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Abstract

Double-phase electrolyte (DPE) consisting of doped CeO2/NiAl solid phase and NaOH liquid phase was used for fuel cells utilizing
LiNiO2 anode and Ag cathode at working temperatures over 450◦C. It was shown that the cells can produce a maximum output power of
716.2 mW cm−2 at 590◦C even though utilized with relatively large thickness of electrolyte, from 0.8 to 1.2 mm. Most measurements of open
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ircuit voltage (OCV) range between 1 and 1.2 V; a significantly higher OCV value of 1.254 V was also obtained. Liquid channel co
echanism of NaOH in DPE is proposed; both O2− and H+ concur to conduct the current; the doped CeO2 transports O2− ions, whereas th
olten second phase transports H+ protons. Moreover, SEM observations and EDS analysis suggest that Na+ and OH− also contribute t
nhance both OCV and output power of our cells. The addition of NiAl to the doped CeO2 increases the mechanical strength and the o
ower of DPE; however the reasons of this latter effect are still to be further investigated. The results show that DPE is a promising

o manufacture fuel cells with advanced performances.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The working principles of fuel cells, first reported by
rove [1], enable clean power generators and plants to be
ngineered in the near future. Some examples of fuel cell
ower sources have been already set up[2]. Current fuel
ells include proton exchange membrane fuel cell (PEMFC),
olid oxide fuel cell (SOFC), alkaline fuel cell (AFC), phos-
horous acid fuel cell (PAFC) and molten carbonate fuel cell
MCFC). The former two use solid electrolytes, the other ones
iquid electrolytes. As concerns the operating conditions, the
ells are classified depending on the working temperatures.
OFCs are attractive in particular for power stations and
se typically yttrium stabilized zirconia (YSZ) electrolytes at
orking temperatures of about 1000◦C. If constructed with
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YSZ film electrolyte, supported with anode, SOFCs allow
operating temperature range of 700–800◦C [3].

Doped CeO2 is usually utilized as electrolyte of interm
diate temperature solid fuel cells (ITSOFC)[4–10], working
with oxygen ion and typically operating in a range of te
peratures from 400 to 700◦C. On the other hand, inorgan
solid compounds such as CsHSO2 [11] (Sr, Ba)CeO3 [12] and
BaCeO3 [13], working as electrolytes with protons, can a
make fuel cells operating at lower temperature. Signifi
results on composite electrolytes consisting of doped C2
with additions of NaOH and salts are reported in[6–8].

In our study, we have realized a new composite electr
adding NaOH to an initial mixture of powders of NiAl inte
metallic alloy and CeO2 doped with Gd2O3. The addition
of NiAl was suggested by the observation that often
ond metallic phases in doped electrolytes increase the o
power[14]. Moreover, the formation of Al2O3 film/overlayer
on NiAl, reported in[15–17], suggests that NiAl could wo
in the doped CeO2 as Al2O3 did in PbI2 [18].

378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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It is known that CeO2 ensures good O2− conduction in
ITSOFC, especially, after doping with Gd2O3 [19], whereas
NaOH has been utilized for AFC electrolytes since the 60s
decade[20]; our experimental activity aimed then to real-
ize a new composite electrolyte formed by doped CeO2 plus
NiAl and NaOH and characterized by enhanced conductivity.
Characteristic feature of this kind of electrolyte is that it is
biphasic solid at room temperature, whereas solid and liquid
phases form at working temperature above 400◦C because of
melting of NaOH. This new composite electrolyte is referred
hereafter as double-phase electrolyte (DPE). The technologi-
cal interest of our results rests on the fact that the thickness of
DPE has no evident influence on the output power, so that film
electrolyte materials are unnecessary for good performances.
The fuel cells are then easily manufactured and engineered,
are robust and can be utilized as stand alone components in
a variety of applications.

2. Experimental procedures

The basic constituent of DPEs is the powder of Ce/Gd
oxides Ce0.9Gd0.1O1.95 (CGO), prepared by solid-state reac-
tion during sintering of CeO2 (99.96% purity) and Gd2O3
(99.5% purity); the size of CeO2 and Gd2O3 powders is
i
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Fig. 1. Scheme of fuel cell.

the respective rooms of the cell and then to come out from the
other side of the tube. A series of open circuit voltage (OCV)
and voltage/current values were measured properly changing
the resistance of the measurement circuit at constant temper-
ature. To this purpose the measurement device was heated
in furnace at controlled temperature; then the measurements
were repeated at progressively higher temperatures between
400 and 700◦C, thus enabling the cell potential and current
to be determined as a function of temperature in a range
where usually a peak power is expected. Common copper
electricity wires were connected with the tubes to set up mea-
surement circuit. To measure voltage and current, a voltmeter
with input resistance of 2000� was employed. SEM obser-
vations were then carried out for either new pellets or used
pellets to investigate possible changes in materials. Further
DPEs were fabricated in order to determine the density with
the well-known Archimedes method.

3. Results and discussion

3.1. Possible working principles of DPE

The working principles of DPEs at room temperature
and over 400◦C are sketched inFig. 2a and b, respec-
tively. Since the melting point of NaOH is 318◦C, NaOH
a e
b y,
t ms a
n wn in
F ed
t ected
l lec-
t ode.
W
m n the
g e
d nded
b al to
t
S of a
n the range 100–400 nm. The Ce0.9Gd0.1O1.95 oxide was
hen mixed with 10.8 wt% of commercial NiAl powd
aving size in the range 100–600 nm and fired for 3
00◦C. The NiAl phase has B2 structure with lattice par
ter 0.2887 nm and Ni content ranging from 45 to 6

21]. The mixture was fired in order to form Al2O3 film on
iAl by surface oxidation. Subsequently, the resulting m

ure was blended with variable amounts of NaOH in o
o obtain various NiAl/NaOH compositions; mixtures w
eight ratios 100:0 (pure NiAl), 95:5, 92:8, 90:10, 88
nd 85:15 were the obtained; the result was a three-p
ixture [Ce0.9Gd0.1O1.95/NiAl/NaOH]. This latter and th
iNiO2 powder were separately filled into a cylindrical st
ie and pressed at 10–20 MPa to form a compacted p
onsisting of two layers. The size of the pellets had diam
f 12 mm, with three final thicknesses of DPE layers e

o 0.8, 1 and 1.2 mm. The effective working area of the p
as 0.5 cm2. The DPE side of the pellet was eventually coa
ith silver glue as cathode to complete the final design o
ell, formed, therefore, by anode of LiNiO2 and cathode o
g as sketched below:

2, LiNiO2
anode

/DPE/ Ag, O2(air)
cathode

he cell testing apparatus together with the measureme
uit is given inFig. 1. The silver glue was pasted on
urface of the holders in contact with the cell pellet to
he H2 and air rooms of the device. Anode and cathode w
hen exposed, respectively, to dry H2 and air to test the perfo
ances of the DPE fuel cells; both gases were allowed to
ith rate of 45 mL min−1 at a pressure of about 1.2 atm i
nd Ce0.9Gd0.1O1.95/NiAl form a mechanical solid mixtur
elow 300◦C; as it typically occurs in powder metallurg

he compacted material is porous, whereas NaOH for
etwork of second phase between the grains as sho
ig. 2a. Small channels are, therefore, likely to be form

hrough the sintered grains, some of which are also exp
ong enough to run through the whole thickness of the e
rolyte, thus getting in touch with both anode and cath

hen the working temperature overcomes 400◦C, NaOH
elts and produces then narrow liquid channels betwee
rains of Ce0.9Gd0.1O1.95, as shown inFig. 2b; hence, th
ouble-phase electrolyte is formed by solid phase surrou
y channels of liquid phase, whose total amount is equ

he amount of solid NaOH initially added.Fig. 2c shows a
EM micrograph taken from the side surface of DPE
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Fig. 2. Cross-section sketch of DPE operating at: room temperature (a) and 400◦C (b); (c) SEM micrograph of the side surface of DPE showing many small
holes, marked by squares, which are thought to be the end of channels sketched in (b).

cylinder fuel cell ready for testing; before SEM observation,
water was dropped in the cylinder until NaOH was dissolved
out, then the sample was heated at 600◦C for 8 h. Several
deep small holes and crack-like grooves are visible in figure,
some of which are evidenced with polygonal marks. These
features may be related to the formation of the channels on the
plane of figure and perpendicularly to it, in agreement with
the hypothesis sketched inFig. 2a and b. This conclusion is
consistent with the density measurements of DPE, resulting
equal to 4.02 g cm−3, i.e. about 56% of the theoretical den-
sity 7.22 g cm−3 of CeO2 [19]. This result agrees, in turn,
with that reported in literature, according which compacting
(CeO2)0.82(GdO1.5)0.18 with pressure of 50 MPa yielded an
experimental density about 53.5% of the theoretical value
[22]. These results suggest that our DPEs contain in fact a
lot of pores, some of which can be connected to form chan-

nels for H+ transport, thus supporting the channel conductive
mechanism[22]. If so, the doped CeO2 acts as solid elec-
trolyte, as it does in the usual SOFCs[23], whereas at the
same time the liquid channels enable bypass path for trans-
ferring H+. Also, the experimental evidence that water forms
both at anode and cathode further supports this hypothe-
sis; H+ moves along the liquid channels from the anode to
the cathode, where it combines with oxygen ions to form
water; also, O2− diffuses through the doped CeO2 by vacancy
jumps, as it usually happens in solid electrolytes, to form
water with H+ protons at anode. The formation of water was
detected inserting a glass bars into the tubes of gas outlet; in
effect, water condensation was observed on the glass bars as
long as energy was supplied by the cell. Thus, it is believed
that DPE is working through multi-ion conduction mecha-
nisms (MICM) involving both H+ and O2−. The global fuel
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Table 1
Properties of DPE cells containing 12% NaOH, numbered from 1 to 31 and CGO cells, numbers 32 and 33

Cells OCV (V) Voltage (V) Current (mA cm−2) Pmax (mW cm−2) Tmax (◦C)

1 1.027 0.62 859.35 532.8 630
2 1.149 0.61 888.36 541.9 588
3 1.254 0.68 544.12 370.0 622
4 1.073 0.62 589.84 365.7 664
5 1.062 0.69 638.99 440.9 550
6 1.101 0.60 634.00 380.4 574
7 1.036 0.66 701.52 463.0 660
8 1.162 0.64 675.00 432.0 634
9 1.062 0.64 1119.06 716.2 590
10 0.930 0.65 327.54 212.9 610
11 1.07 0.7 385.71 270.0 589
12 1.004 0.69 678.70 468.3 610
13 1.020 0.71 380.70 270.3 589
14 1.02 0.64 468.91 300.1 635
15 1.038 0.71 631.13 448.1 627
16 0.928 0.64 511.88 327.6 659
17 1.127 0.67 611.04 409.4 632
18 0.999 0.67 415.07 278.1 680
19 1.072 0.63 564.76 355.8 600
20 1.120 0.61 739.02 450.8 630
21 1.02 0.64 359.06 229.8 540
22 1.044 0.70 823.43 576.4 640
23 1.103 0.61 1085.74 662.3 654
24 1.049 0.67 663.73 444.7 590
25 1.091 0.68 408.82 278 580
26 1.07 0.72 519.17 373.8 498
27 1.206 0.65 821.54 534 630
28 1.009 0.63 426.19 268.5 650
29 0.935 0.63 676.03 425.9 644
30 1.066 0.61 757.38 462 661
31 1.004 0.65 500.92 325.6 650
32 (CGO) 0.833 0.5 6.00 3 588
33 (CGO) 0.881 0.4 10.00 4 683

cell reaction, 2H2 + O2 = 2H2O + electricity + heat, entails,
therefore, water formation assuming that two oxygen atoms
approach each other to form non-linear OH O transition
complex; this transferring mechanism was suggested for H+

in NaOH in[24]. Significant support to the assumption of the
H+/O2− driven MICM comes also from the electrochemical
properties of the cells, reported in the following subsection
(Section3.2).

3.2. Properties of DPE

Table 1 shows the properties of a group of 31 cells
fabricated with DPE containing 12% NaOH; the numbers
32 and 33 refer to plain Ce0.9Gd0.1O1.95 cells. OCV is
the open circuit voltage; the values of current and voltage
are used to calculate the maximum output power (Pmax)
at the corresponding working temperaturesTmax. The
average value ofPmax measured on 31 DPE cells at the
average temperature of 615◦C is 406.9 mW cm−2, much
higher than the respective values of CGO cells. The highest
value ofPmax of our hydrogen–air cells is 716.2 mW cm−2

at 0.639 V and 590◦C, thus, comparable with the value
600 mW cm−2 reported in Ref.[7] at 500◦C for the cell
NiO + (YDS + 15 wt%NaOH)/YDS + 15 wt%NaOH/lithiated

NiO + (YDS + 15 wt%NaOH) and in Ref.[8] at 640◦C for
the cell

0.4NiO + 0.4YDS + 0.2Carbon/YDS

+ 5–30 wt%NaOH/La0.6Sr0.4Co0.8Fe0.2O3

Most of our OCVs range between 1 and 1.2 V; the maximum
measured value is 1.254 V, significantly higher than the other
ones.Figs. 3 and 4are based on the data ofTable 1; the for-
mer shows thatPmax of DPE cells decreases at temperatures
above 700◦C, the latter evidences the temperature depen-
dence of the voltageVpmax corresponding toPmax; all the
values are higher than 0.6 V, appropriate for power supply.
OCV decreases with increasing temperature. From the data
of Table 1the following simple formula is inferred:

Vpmax = 0.61 OCV

The higher OCV, the higherVpmax, which in turn also means
that even higher output power can be achieved. The deviation
of Vpmax with respect to the average value 0.65 V calculated
for 31 cells ofTable 1is between +0.07 and−0.05 V.

These performances are considerably better than obtained
with usual electrolytes under analogous test conditions. Yet,
the stability of output power is not good: typical values of
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Fig. 3. Relationship between temperatureTmax and maximum powerPmax

of DPE containing 12 wt% of NaOH.

Fig. 4. Relationship betweenTmax, OCV andVpmax of DPE containing
12 wt% of NaOH.

voltage, current and power as a function of working time at
constant test temperature show that the output power of a cell
with DPE drops from 444.7 to 218.4 mW cm−2 after about
4.5 h at 600◦C, seeTable 2. This trend might result because of

Table 2
Electrical performances of a cell made by DPE cell containing 12% NaOH
as a function of time

�t (min)

0 5 20 105 215 275

Tmax (◦C) 598 599 605 610 590 590
Voltage (mV) 654 651 642 691 610 600
Current (mA cm−2) 680.0 678.2 667.4 416.0 368.0 364.0
Power (mW cm−2) 444.7 441.5 428.5 287.5 224.5 218.4

not well-matched anode–DPE–cathode materials or because
of possible composition changes of DPE as a function of
time occurring at the testing temperatures. The fact that the
differences in maximum values of powers are quite large in
the group of 31 cells, the dropping to the lowestPmax value
212.9 mW cm−2 at 610◦C is also thought to result from the
above mentioned reason.

The electric performances are summarized in the
Tables 3 and 4and in Figs. 3–7. Table 3 shows a series
of powers for a typical DPE cell containing 12% NaOH at
temperatures ranging from 563 to 698◦C. R∞ refers to the
situation of open circuit, so thatV is actually the OCV value;
Ri are the total resistances, progressively decreasing fromR1
to R6, corresponding to the measured values of voltageV and
currentI of an electrical circuit with variable external load to
which were connected the cells. It appears that, for any given
total resistance, the output power increases with the operating
temperature until maximum value at 654◦C, beyond which
it decreases. These data, together with analogous measure-
ments carried out on plain CGO and composite CGO/NiAl
electrolyte cells not reported inTable 3for brevity, were used
to draw Fig. 5a–c; these figures compare the relationship

Table 3
VoltagesV (volt) and currentsI (mA cm−2) of DPE cells containing 12% NaOH measured at various temperatures

T (◦C) Voltage and current R∞ (OCV) R1 R2 R3 R4 R5 R6

563 V 1.103 0.979 364
I 0 0.011 19

570 V 0.992 0.975 409
I 0 0.011 55

585 V 0.956 0.940 453
I 0 0.010 98

626 V 0.956 0.950 525
I 0 0.010 58

637 V 0.977 0.970 570
I 0 0.011 97

646 V 0.987 0.979
I 0 0.011

654 V 0.980 0.973
I 0 0.011

687 V 0.956 0.948
I 0 0.027

698 V 0.922 0.920 585
14

T

I 0 0.010

he first column of data reports the open circuit voltage of the cells,R =∞.
0.921 0.693 0.600 0.481 0.
0.027 0.127 0.180 0.251 0.3

0.946 0.757 0.653 0.531 0.
0.027 0.136 0.195 0.274 0.3

0.914 0.764 0.672 0.561 0.
0.027 0.137 0.220 0.291 0.3

0.935 0.820 0.747 0.642 0.
0.027 0.149 0.224 0.335 0.4

0.959 0.856 0.785 0.689 0.
0.028 0.154 0.234 0.356 0.4

0,966 0.870 0.800 0.602
0.028 0.158 0.240 0,525

0.959 0.873 0.810 0.613
0.028 0.158 0.243 0.540

0.936 0.855 0.798 0.610
0.027 0.155 0.239 0.537

0.911 0.836 0.782 0.695 0.
0.260 0.152 0.235 0.364 0.5
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Table 4
Comparison between the maximum powerPmax of our [LiNiO2/DPE/Ag] cells containing contain 12% NaOH and various SOFCs cells reported in literature

Reference Electrolyte Thickness of electrolyte (mm) Power density (mW cm−2)//voltage (V) Temperature (◦C)

[25] Ce0.8Gd0.2O1.9 0.03 140//0.7 500
[26] Y2O3 doped with ceria + zirconia 0.005–0.0095 250 600
[27] BaTh0.9Gd0.1O3 200//0.7 550
[28] La0.9Sr0.1Ga0.8Mg0.2O2.85 0.189 500//0.7 600–800
[29] Ce0.8Gd0.2O1.9 0.1–0.25 150//0.7 603
DPE Ce0.9Gd0.1O1.95/NiAl/NaOH 0.8 716.2//0.639 (maximum) 590

Table also reports the test temperatures and the thickness of the electrolytes.

between voltage and current density of DPE, CGO + NiAl and
plain CGO cells, respectively, operating with the same anode
and cathode. The results show that the DPE cells have the
best performances, whereas the CGO/NiAl cells have higher
power than the plain CGO cells. Although the experimental
evidence shows that the addition of NiAl to the doped CeO2
increases the mechanical strength and the output power of
both CGO and DPE cells, the microstructural mechanisms
enabling these effects are still to be fully understood.

The results ofTable 4emphasize in particular that the
typical thickness of the usual electrolyte materials is of the
order of 0.005–0.25 mm, whereas that of our DPE has much
larger values, about 0.8–1.2 mm. In general, the thickness sig-
nificantly increases the internal resistance of the electrolyte,
thus, decreasing the global efficiency of the cell; in the present
case, however, it appears fromFig. 6 that the thickness does
not affect significantly the electrical performances. On the
one side, the fact that DPE still keeps good conductivity

Fig. 6. Relationship between output power and thickness of DPE cells con-
taining 12 wt% of NaOH.

F
e

ig. 5. (a) Voltage vs. current density of cells with DPE containing 12 wt%
lectrolyte; (c) voltage vs. current density of cells with plain CGO electrolyte
of NaOH; (b) voltage vs. current density of cells with CGO + 10.8 wt% NiAl
.
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Fig. 7. Output power of DPE cells with variable NaOH content.

even with such large thickness can be explained by assuming
that the liquid channel are actually the dominant conducting
phase, thus, confirming that the double-phase electrolyte has
H+/O2− mixed-ionic conducting system; the main way for H+

is the convection through the liquid phase channels, whereas
for O2− is the diffusion through the bulk Ce0.9Gd0.1O1.95,
as usual. On the other side, the high-power density achieved
demonstrates that thin electrolytes are not necessary, whereas
the cell working temperature could be in principle even lower
than 400◦C; for this reason, the process for DPE production
is in principle simple, our fuel cells are inexpensive, robust
and easy to be fabricated. The electrical performances are
optimized with about 12 wt% of liquid phase, as it appears
in the plot ofFig. 7showing the maximum output power as
a function of the NaOH content. The experimental results
show then that DPE may be a good candidate for advanced
fuel cell devices operating at low temperature. It is known
that the grain boundary conductivity is rather lower than that
of bulk crystal of CGO, because of some impurities like
SiO2 formed on the grain boundary. In our study, NaOH
around CGO grains according to the scheme ofFig. 2a and
b seems instead effective in increasing the conductivity. To
discuss this point, the next subsection (Section3.3) reports
the results of microstructural characterization by scanning
electron microscopy (SEM) observations and X-ray energy
dispersive microanalysis (EDM).

3

after
t s are
o s
t dam-
a ed by
N d
o

sur-
f O,
N the
r
p anal-
y n

Fig. 8. SEM micrograph showing some cracks in the anode; the cell operated
at 600◦C for 1 h.

image) are identified as NaOH;Fig. 10c shows that the Na
distribution is inhomogeneous in the area examined. However
some Na-rich zones do not show appreciable presence of oxy-
gen, as it appears inFig. 10b. It is thought, therefore, that these
precipitates are sodium resulting from the decomposition of
NaOH according to the reaction NaOH→ Na+ + OH−; there-
fore, Na+ and OH− may also play themselves some role in
the enhanced output power of DPE cells, since it is likely
that also Na+ and OH− might contribute to the total electri-
cal conduction inside the cell, although such a mechanism
is still to be investigated. In any case, also the presence of
Na+ and the high OCV value 1.254 V support significantly
the hypothesis of MICM.

In Fig. 10e are visible two precipitates located within
the channels and remained there even after that NaOH was
removed from the channels by dissolution in water. Three
other particles marked with “NiAl” inFig. 10a are identified
by the Ni and Al emissions as NiAl particles in the following
Fig. 10d and f. It is also interesting to note fromFig. 10b that
these three particles are oxygen-rich; it demonstrates, there-

F e cell
o

.3. Microstructural investigation of DPEs

SEM observations have been carried out on pellets
esting at several temperatures for about 6 h. Crack
bserved on some LiNiO2 anode layers, seeFig. 8, wherea

he interface between anode and DPE was not hardly
ged during the test. The silver cathode layer was damag
aOH corrosion, as it appears inFig. 9, leading to decrease
utput power of DPE cells.

EDM was carried out on several zones of the fracture
ace of DPEs utilizing local X-ray emission of Ce, Ga,
a, Ni and Al. The distribution of Ga overlaps that of Ce;

esults for the other elements are shown inFig. 10a–f. Some
recipitates are observed, some of which were, in turn,
sed. Two precipitates marked inFig. 10a (secondary electro
ig. 9. SEM micrograph showing the damaged silver cathode layer; th
perated at 600◦C for 1 h.
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Fig. 10. Element analysis results for a DPE cell containing 12% NaOH; the cell operated at 600◦C for 1 h: secondary electron image (a); O image (b); Na
image (c); Al image (d); Ce image (e); Ni image (f); figure shows some NaOH particles, some oxygen-free white precipitates containing Na and three oxygen-,
Ni- and Al-rich particles, marked with “NiAl”.

fore, that, as expected, a thin oxide film was formed at the
surface of the NiAl phase. AFC made by KOH showed better
electric performances than NaOH[20]; thus, similar or better
performances can be expected using in our cells KOH instead
of NaOH.

4. Conclusion

Doped CeO2 and NaOH enable double-phase electrolytes
to be fabricated; the solid mixture at room temperature turns
into liquid/solid two-phase system at temperatures above
400◦C. The output power of the cell does not depend appre-
ciably on the thickness of DPE because of its low internal
resistance. Both H+ and O2− are thought to contribute to the

output power. The transport bypass for H+ is due to liquid
NaOH. DPE works according to H+/O2− driven MICM
principle; however, the decomposition of NaOH evidenced
by EDS analysis and SEM observation suggests that the
good conductivity of DPE cells might be related also to Na+

and OH− transport in liquid phase. The optimized NaOH
composition for DPE is 12 wt%; hence, the partial decom-
position of NaOH could be related to the power drop during
the test measurements. The maximum output power of fuel
cell constructed with LiNiO2 anode and Ag cathode fed with
hydrogen can produce at 590◦C power up to 716.2 mW cm−2

at 0.639 V. Most values of OCV range from 1 to 1.2 V. The
maximum OCV recorded was 1.254 V, significantly higher
than the usual values reported in literature. DPEs show
significant features of high efficiency and low manufacturing
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cost. The next task of our experimental activity is to improve
the stability of DPE cells by looking for available cathode and
anode that fit better with our DPE and by keeping constant
the NaOH content during the tests. The effects of addition
of NiAl into the doped CeO2 must be further investigated
in detail, in particular as concerns the formation of oxide
films.
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