure controls the
oxide’s electrocatalytic activity, the importance of pHz lies
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FIG. 5. Carrier charge mobility (1) and conduction activation energy
E, as a function of x values for Ni,Al; - \Mn,0,. (1) Oxalic-propanol route;
(2) oxalic-ethanol route; (3) propionic route. Pellet thickness: 5 mm.

in its sensitivity to surface structures. We have proposed
a correlation between the pHz and the Tafel slopes for the
electrocatalytic oxygen evolution reaction (11).

TABLE 1
Transmission IR Results from Ni,Al,_,Mn,0, Prepared by
Propionic and Oxalic Routes

1075k, 1073k,
X vi(em™1) v, (em™Y) (dyn cm ™) (dyn cm™ 1)
Propionic route
0 639 486 1.81 1.25
0.2 620 485 1.60 1.29
0.35 615 484 1.54 1.31
0.5 609 480 1.50 1.31
0.7 607 473 1.52 1.30
0.8 606 464 1.55 1.27
1 603 456 1.56 1.25
Ogxalic-propanol route
0 628 491 1.64 1.28
0.2 619 487 1.55 1.30
0.35 615 484 1.53 1.30
0.5 612 470 1.56 1.26
0.7 610 467 1.55 1.27
0.8 603 462 1.50 1.26
1 602 457 1.52 1.60
Oxalic-enthanol route
0 629 492 1.65 1.29
0.2 624 486 1.64 1.27
0.35 617 481 1.57 1.28
0.5 610 479 1.49 1.31
0.7 608 468 1.52 1.28
0.8 605 463 1.52 1.27
1 603 453 1.55 1.24

TABLE 2
pHz and i.e.p., Values for Ni,Al,_.Mn,0, Oxides as a Function
of x Values
Oxalic-ethanol Propionic
X pHz i.e.p. pHz iep.  Cupp(MFcem™2) Rf
0 8.4 6.8 9.9 7.4 1408 23
0.2 7.9 6.4 9.6 7.2 1100 18
0.35 7.65 6.0 9.1 7.0 1040 17
0.5 7.6 5.9 8.1 6.6 847 14
0.8 7.2 5.5 7.7 6.0 629 11
1 6.8 59 7.6 5.8 575 9

Note. Apparent capacity and roughness factor values are also shown for
propionic-route pellet electrodes.

As a test for electrocatalytic activity, we have used the
oxygen evolution reaction (OER) from KOH solutions,
which occurs according to the global reaction 4OH™ — O,
+ 2H,0 + 4e". Figure 6 shows the apparent current dens-
ities for the propionic Ni-Al mixed oxides investigated.
Both interfacial capacity and roughness factor decrease as
x values increase (Table 2). The apparent reactivity meas-
ured by the Tafel slope, b (from E = a + b log j), showed
a similar dependence on x. Tafel slopes obtained from
overpotential n—logj graphs, based on real current densities,
are shown in Table 3. Corrections were considered for Rf
and graphite contributions to the electrocatalytic current.
Clearly, b values decreased with increments in the x values,
without important contributions from the preparation
method used.
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FIG. 6. Effect of x values on OER evolution rates from aqueous
1 M KOH solutions at 25°C, expressed as current density j (in mA cm ™ ?)
on a Ni,Al; -, Mn,O, rotating disk electrode (3000 rpm) prepared by the
propionic route.
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TABLE 3
Tafel Slope Values for Oxygen Evolution Reaction as a Function
of x Values and Preparation Method

Oxalic route Propionic route

X b (mV dec™}) b (mV dec™!)
0 121 120
0.2 87 97
0.35 85 87
0.5 70 85
1 66 68

4. DISCUSSION

The syntheses of the compounds under investigation us-
ing the ceramic method require high temperatures, 1100°C
for NiMn,O,, starting from NiO + Mn;0O, (31), and
1500°C for AlIMn,O,, starting from Al,O3 + Mn3;O, (32),
and very long thermal treatments (several days). In air,
thermal decomposition of coprecipitated oxalate precur-
sors, (Ni,Mn; _,)C,0, - 2H,0, initially leads to a mixture of
Mn,0; and NiMnOj; phases. NiyMn; _ O, solid solutions
can only be obtained at 800°C, under pure N, (33). The new
preparation method reported here decreases the elaboration
temperatures by 200 or 400°C and shortens also annealing
time (8 and 3 h) for the oxalic and propionic routes, respec-
tively. The materials show good crystallinity and are free of
parasitic phases. The lattice parameter a increases with x, as
it could be predicted in accordance with the nickel-alumi-
num substitution. Propionic-route samples with x < 0.35
showed a values lower than expected, probably as a result of
vacancies at the oxygen sublattice. Electronic conduction
increased with x, due to the changes in the Mn oxidation
state. To explain the electric conductivity of mixed manga-
nese oxides, Ghare et al. (7) considered a hopping mecha-
nism for the charge carriers between Mn ions having the
same coordination degree as oxygens in the structure. With
this in mind, AIMn,0O, and NiMn,0O, would exhibit
higher and lower E, values, respectively, considering
the cationic distribution proposed in the literature,
Mn2*[AI**Mn3**]0, (a =0.8312 4+ 0.0003 nm 34) and
Nig 55 Mng 5 [Nig 65 Mng 5Mng 55103~ (3, 5). Even though
Mn3®* cations have a strong preference for octahedral
sites, an alternative cation distribution, Mn3%sMn3 %
[Ni2*Mn35sMng 551037, has been suggested (31). In
AlMn, Oy, replacement of Al by Ni should lead to Ni** or
Ni3*. A redox process between Ni(I11) and Mn(I1I), leading
to increments of Mn*™* concentration at B-sites, has been
considered to account for the electrical properties of
NiMn, O, (35). Considering the electrical conduction and to
ensure electrical neutrality, oxidation of Mn®** to Mn** at
octahedral B-sites, or Mn?* to Mn3™* at tetrahedral A-sites,

may be assumed and would take place when Al was sub-
stituted by Ni, although it is theoretically difficult to admit
the persistence of cubic symmetry for the later case. The
distribution Mn?*[AB X, Ni2*Mn}f ,Mn¥] O, would
certainly explain both conductivity enhancement and sign
of the charge carriers, but a constant Mn?* concentration
at A-sites is excluded, considering the k, determinations in
this work, since k, values from Mn?*-O bonds at A-sites
decrease with x.

Cationic Distribution for Ni Al{ - Mn,04 (0 < x < 1)

A refined general formula for Ni Al; - . Mn,0O,_; cation
distribution, depending upon variables x and y and
considering nonstoichiometry, can be expressed as
Ni; "Mnif, [ABZ NiZ2X Mnii,,  Mnif 105 ;. This
ionic distribution was obtained using the invariant charac-
ter proposed by Poix (36) for the cation—oxygen distance in
his study of AB,O, spinel structures. Distances at sites
A and B are functions of both the lattice parameter a and
the oxygen position parameter u, as indicated by d, = a\/ 3
(1/8 +¢) and dy=a (1/16 —¢&/2 + 3¢*)2, where ¢ =
u — 3/8. Besides, the oxygen parameter u is a function of the
oxide composition and its value varied from 0.38895 (x = 0)
to 0.3888 (x = 1). Interestingly, an ideal spinel structure is
characterized by u = 0.375. Distances d, and dg can also be
expressed as a function of the metallic cation molar fraction
X, dy = 2X, (Mi-O), and dg = Xy (Mi-O)g/2, where
(Mi-0O), and (Mi-O)g correspond to the tetrahedral and
octahedral distances, respectively. Based on these distance
values, the cell parameter @ may be calculated, irrespective
of the ¢ values, using the relationship a = 2.00995
da + (5.8182 dj — 1.4107 d%)'/>.

We were able to determine the most probable cationic
distribution of the propionic-route oxide as a function of
x (Table 4) by using appropriate software and the Ni?"-O
and Mn"*-O distances, where n can be 2, 3, or 4 (37). This
distribution is a result of a coherent and overall interpreta-
tion of the X-ray diffraction data, conductivity measure-
ments, oxygen and cation chemical analyses, and IR
spectroscopy data, considering cation preference for either
A or B sites. According to the data from Table 4, when Al is
replaced by Ni, Mn**/Mn** couples will appear at the
octahedral sites along with the expected increases of a, a,
and u and decrease of E,. Such a decrease of E, correlates
with the increased probability of electron hopping from
Mn3* to Mn** along the conductivity chains
Mn3*-Mn**-Mn3*. The ionic distribution proposed here
is reinforced by the similarities between gy, and ¢, (Table
4). Ni-Al manganites have relatively high pHz values be-
cause the majority species are Al(III) and Ni(II) at their
surfaces: pHz for Al,03 and NiO are 9.1 and 8.0, respective-
ly, while pHz for Mn,03, Mn;0,, and MnO, are 2.45, 2.3,
and 2.35, respectively. For x < 0.35, the unbalance in
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TABLE 4
Effect of x Value on the Ionic Distribution for the
Ni,Al,_.Mn,0, System Prepared by the Propionic Route

q (eq. mol™ 1)
X Tonic distribution Gexp  YGeale
0 Mn?* [AR5:Mn?* V7, 1035 V5, 1.0 1.0
0.2 Nig.6:Mnj e [AI3 55 Ni3 1oMng 5, Mng o Vios] 035, Voos 1.2 1.2

0.35 Nig.6:Mnjbs [Alz?,EzNi%EsMné,Eg Mng s Voosd O35 Vios 1.3 1.35

0.5 NiZ iMn35 [AI3 5 Ni3 iMn3 5 Mng 4103~ 14 15
0.8 Ni3 12Mnj s [AI3 5 Nig 5sMng 5. Mng 55 103~ 1.8 1.8
1.0 Nig5sMng 5, [Nid 5.Mn3 56Mng 5,103~ 2.0 2.0

Note. V = vacancies.

cationic total molar charge with respect to the oxygen
charge reflects the nonstoichiometry in oxygen with respect
to the stoichiometric formula Ni,Al; - . Mn,0O,. A similar
cationic distribution was obtained for oxides prepared by
the oxalic route (not shown here). It is noteworthy that
other oxides, such as M—Co ferrites (M = Mn, Mo), have
been reported as cation-deficient spinels (38, 39).

Based on data from Table 2, a correlation between x and
surface properties, such as pHz, ie.p., and C,,,, can be
deduced: the higher the Mn**/Mn3* value, the lower
the pHz, i.e.p., and C,,, values, supporting the notion of the
importance of Mn** ions in these oxides.

Catalysis of OER (Table 3) correlates clearly with the
increase in Mn content and, probably and more precisely,
with the increase in Mn** cation concentration (Table 4).
Surface Mn** cations are commonly viewed as part of the
active sites of spinel manganese oxides. Probably these
cations, at octahedral sites, would accelerate the oxidation
of OH™ ions in cases when no other redox couples were
present at this coordination. We have recently detected that
Mn inhibited the OER in Teflon-bonded Mn,Co;_,0O,
graphite electrodes since surface manganese is mainly in
a trivalent state in these materials (40,41). The elec-
trocatalytic role of the Ni(III)/Ni(II) couple in NiCo,0,
spinel has also been reported by us (42). When apparent
current densities for MnCo,0, and NiCo,0O, thin films
were measured in Refs. (40, 42) under the same conditions
(1 M KOH and 25°C), the values obtained were 0.13 and
2.2 mA cm ™2, respectively. These can be compared with the
j value of 3.5mA cm~? obtained in this work. Further
studies on XPS’s surface characterization are necessary to
discriminate between Mn and Ni effects on the elec-
trocatalytic properties of these electrode materials for OER.

5. CONCLUSIONS

Nickel aluminum spinel NiAl, - .Mn,0, (0<x<1)
with high purity and good crystallinity can be prepared

from thermal decomposition of oxalates and propionates in
the range 800-1,000°C, followed by thermal treatment at
500°C to minimize entropy. All oxides showed the proper-
ties of mixed valency oxides of transition elements and
conductivities corresponding to electronic transfers by
a hopping process, with relatively low activation energies
between Mn cations with different valencies. The propionic-
route electrodes showed better homogeneity than oxalic
route electrodes. Both conductivity and activation energy
were influenced by oxygen deficiency at x < 0.5. A clear
correlation was observed between chemical composition
and parameters that characterize oxide/solution interfaces
(pHz, i.e.p., C,pp, Rf). Therefore, this work demonstrates
that electrocatalysis can be controlled by solid state chem-
istry, and because the OER rate can be varied according to
manganese and nickel content at the octahedral sites of the
spinel structure, applications of these type of oxides in
electrolyzers and metal/air batteries can be visualized.
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