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Electrochemical intercalation of oxygen into NdaNiOs+, has been investigated by potential 
step experiments (5 mV steps, 10 ,uA cutoff current) in aqueous 1 M KOH at 298 K. 
Stoichiometric Nd2NiO4 is obtained on the initial reduction of the starting material Nd2- 
Ni04.18. On reoxidation, a maximum composition of NdzNiO4.1 is obtained below the potential 
where oxygen evolution is observed. In  the composition range 0.0 I x I 0.08 intercalation 
is reversible. The electrochemical data  show two-phase behavior in the composition range 
0.01 I x I 0.04 and a single-phase region 0.04 I x I 0.08. Parallel X-ray diffraction studies 
show tha t  NdzNiOs+, is orthorhombic for 0 I x I 0.01, tetragonal for 0.04 I x I 0.08 and 
orthorhombic at NdzNiO4.18. An enthalpy of oxidation of -204 kJ/mol of 02 was obtained 
from the electrochemical data in the single-phase region. 

Introduction 
Several reports have shown that oxygen can be 

electrochemically intercalated into oxides with the per- 
ovskite and perovskite related structures at  298 K.I-l2 
Many studies have focused on LazCu04, which on 
electrochemical intercalation becomes superconducting 
with a transition temperature of -45 K. Our electro- 
chemical results on LazCuOr+, have shown that oxygen 
intercalation is quantitative in the sense that all the 
oxygen atoms which are intercalated on oxidation can 
be removed on reduction.1° The voltage composition 
profiles on oxidation and reduction, however, are very 
different, even at  low current densities, and equilibrium 
is difficult to achieve. Phase separation as a function 
of both excess oxygen and temperature has been ob- 
served in both electrochemical and structural studies.13-15 

In contrast, electrochemical studies on LanNiO4+, (0 
I x I 0.145) have shown that oxygen intercalation and 
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deintercalation (oxidation-reduction) is reversible at  
298 K.8J7 Consistent with this observation, the phase 
diagram obtained from electrochemical measurements 
on LazNi04+, at  298 K is in excellent agreement with 
the phase diagram obtained on single-crystal samples 
equilibrated at  higher temperatures.18 The enthalpy of 
oxidation determined from the room-temperature elec- 
trochemical data for LazNiOs+, is in agreement with the 
corresponding value obtained by calorimetric methods.lg 
The phase diagram of LanNiO4+, becomes more complex 
below ambient temperature due to additional phase 
separation. 16917 

PrzNiO4 and NdzNi04 are both isostructural with 
L a ~ N i 0 4 . ~ O - ~ ~  As the size of the rare-earth ion de- 
creases, the structural distortions from the ideal tet- 
ragonal K2NiF4 structure become more pronounced. For 
example, all of the stoichiometric phases are ortho- 
rhombic (space group Bmab) but the distortion, as 
measured by the orthorhombic strain (b  - a)/(b + a ) ,  
increases from 0.0065 in LazNi04 to 0.0158 and 0.0183 
in Pr2NiO4 and NdzNi04, r e ~ p e c t i v e l y . ~ ~ , ~ ~  Maximum 
oxygen contents of 4.168,18 4.215,23 and 4.1624 for La, 
Pr, and Nd, respectively, are obtained on oxidation in 
oxygen. The degree of distortion in the oxidized phases 
is reduced for all three systems. 

The structural distortions in NdsNiO4 are a function 
of both oxygen stoichiometry and temperature and are 
known to  influence the transport and magnetic pro- 
per tie^.^^-^^ Electrical conductivity measurements on 
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NdzNiO4+, showed a semiconductor-metal transition 
as a function of t e m p e r a t ~ r e . ~ ~  Recent results for 
LazNi04+, suggest, however, that the transition may be 
a consequence of oxygen loss at higher  temperature^.^^ 
Stoichiometric NdzNi04 is antiferromagnetic (Nee1 tem- 
perature = 320 K). The addition of excess oxygen 
suppresses the magnetic ordering and no antiferromag- 
netic transition was observed in oxygen rich samples 
down to 1.5 K.26 

Much of the previous work has focused on stoichio- 
metric NdzNiO4 and very little is known about the phase 
diagram at higher oxygen contents. The previous 
results on L a ~ N i 0 4 ~ > ~  suggest that an electrochemical 
determination of the phase diagram at ambient tem- 
perature should be possible. In this paper, the feasibil- 
ity of using electrochemical intercalation to study the 
NdzNiO4+, system a t  298 K is evaluated. The composi- 
tion range where the kinetics are sufficiently rapid to 
obtain phase relationship from electrochemical mea- 
surements has been determined. The phase diagram 
for NdzNiO4+, (x  5 0.08) is reported and the results are 
compared with data for LazNiOl+,. 

Experimental Section 
Ndai04h was prepared by dissolving stoichiometric amounts 

of Ndz03 (Aldrich 99.99%, predried at  700 "C) and NiO 
(Aldrich, 99.99%) in dilute nitric acid. After the complete 
dissolution of the oxides, 1 M KOH was added until the pH of 
the solution was 14.21 A gelatinous precipitate was formed 
which was filtered and washed several times with water until 
the pH of the filtrate was neutral. This precipitate was dried 
at room temperature and then heated in air at 300 "C for 3 h, 
400 "C for 12 h, and 1200 "C for 12 h. The sample was ground 
after the 400 and 1200 "C heatings. M e r  the final firing the 
sample was furnace cooled to  room temperature. 

Electrochemical experiments were performed at 25 "C under 
nitrogen using a Biologic MacPile potentiostat-galvanostat 
combination and a three-electrode system. All potentials were 
measured with respect to a Hg/HgO/l M KOH (Eo = +0.098 
V vs SCE) reference electrode. The counter electrode was a 
gold foil of large area. The working electrode consisted of a 
pellet of the starting material (8 mm diameter, 60 mg) that 
was sintered at 1325 "C for 12 h and then furnace cooled at 
room temperature. The pellet was painted on one surface with 
gold paste and a 0.025 cm diameter platinum wire was 
attached. The gold film was then dried in air a t  room 
temperature and then heated at  900 "C for 12 h. Pellets 
without gold paint but heat treated in the same way were 
analyzed thermogravimetrically and iodometrically to deter- 
mine the oxygen content. The pellet densities were typically 
-70% of the theoretical density. 

Thermogravimetric analysis was performed on the starting 
material using a DuPont 951 thermobalance in a 5% hydrogen- 
95% nitrogen atmosphere to determine the oxygen content. 
The oxygen content was determined from eight experiments 
to be 4.17 * 0.02 by measuring the weight loss on reduction 
to Ndz03 and nickel metal. 
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Table 1. X-ray Data for Single-phase Samples of 
Ndfli04+r Prepared Electrochemically 

4 + x  a ( &  b 6) c (A) strain" ref 
4.00 
4.04 
4.06 
4.08 
4.W 
4.0 
4.0 
4.04 
4.06d 
4.16 

5.382(2) 5.578(2) 
5.477(2) 
5.469(2) 
5.462(2) 
5.377(2) 5.438(2) 
5.3876 5.5883 
5.3814(2) 5.5850(2) 
5.4487 5.4664 
5.465 5.471 
5.3775(6) 5.441(1) 

5 (b - a)/(a + b). This work. 
from cell constants. 

12.11 l(4) 
12.200(4) 
12.199(4) 
12.207(1) 
12.337(4) 
12.135 
12.1143(4) 
12.206 
12.211 
12.355(1) 

0.0179(4) b 
b 
b 
b 

0.0056(4) b 
0.0183 26 
0.0186 27 
0.0016 26 
0.0005 22 
0.0059 24 

Starting material. Estimated 

Modified iodometric titrations were performed on the start- 
ing material to determine the oxygen content.34 A sample of 
approximately 0.2 mmol was dissolved in -2 mL of a 4.4 M 
solution of HBr. The solution was transferred to  a flask 
containing 20 mL of a 0.2 M solution of KI and concentrated 
NH4OH was then added to neutralize all but 1 mmol of the 
acid. The resultant NiIz precipitate was then redissolved by 
addition of 5 mL of a 1 M solution of sodium citrate. The iodine 
produced was titrated with standard (0.1 M) sodium thio- 
sulfate with starch as the indicator. A n  oxygen content of 4.17 
f 0.02 was obtained (average of four measurements) for the 
starting material in good agreement with the thermogravi- 
metric analysis data. 

X-ray powder diffraction patterns were obtained using a 
Scintag XDS2000 diffractometer using Cu Ka radiation in the 
range 10" 5 28 5 70". Measurements were made on the 
starting material and on electrodes. The electrodes were 
mounted directly on the difiactometer and diffraction patterns 
were recorded from the front surface. No lines due to  NiO 
were observed in the diffraction pattern of the starting 
material. Lattice parameters were determined using the 
GSAS (least-squares refinement) program.36 The X-ray data 
were indexed initially with an orthorhombic unit cell cor- 
responding to a supercell (d2a x d 2 a  x c )  of the parent Kz- 
NiF4 structure and the intensities were fitted in space group 
Bmab (No. 64) with starting parameters taken from ref 26. 
The compounds with x = 0.04,0.06,0.08 were found, however, 
to be very close to tetragonal. Consequently, the data were 
rerefined with space group FUmmm (No. 139) and only the 
tetragonal lattice constants are reported in Table 1. I t  is 
important to  emphasize that this approach is used only to 
extract values of the lattice constants and does not imply that 
the detailed structure is properly represented by either space 
group. Detailed structural models that properly account for 
octahedral tilts and the distribution of interstitial oxygen 
atoms are likely to the more complex. The X-ray data are, 
however, relatively insensitive to the details of the oxygen 
atom distribution and determining lattice constants by fitting 
with the Bmab and F4lmmm models is a good approximation. 

The microstructures of the electrodes were examined by 
scanning electron microscopy using an IS1 SS40 instrument. 
A typical microstructure is shown in Figure 1 for the surface 
and for a cross section of an electrode. The NdzNiOa+% particle 
size are 5-10 pm. 
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Results 

The powder X-ray diffraction data for the starting 
material NdzNi04.18 along with other single-phase 
compositions made by electrochemical methods together 
with some earlier resu1ts22,24,26~27 are shown in Table 1. 
(The initial composition is taken as the value deter- 
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Figure 1. Scanning electron micmgraphs OS la. topi thr top 
surface and ih,  bvttom 1 a cross section d a  NdrNiO, electrode. 

mined electrochemically; see below.) The lattice pa- 
rameters of the starting material NdzNiO4.18 and the 
stoichiometric phase, NdzNi04 are in good agreement 
with previous  report^*^,^^ (see Table 1). The phase 
diagram based on the structural and electrochemical 
observations will be discussed later. 

All the electrochemical experiments were camed out 
using the potential step method.36 A more detailed 
description of the application of this technique to study 
oxygen intercalation is given in ref 17. In the present 
experiments, the potential was changed in 5 mV steps 
and the current decays were recorded. The potential 
was stepped whenever the current fell below a preset 
value of 10 PA. The value of the current cutoff deter- 
mines how close the experiment is to open circuit 
conditions (equilibrium). 

Figure 2 shows the first reduction of the NdzNi04.18 
starting material. The total degree of reduction indi- 
cates an initial oxygen content corresponding to Ndz- 
NiO4.18 (assuming that the final product is NdzNiO4.o). 
Previous experience with LazNiOlh has shown that 
compositions below LazNi04.o cannot be obtained at 
voltages above hydrogen evolution. As the limiting 
composition is approached, the voltage falls off very 
rapidly with composition. The X-ray diffraction pattern 

(36) Thompson. A. H. J .  Electmehem. Soc. 1979, 126,603. 
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0 0.05 0.1 0.15 0.2 

x in Nd2Ni0,x 
Figure 2. Potential step data for the first reduction of Ndn- 
NiOI.ls in aqueous 1 M KOH. Each voltage step is 5 mV, and 
the cutoff current is 10 FA. 

I 

I I 

x in NdzNi04+x 
0 0.02 0.04 0.06 0.08 0.1 0.12 

Figure 3. Potential step data for the first oxidation and 
second reduction of NdaNiOd+, showing the reversible region 
(0.0 5 x 5 0.08). 

of the product at the end of the reduction indicates that 
the phase formed electrochemically is identical to Laz- 
NiO4 prepared by hydrogen reduction. A similar situ- 
ation is observed for NdzNi04. The lattice constants of 
the final product are close to the literature values for 
samples prepared by hydrogen reduction (see Table 
l).26.27 The composition determined from the electro- 
chemical data is in agreement with the thermogravi- 
metric analysis and iodometric titration values, Ndz- 
NiO4,l,+o,oz. The composition determined electro- 
chemically is assumed in the following discussion. 

The reduction of NdzNi04.18 begins with a long 
constant-voltage plateau suggesting that a two-phase 
region exists between Ndfii04.18 and NdzNiO4.m (Figure 
2). The two-phase region is then followed by a single 
phase from NdZNi04.0s to NdzNi04.04. In the single- 
phase region, the voltage at the end of each step varies 
approximately linearly with composition. Further re- 
duction results in another two phase region between 
Nd2NiO4.U and NdzNi04.01. Finally a narrow single- 
phase region is observed between NdzNiO4.01 and Ndz- 
NiO4.o. 

At the end of the first reduction cycle, the sample 
(NdzNi04.0) was electrochemically reoxidized (5 mV 
steps with a cutoff current of 10pA) in order to deter- 
mine the reversibility of the intercalation process. The 
data in Figure 3 show that intercalation of oxygen in 
NdzNi04+, is only electrochemically reversible in the 



Electrochemical Intercalation of Oxygen Chem. Mater., Vol. 6, No. 11, 1994 2175 

For x = 0.14, a two-phase mixture corresponding to Nd2- 
Ni04.18 and NdzNiO4.08 was observed. Finally, as men- 
tioned above the starting material with x = 0.18 was 
single phase with lattice parameters in good agreement 
with those previously reported.24 Thus, the structural 
data (Table 1 and Figure 4) and the electrochemical 
results (Figure 2) are consistent and confirm two single- 
phase regions for x < 0.01 and 0.04 I x I 0.08 and two 
miscibility gaps for 0.01 I x I 0.04 and 0.08 I x I 0.18. 

Thermodynamic information was obtained in the 
single-phase region between Nd2Ni04.04 and NdnNiO4.08. 
The relevant formulas and method of calculation were 
reported elsewhere.8 An enthalpy of oxidation of -204 
kJ/mol of 0 2  was estimated for the single-phase region. 
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27 28 29 30 3 1  32 33 34 35 

Two Theta (") 

Figure 4. X-ray diffraction data for electrochemically pre- 
pared samples of NdzNiOt+,. The highest composition phase 
(x  = 0.18), the intermediate tetragonal phase and the x = 0 
composition are labeled I, 11, and 111, respectively. Dotted lines 
indicate the evolution of two-phase regions. 

0.6 1 A 

P + o t  
oxidation / I 
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-0.4 
I . . . . , . . . .  # . . . . & . . . . I  

0 0.05 0.1 0.15 0.2 

x in Nd,NiO,+x 
Figure 5. Potential step data for oxidation and reduction of 
NdzNiOs+,. Oxygen evolution occurs on oxidation at -0.6 V. 

range 0 I x I 0.08 (the displacement of oxidation and 
reduction curves is approximately 2iR, where R is the 
cell resistance and i the cutoff current). The oxidation 
is electrochemically irreversible after the composition 
NdzNiO4.08 is reached as evidenced by the differences 
in the oxidation and reduction curves. A maximum 
value of Nd2Ni04.10 (instead of NdzNiO4.18) is obtained 
before the oxygen evolution side reaction occurs. Figure 
5 shows the oxidationheduction behavior of a sample 
that was left a t  oxygen evolution for 36 h. On reduction 
of this sample electrochemically to NdzNiO4.0, it was 
found that the oxidized sample had reached a composi- 
tion Nd2Ni04.12. Oxidation of the sample continues in 
parallel with oxygen evolution and presumably the 
starting composition would be recovered in time. Sample 
oxidation in parallel with oxygen evolution has also been 
observed for La2C~O4.l~ 

The general features of the phase behavior were also 
determined by X-ray diffraction measurements on 
samples with intermediate oxygen compositions pre- 
pared electrochemically. The compositions were chosen 
to confirm directly the phase diagram inferred from the 
electrochemical data (Figure 2). Figure 4 and Table 1 
show the X-ray diffraction results. At x = 0.0, the 
sample was single phase and the lattice parameters 
were in good agreement with those previously obtained 
by Rodriguez-Carvajal et a1.26 At x = 0.02, the sample 
is a two-phase mixture of NdnNiO4.0 and NdzNiO4.04. A 
single-phase region exists for compositions between 0.04 
and 0.08, with little change in the lattice parameters. 

Discussion 

Oxygen can be intercalated electrochemically a t  room 
temperature in NdzNiOs+, from aqueous 1 M KOH. On 
the first reduction cycle, all of the excess oxygen is 
removed resulting in the formation of NdnNiO4.0. The 
lattice constants of the electrochemically prepared Nd2- 
Ni04.0 agree with results obtained for samples prepared 
by hydrogen reduction. The changes in voltage with 
composition on reoxidation closely follow the reduction 
data as far as x = 0.08. A two-phase region, 0.01 I x I 
0.04, is followed by a single-phase extending to x = 0.08. 
The orthorhombic strain in the NdzNi04 structure is 
substantially reduced on insertion of interstitial oxygen 
a t  all compositions and is zero in the composition range 
0.04 I x I 0.08. Further oxidation to compositions 
greater than x = 0.08 is irreversible. The rapid increase 
in voltage to the value where oxygen evolution occurs 
(Figure 3) indicates a substantial kinetic barrier to the 
reformation of the initial composition, Nd2Ni04.18. An 
X-ray diffraction pattern of a sample left at  oxygen 
evolution for 36 h (Figure 4) indicated the formation of 
a small amount of a second phase which qualitatively 
appeared to be NdzNi04.18 together with a majority 
phase of NdzNi04.08. The orthorhombic strain increases 
on reoxidation of Nd2NiO4.08 back to the starting mate- 
rial, but in view of the reversibility at lower composition 
where the strain also changes, it seems unlikely that 
this alone is responsible for the kinetic barrier. The 
reoxidation data also show an inflection in the voltage 
curve at  x % 0.09, suggesting the possibility of an 
intermediate phase between NdzNiO4.08 and Nd2Ni04.12. 
In contrast, the initial reduction results in Figure 1 
suggest that no intermediate phases exist for 0.08 I x 
I 0.18. More detailed studies and experiments a t  
higher temperature are required to resolve this point. 

The general intercalation behavior of NdzNiO4 is 
similar to that reported previously for La2Ni04,1458,9 but 
with detailed differences in the range of compositions 
over which oxygen atoms can be intercalated and 
deintercalated reversibly and in the maximum composi- 
tion that can be obtained below oxygen evolution ( x  I 
0.14, LazNi04; and x I 0.1, Nd2NiO4). A comparison of 
electrochemical potential step reduction data for Ndz- 
NiO4+, and LazNiO4+, (0.00 I x I 0.10) is shown in 
Figure 6. The data have the same voltage steps and 
cutoff currents. The sample sizes and therefore current 
densities are also similar. The reduction of NdnNiOl+, 
occurs at more negative potentials in comparison to La2- 
NiO4+,. The more negative potentials indicate that 
oxygen atom removal (reduction) is more difficult for 
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NiO4. Consequently, removal of excess oxygen atoms 
from NdzNiOs+, increases the structural strain and is 
apparently less energetically favorable than the cor- 
responding process in L a ~ N i 0 4 ~ .  Oxygen removal from 
NdzNiO4+,, therefore, occurs at  lower potentials than 
from LazNi04h. 

The electrochemical data for both LasNiO4 and Nd2- 
NiO4 are similar but significantly different from the 
reported behavior of LazCu04. The electrochemical 
behavior of La2CuO4 at comparable reaction rates shows 
that the oxidation and reduction processes are much 
further from equilibrium than in the nickel systems. The 
difference is consistent with the lower value of the 
diffusion coefficient reported for the copper system.37 
Further studies of electrochemistry, structure and 
physical properties of the 214 compounds, in single- 
crystal form, are currently in progress to determine 
diffusion coefficients and provide more detailed phase 
diagrams. 

2 -0.1 

M 
-0.2 

VJ * 
9 -0.3 
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-0.4 
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-0 .5 '  . L .  . ' . ' . . ' ' . . ' ' ' ' ' . ' 
0 0.025 0.05 0.075 0.1 

x in Ln,NiO,+x 
Figure 6. Comparison of the composition dependence of the 
reduction potentials of LazNi04+, and NdzNiOl+s in the range 
0 5 x I 0.10. 

NdnNiOe+,. Because the mechanisms for oxygen inter- 
calation are presumably similar in both materials, the 
difference in potentials is due to the effect of structural 
differences on the thermodynamics. The difference 
between the two compounds is opposite to that which 
is normally observed in perovskite oxides where gener- 
ally decreasing the size of the A cation decreases the 
stability of the higher oxidation state transition-metal 
ion. The distortion from the ideal K2NiF4 tetragonal 
structure in NdzNi04, however, is greater than in La2- 
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