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Cermet anodes with a composition of 26 wt % (Cu - 10 Cu20), 74 wt % (NiFe20O4 - 10 NiO), and
interpenetrating structure were prepared via the pressureless infiltration. The air oxidation and
electrolytic corrosion in cryolite molten salt of the cermets were studied concerning related
microstructure evolution. Results showed that external diffusion oxidation of Cu was the main oxidation
mechanism, which led to the formation of a porous zone between the oxidation and un-oxidation zone.
The oxidation depth increased along with the higher oxidation temperature; an oxidation depth of 380
um was confirmed when oxidized at 960 °C for 12 h. The corrosion resistance of the anodes with and
without pre-oxidation treatment was similar. The influence of electrolyte on the corrosion was more
important than that of the temperature. The corrosion became more serious as the decrease of electrolysis
temperature from 960 °C to 800 °C, casued by the decreased current density. With the decrease of current
density in the range of 0.2 A/cm? - 0.8 A/cm?, a dense surface layer was more easily formed on the anode
bottom. The corrosion of copper oxides was also related to the current density. As the decrease of current
density, the corrosion of copper oxide became slower. The side and the bottom were hard to construct
synchronously a dense surface layer owing to the uneven electrical distribution.

Keywords: Inert anode; aluminum electrolysis; interpenetrating structure; high temperature oxidation;
molten corrosion

1. INTRODUCTION

Currently, the aluminum electrolysis process is carried out in Hall - Héroult cell, in which the
anode is carbon material and highly corrosive cryolite is adopted as the electrolyte. Consumable carbon
anode reacts with oxygen and electrolyte, generating CO., CFn and other greenhouse gases during the
electrolysis process. Hence, it has become an urgent goal to replace the carbon anode with an inert anode
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(non-consumable) for the production of aluminum, given environmental perspective [1-2]. Nickel ferrite
(NiFe204) based cermets [3-5] and Cu based alloy [6-8] have received a lot of attention as the candidates
of inert anode materials, owing to their good corrosion resistance in cryolite electrolyte and low cost.
NiFe2Os-based cermets contained 17 wt % metallic phase have been tested in pilot scale cells for 25 d
and 28 d [9-10], respectively. However, the cracking of the cermet anodes and the breakage of the anode
conductor stems in pilot cell aluminum electrolysis impeded the application, which became the main
objectives in this research field. Moreover, the electrical conductivity of this type anode was less than
90 S/cm, which was much lower than that of carbon anode (~ 200 S/cm).

To improve the mechanical property and conductivity of the cermet anode, a great deal of work
has been done [11-13]. Increasing the metallic phase content was an effective way to improve both the
mechanical property and the conductivity of the anode [14-15]. However, the increase of metallic phase
content is likely to affect the corrosion resistance of the cermet anode, because the corrosion resistance
of the metallic phase was worse than that of the ceramic phase [16]. Corrosion resistance is the most
important parameter for the inert anode, which plays a crucial role in the aluminum quality and anode
life. Recently, (Cu-Ni-Fe) - (NiFe204-NiO) cermet with a metallic phase content of 40 wt % was
prepared and used as the anode for 200 A bench scale aluminum electrolysis, which showed excellent
corrosion resistance after over 1000 h test[5]. However, Ni is preferentially corroded [17]. Tarcy [18]
reported that Cu was passivated in the electrolysis process and considered that cermet anode with
continuous copper metallic phase would be conductive and corrosion resistant to cyolite electrolyte.
Feng et al. [19] found that the corrosion rate of Cu20 / Cu cermet was about 1.8 - 1.9 cm / y, and the
corroded Cu could react with electrolytic Al and form a useful Cu-Al alloy. However, dense Cu /
NiFe2O4 cermets were hard to be prepared for the bad wettability between NiFe2O4 and Cu. The study
about the corrosion behavior of Cu / NiFe204 cermets with high metallic phase content was little.

Lots of studies about the anode corrosion have been done. Studies showed that the corrosion of
NiFe>O4 based cermet anodes and alloy anodes was affected by many factors, such as anode composition
[20], current density [21-22], electrolysis temperature [23], and pre-oxidation treatment [24]. And
researchers thought low temperature electrolysis (lower than 950 °C) was a tendency for aluminum
electrolysis, which was achieved by adjusting the composition of the electrolyte [25]. At present, most
of the electrolysis temperature and current density for NiFe>O4 based cermets were about 960 °C and 1
Al/cm?, respectively. And pre-oxidation treatment was mainly used for alloy anode other than NiFe,Ox4
based cermet [24]. Additionally, research on the corrosion of the anode side was little, which was very
important for the anode shape design. In previous studies, the anode corrosion was evaluated mainly by
detecting the content of impurities in the cathode aluminum and the electrolyte, which was difficult to
study the side corrosion and easily affected by the exfoliation and corrosion production of the furnace
material and the conductor stem.

The microstructure of cermet anode with interpenetrating structure is different from that of
ceramic based cermet anode and alloy anode, and their corrosion resistance may be different. The
electrolysis parameters, especially the current density and the electrolysis temperature, need to be further
studied. Additionally, inert anode was partially immersed in the electrolyte in the electrolysis proceed,
and the anode was suffered from both atmosphere oxidation and electrolytic corrosion. It needs to
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comprehensively consider the atmosphere oxidation and electrolytic corrosion characteristic of the inert
anode.

To the best of our knowledge, there is very little literature about the corrosion resistance of (Cu-
10Cu20) - (NiFe,04-10NiO) cermet with interpenetrating structure. Based on our preliminary work *,
the air oxidation and electrolytic corrosion of (Cu-10Cu2O) - (NiFe2O4-10NiO) cermet with
interpenetrating structure were studied in this paper, and the effects of pre-oxidation, electrolysis
temperature and current density on the corrosion resistance of the cermet anode were assessed. A gap
was fabricated on the anode bottom and the change in the size of the gap was used to study the anode
corrosion.

2. EXPERIMENTAL PROCEDURES

2.1 Preparation of the cermets

(Cu - 10 Cu20) - (NiFe204- 10 NiO) cermets with a composition of 26 wt % (Cu - 10 Cu20), 74
wt % (NiFe204 - 10 NiO), and interpenetrating structure were prepared via the pressureless infiltration,
as described in the previous report [11]. NiFe2O4 - 10 NiO ceramic was synthesized by solid-state
reaction. Commercial Fe203 (99.60 %, 0.75 um, JFE Chemical Co., Japan) and NiO (77.64 wt% Ni,
Jinchuan Group Ltd., China) powders were mixed in a mass ratio of 1 to 1.6 and ball-milled in ethanol
and zirconia media for 10 h. The mixture was dried at 100 °C and then calcined at 1200 °C for 6 h in
air. The mixture composed of 10 wt% Cu0O (Tianjin Guangfu Fine Chemical Research Institute, China)
and 90 wt% Cu (99.5 %, 9.86 um, Gripm Advance Materials Co., China) powders was employed as
infiltrant. The synthesized ceramic powder and the infiltrant were respectively pressed into 105 mm x
45 mm x 25 mm and 105 mm x 45 mm x 9 mm plates by die-pressing at 80 MPa, followed by cold
isostatic pressing at 150 MPa. The ceramic compact was pre-sintered at 1200 °C for 6 h. The infiltrant
was put on NiFe2O4- 10 NiO preform in a vacuum furnace, and heated to 1200 °C at 5 °C / min and held
for 2 hin 0.04 MPa static N. atmosphere with an oxygen partial pressure of ~10 Pa, and then the furnace
was cooled spontaneously to room temperature. According to calculation, the infiltrated metallic phase
content in the resulting composite was about 26 wt %.

2.2 Oxidation and electrolysis tests

The as-sintered cermets were sliced to blocks (about 23 mm x 20 mm x 20 mm) and sheets (about
15 mm x 15 mm x 2 mm) for electrolysis tests and oxidation tests, respectively. The surfaces of the
blocks and the sheets were polished using diamond polishing suspensions, and cleaned by ethanol using
an ultrasonic bath. The oxidation tests were carried out in a muffle furnace in air at temperatures between
800 °C and 960 °C. Sheets were put in an Al2O3 crucible and heated at 8 °C / min to the oxidation
temperature and held for 12 h, and then the crucible was withdrawn and cooled spontaneously to room
temperature.
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A gap (named as pre-fabricated gap) in the anode (block sample) bottom was made using a
diamond cutting machine. The anode used to study the effect of pre-oxidation on corrosion resistance
was oxidized in air at 880 °C for 24 h before electrolysis test, and the oxide scale on one side of the pre-
fabricated gap was removed by sandpaper before electrolysis. Other anodes were oxidized at 880 °C for
12 h before electrolysis.

The process of electrolysis test was similar to the previous report [26]. The anode samples were
glued to a guide rod (316 stainless-steel) by a high-temperature conductive adhesive. The assembled
anode was heated together with the cryolite electrolyte, and the anode was 10 mm above the electrolyte.
After the electrolyte was heated to the electrolysis temperature for 0.5 h, the anode was immersed in the
electrolyte 10 mm. The electrolysis temperatures were 800 °C, 880 °C, and 960 °C, respectively, and the
corresponding electrolyte composition and parameter were shown in Table 1. The current densities were
0.2 Alcm?, 0.5 A/cm?, 0.8 Alcm?, and 1.0 A/cm?, respectively, based on the bottom area of the anode.
After electrolysis, the anodes were sectioned along the axial direction of the guide rod and polished for
microstructure characterization.

Table 1. Composition and parameter of the electrolyte used in electrolysis test

Electrolysis Electrolyte composition / wt% Melting  Solubility of
temperature /°C  NasAlFs AIF; CaF, AlOs KsAlIFg LiF  point/°C  AlO3/ wt%
960 78.07 9.5 5.0 7.43 / / 947 7.13
880 5139 240 / 4.48 17.13 3 875 4.23
800 4218  24.7 / 5 28.12 / 772 2.71

2.3 Characterization

The phase compositions were examined by X-ray diffraction (XRD) (Rigaku D/max 2550VB+,
Rigaku Corporation, Tokyo, Japan) with Cu K, radiation (A = 0.154 nm). The microstructural analysis
was performed by scanning electron microscopy (SEM) (FEI Quanta 200, FEI Company, Eindhoven,
the Netherlands), and the element contents in different phases were analyzed by energy dispersive
spectroscopy (EDS) (EDX-GENESIS 60S, EDAX Company of America, Mahwah, NJ, USA). The
oxidation and corrosion depths were measured through the SEM images of the cermets.

3. RESULTS AND DISCUSSION

3.1 Microstructures of the as-sintered cermets

Fig. 1 shows the micrographs, XRD and EDS results of the as-sintered cermet. The cermet was
mainly composed of NiFe2O4, NiO, Cu0, and Cu phases, as shown in Fig. 1 (b). NiFe2.O4 phase had a
net-like framework structure, whose sintering necks were formed, and the surface of most NiFe2O4
grains next to Cu or Cu20 grains was cambered, as shown in Fig. 1 (a). NiO grains were isolated and no
obvious NiFe2O4 precipitate was found in NiO grains. Cu phase exhibited an approximate network
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structure. According to the EDS, as shown in Fig. 1 (c), the Fe / Ni atomic ratio of NiFe2O4 phase was
about 2.2, and the Fe / Ni atomic ratio of NiO phase was 0.12, and Cu phase contained a little of Fe
(about 6 at%) and Ni (about 2 at%), which were similar to the previous infiltrated samples [11].

35.0k =
b Y ® NiFe,0
30.0k - o
& u NiO
¥Cu
725.0k * Cu0
3)
=20.0k -
z
£15.0k
S5 =
E L .
10.0k v
.
~ v
5.0k . . o
0.0 +— . . - : :
20 30 40 50 60 70 80
2-Theta (°)
6.9
bz ; ; ss 4 " Ni .s | < Metallic phase
Nickel ferrite phase - NiO phase -
Eloment W% A%
ha oK 3045 60.82 s | o|OK  [17.49 33.68* a | | [FeK 05.21 05.88
3 FeK _ |08.10  05.80 NiK 01.89 02.03
ke FeK | 47.06 26.93 e B F918 T4s.12 ket o s -
] NiK 22.50 12.25 ! 2.8 : .
[ . & Cuk__02.23 _101.40 Matrix  Correction ZAF
Matrix  Correction | ZAF Matrix Correction ZAF —_
bl s Cu
o
Fe
0.0 -

2.00 4.00 6.00 8.00 10.00 2.00 4.00 6.00 8.00 10.00
Energy - keV Energy - keV

Figure 1. Micrographs (a), XRD (b) and EDS (c) of the as-sintered cermet

3.2 Microstructures of the cermets oxidized in air

Fig. 2 shows the XRD of the cermet surface after oxidation at 850 °C for 12 h. The surface layer
mainly comprised CuO, Cu.0, and NiFe.O4 phases.
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Figure 2. XRD of the cermet surface oxidized in air at 850 °C for 12 h
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Table 2. Internal oxidation depth of the cermets oxidized at different temperatures

Oxidation Internal Oxidation Internal
temperature, oxidation temperature, oxidation
°C depth, um °C depth, um
800 86 880 167
850 154 960 386
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Figure 3. Cross sectional micrographs and EDS of the cermets oxidized in air at different temperatures
for 12 h: (a) 800 °C; (b) 850 °C; (c) 880 °C; (d) 960 °C; (e) EDS of points A and B in (a)
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Fig. 3 shows the cross sectional microstructures of the cermets after oxidation in air at 800 - 960
°C for 12 h. All the oxidized cermets were composed of three different characterization zones [labeled
E, I 'and C in Fig. 3 (d)]. Zone E was composed of two phases. According to the EDS results in Fig. 3
(e), the Cu / O atomic ratios of the dark gray phase (Point A) and the light gray phase (Point B) in Fig.3
(a) were 0.98 and 1.77, respectively. Points A and B should be CuO phase and Cu.O phase, respectively.
No NiFe>O4was found in zone E, indicating that zone E was formed by external oxidation. Zone | mainly
comprised of NiFe;O4, Cu20, and NiO phases and was more porous than zone C. The pores were mainly
distributed at the interface between zone I and zone C. The morphology of the pore next to zone C was similar to
that of the metallic particles. The pores should result from the outward diffusion of the metallic phase,
similar to the case of Cu rich Cu-Ni alloy [27]. The surface of NiFe2O4 grain next to the pores was
cambered and the grains did not coarsen when oxidized at 960 °C, indicating that no obvious sintering
of the ceramic phase occurred in the oxidation process. Table 2 shows the internal oxidation depths of
the cermets oxidized at different temperatures. The higher the oxidation temperature, the deeper zone |
was. And the part of Zone | next to Zone E became dense as the increase of oxidation temperature. The
morphology of zone C was similar to that of the as-sintered cermet, and zone C should be the non-
oxidized zone.

The oxidation process was similar to that of 40 wt% (20Ni-80Cu) / 60 wt% (NiFe204-10NiO)
cermet [28]. The morphology of the porous oxide scales was related to the morphology and composition
of the metallic phase and the out-diffusion characteristic of Cu. The Cu exposing to air could react with
oxygen in air to form CuO above 800 °C based on the thermodynamic calculation [29]. Oxygen
concentration gradient was formed within the cermet due to the formation of CuO on the initial surface,
and the stable phase Cu.O was the main oxidation product of zone | at low-oxygen partial pressure.
Cu20 is metal-deficient, and the predominant point defects are metal vacancies [30]. The outward
diffusion of Cu is faster than the inward diffusion of oxygen, as the Cu atomic radius (0.157 nm) is much
smaller than that of oxygen (0.78 nm), leading to the formation of a porous zone in oxidation front. Cu
could outward diffuse without getting through the ceramic phase when the network structure of the Cu
phase was formed, which was beneficial for the external oxidation of Cu and the formation of a porous
oxide scale.

According to the Arrhenius equation, as shown in formula (1), increasing the oxidation
temperature could accelerate the diffusion rate of Cu and oxygen. The higher the oxidation temperature,
the higher the internal oxidation depth was. The Cu far from the surface, especially at high oxidation
temperature, would be oxidized by the internal diffusion oxygen before diffusing to the surface. Partial
pores next to zone E generated by the external diffusion of Cu were filled by oxidation product, since
volume expansion induced by the oxidation of higher density metallic phase Cu (8.9 g/cm?®) to lower
density oxides Cu,0 (6.0 g/cm?). Therefore, zone | that next to zone E was dense.

K,=A exp (%) 1)

Where K, is the oxidation rate constant, R is the molar gas constant, T is the oxidation
temperature, Ea is the oxidation activation energy, and A is the exponential factor. It can be assumed that
A and E. do not vary with temperature within a certain temperature.
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3.3 Electrolytic corrosion

3.3.1 Pre-oxidation treatment

Fig. 4 shows the micrographs of the pre-oxidized anode bottom after electrolysis at 960 °C for
24 h. 1t was composed of three different characterization zones [labeled P, O, and U]. Zone P was mainly
composed of NiFe2O4 phase. A small amount of CuO, NiO, and aluminate were also found in this zone.
Compared with Fig. 3 (d), the external oxidation layer (zone E) formed in the pre-oxidation process was
dissolved. The NiFe2O4 grains exposing to electrolyte were significantly corroded and fragmented. The
part that next to electrolyte was denser than the other part of zone P. A few large NiFe>O4 grains were
found in the denser part. The morphology of zone O was similar to that of the inner oxidation zone of
the sample oxidized in air, mainly containing Cu.O and NiFe;O4 phases and a lot of small pores.
Electrolyte was found in the pores of zone O. The corrosion depths (both zones P and O) for the parts
with and without pre-oxidation scales were 1160 um and 1150 pum, respectively. And the corrosion depth
of reported Fe-32Ni alloy was about 1900 um when electrolyzed at 940 °C for 30 min at a current density
of 1.5 A/cm?[31].

Figure 4. Micrographs of the pre-oxidized cermet bottoms after electrolysis at 960 °C for 24 h: (a)
without pre-oxidation scale; (b) with pre-oxidation scale; insets were the magnifications of
corrosion zones

The effect of pre-oxidation treatment on the anode corrosion resistance was not as well as that of
Ni-Fe alloy anode formed a corrosion resistant spinel-rich layer in the anode surface, which could avoid
electrochemical corrosion of the metallic phase [24]. The main reasons are the poor oxidation resistance
of the anode, and the higher solubility of copper oxides compared to that of NiO and NiFe204[32, 33]
and the difficulty in forming copper aluminum oxide. The metallic phase in the surface without pre-
oxidation scale was rapidly oxidized and a CuO dense external oxide scale formed for the poor oxidation
resistance of Cu in the pre-heating process. Then the morphologies of the two parts with and without
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pre-oxidation scale would be similar before immersing into the electrolyte, resulting in a similar
corrosion depth.

3.3.2 Electrolysis temperature

Fig. 5 shows the micrographs of the anode bottoms after electrolysis at different temperatures.
The corrosion depths were about 2310 um, 1300 um and 850 um when electrolyzed at 800 °C, 880 °C
and 960 °C, respectively. The corrosion zone electrolyzed at 960 °C was much denser than that
electrolyzed at 800 °C and 880 °C. For 800 °C electrolysis, a swelling layer was formed on the anode
surface and the swelling layer close to electrolyte was mainly composed of AlFs, NiFe2O4, Fe2O3, and
NiF2, as shown in Fig. 6. And the inner corrosion zone was mainly composed of NiFe2O4 (point 1), NiF2
(point 2), and Cu20 (point 3) phases based on the EDS results as shown in Table 3. For 880 °C
electrolysis, the outermost layer was mainly composed of aluminate (point 4) and NiFe2O4 (point 5).
Selected zone 2 in Fig. 5 (b) was mainly composed of NiFe,O4 and electrolyte. No obvious aluminate
was found in selected zone 2. For 960 °C electrolysis, the surface layer close to the electrolyte was denser
than the internal corrosion zone, which was different from that electrolyzed at 800 °C and 880 °C. CuO,
Cu20, and a trace of aluminate were also found in the surface layer besides NiFe.O4. And electrolyte
was also found inside the pores.

It could be inferred from above that the corrosion of the anode was closely related to the
electrolysis temperature or the electrolyte composition. With the increase of AlFs and K3AlFs in
electrolyte, the electrolysis temperature and the solubility of Al,O3 decrease, as shown in Table 1. And
NiFe204 could react with AlFs to form NiF2 and Fe2Os, as shown in equation (1) [34]. Increasing the
content of AlFz was favorable for the reaction of equation (1) to the right, and the catastrophic corrosion
of NiFe204 occurred when the AlFs concentration was high, resulting in the formation of NiF2 and the
porous surface. Al,O3 exists in the electrolyte mainly in the form of AlO2F4? [35], which could react
with the ceramic phase to form aluminates at high temperature, as shown in reactions (2) and (3). The
formation of aluminate was difficult under a low Al>Os concentration [36]. The FeAl,O4 and NiAlO4
could exist at 1020 °C only when the concentrations of Al2Os in electrolysis were above 5 wt % and 3
wt %, respectively [37]. Additionally, the higher the temperature, the more easily occurred the reactions
(2) and (3) were. Therefore, the aluminates with good corrosion resistance were more easily formed at
high temperature electrolysis. The solubility of the oxide also related to the temperature and CR (molar
ratio of NaF / AlF3) [32-33]. And the solubility of copper oxides decreased as the increase of CR [32].
So the copper oxides were not found on the anode surface and the surface layer was porous when
electrolyzed at 800 °C and 880 °C. When the influence of electrolyte on the corrosion was more
important than that of the temperature, the corrosion of anode electrolyzed at low temperature would be
more serious than that electrolyzed at high temperature.
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Figure 5. Micrographs of the anode bottoms after electrolysis at different temperatures: (a) 800 °C; (b)

880 °C; (C) 960 °C
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Figure 6. XRD pattern of the swelling layer of the anode electrolyzed at 800 °C
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Table 3. Element contents of different phases at different locations in Figure 5

Element Point 1 phase Point 2 phase Point 3 phase Point 4 phase Point 5 phase
O/ at% 61.13 / 53.06 27.66 31.13
F/ at% / 69.33 / /
Fe / at% 24.85 2.56 3.01 12.92 43.26
Ni / at% 10.62 28.11 / 17.00 21.55
Cu/ at% 3.40 / 43.93 4.35 4.06
Al / at% / / / 38.07 /

6 NiO-Fe203 + 4 AlF3 = 6 NiF2+ 6 Fe203+ 4 Al + 3 O2 (1)

3 ALL,OzF4% + NiO = NiAl,04 + O + 2 AlL,OF¢* + 2e (2)

3 ALLOsF4% + FeO = FeAl,04+ O + 2 AlL,OF¢?* + 2e (3)

3.3.3 Current density

Fig. 7 shows the micrographs of the anode bottoms and the pre-fabricated gaps that electrolyzed
at different current densities. As the current density decreased, the outermost layer of the bottom became
denser. When the current density was reduced to 0.5 A/cm?, a dense layer (labeled D) was formed in the
surface of the bottom, as shown in Fig. 7 (c). And a porous layer (labeled L) existed on the inner side of
layer D. It could found that the aluminate was mainly distributed at the pore edge of layer L from the
insets of Fig. 7 (a). There was also a small amount of aluminate in the anode surface next to the
electrolyte, and almost no aluminate was found in layer D. With the decrease of current density, the
surface of the pre-fabricated gap became loose and porous. The pre-fabricated gap was filled with Cu,O
phase when the current density was 0.2 A/cm?, indicating that the dissolution of Cu,O was slow at low
current density. And there was no Cu,O phase in the gaps when the current density was 0.5 A/cm? or 0.8
Alcm?. Instead, electrolyte and NiFe;O4 grains were found in the gap when electrolyzed at a current
density of 0.5 A/cm?.

Table 4. Corrosion depths of the anode and the widths of the pre-fabricated gaps electrolyzed at 960 °C
with different current densities

current Total Gap width Gap width after
densit Zone D, Zone L, Zone |, corrosion before electrolysis, um
A/cm% um um um depth, um electrolysis,
1 1 u um
0.8 unobvious 95 1065 1160 388 331
0.5 160 200 1013 1373 420 370
0.2 193 183 1044 1420 351 311
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Figure 7. Micrographs of the anode bottoms and the pre-fabricated gaps after electrolysis at different
current densities at 960 °C: (a) and (b) 0.8 A/cm?; (c) and (d) 0.5 A/cm?; (e) and (f) 0.2 Alcm?;
(@), (c), (e) were the bottoms and (b), (d), (f) were the gaps

Table 4 shows the corrosion depths of the anodes and the widths of the pre-fabricated gaps before
and after electrolysis at different current densities at 960 °C. The total corrosion depth of the anode
bottom decreased and the widths of the pre-fabricated gap narrowed down as the current density
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decreased. The widths of the pre-fabricated gap were reduced by about 14.7 %, 11.9 % and 11.4 % when
current density was 0.8 A/cm?, 0.5 A/cm? and 0.2 A/cm?, respectively.

The content and productivity of atomic oxygen produced by the anodic reaction and the
electrochemical corrosion of the anode were related to the current density according to Faraday's laws,
as shown in equations (4) and (5). The current passing through the side of the anode was about 15 % of
the total current [38], so the current density of the side was very small especially when electrolyzed at
low current density, e.g. 0.2 A/cm?. Then the side of anode should be mainly corroded by the chemical
dissolution and oxidation at low current density. The copper oxides formed through external oxidation
would fill the gap when the dissolution of copper oxidation was slow, as shown in Fig. 7 (f). And the
anode bottom should occur electrochemical corrosion, dissolution corrosion, and oxidation. As the
increase of current density, the electrochemical corrosions of both the bottom and the side became
serious, and the electrochemical corrosion became the main corrosion form. The copper oxides were
preferentially dissolved because its corrosion resistance was weaker than that of NiFe>O4 and NiO, then
a porous bottom was formed, as shown in Fig. 7 (a).

0% +4e =02 4)

-+ ®)

Where m is the mass of the substance liberated at an electrode in g; | is the current density; t is
the total time the constant current was applied; F = 96500 C / mol is the Faraday constant; M is the molar
mass of the substance in g / mol; z is the valence number of ions of the substance.
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Figure 8. Schematic diagram of the electrolytic corrosion of the cermet anode

Besides of the transition of Ni(Fe)O to NiFe2O4, the oxidation of Ni and the formation of
aluminates [26, 39], the densification of anode surface shown in Fig. 7 (b) - (e) should be also caused by
the deposition of small NiFe>O4 grains exfoliated from the anode, and the precipitation and growth of
dissolving NiFe.O4 grains, as shown in Fig. 8, which was similar to BaosSrosCoo.gFeo203-5 anode that
allowed a dynamic self-reconstruction of the material’s surface during oxygen evolution reaction [40].



Int. J. Electrochem. Sci., Vol. 15, 2020 7846

This dissolved-redeposition phenomenon was also found in the static molten salt corrosion process of
MgO-NiO-Fe203 ceramics [41]. When the corrosion of copper oxide was slow, the void formed by the
dissolution of copper oxide would be replaced by the deposition and grown of NiFe2O04, which resulted
in the densification of the anode surface and the coarsening of NiFe>O4 grains next to the electrolyte.
When the corrosion of ceramic phases was very serious at high current density, the deposition and grown
of NiFe204 could not fill the pores, a porous surface would form, as shown in Fig.7 (a).

4. CONCLUSION

For the (Cu - 10Cu20) - (NiFe204- 10NiO) cermet anode with interpenetrating structure, external
diffusion oxidation of Cu was the main oxidation mechanism, which resulted in the formation of a porous
zone between the oxidation zone and un-oxidation zone. The oxidation depth increased as the oxidation
temperature increased from 800 °C to 960 °C. The oxidation depth was up to 380 um when oxidized at
960 °C for 12 h. The corrosion resistance of the anodes with and without pre-oxidation treatment was
similar. The influence of electrolyte on corrosion was more important than the temperature. The
corrosion became more serious as the decrease of electrolysis temperature from 960 °C to 800 °C. The
current density had a great influence on the electrolytic corrosion of the anode. With the decrease of
current density in a range of 0.2 A/lcm? - 0.8 A/cm?, the anode bottom was more easily formed a dense
surface layer. The corrosion of copper oxides was also related to the current density. As the decrease of
current density, the corrosion of copper oxide became slower. The side and the bottom were hard to
synchronously form a dense surface layer for the uneven electrical distribution.
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