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Abstract: NiFe,0,—10NiO-based cermet inert anodes for aluminium electrolysis were prepared and their properties were
investigated in a lab-scale electrolysis cell. The results show that the inert anodes exhibit good performance during electrolysis in
molten salt cryolite at 960 °C, but according to the analyses of phase compositions and microstructures through XRD, SEM/EDX and
metallographic analysis, the metal in the anodes is preferentially corroded and many pores are produced on the anode surface after
electrolysis. The preferential dissolution of Fe in the NiFe,O4 phase may lead to the non-uniform corrosion of NiFe,O, grains.
Moreover, a dense protective layer of NiFe,0,~NiAl,O,—FeAl,O,1is formed on the anode surface, which originates from the reaction
of Al,O; dissolved in the electrolyte with NiO or FeO, the annexation of NiFe,O4,—NiAl,04,~FeAl,O, to NiO and volume expansion.
Thus, the dense NiFe,0,~NiAl,0,—FeAl,O4 layer inhibits the metal loss and ceramic-phase corrosion on the surface of the cermet

inert anodes.
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1 Introduction

At present, much research has been conducted to
find an appropriate material as an inert anode [1—4]
NiFe,04—10NiO-based cermets, which have desirable
properties of both metals and ceramics, good resistivity
against corrosion in molten cryolite and a relatively high
electrical conductivity. NiFe,O,~10NiO-based cermets
are thus promising materials in inert anodes for
aluminium electrolysis [5—7].

The corrosion mechanisms of copper, nickel and
nickel ferrite have been examined in recent years. CHIN
et al [8] found that the electrolyte is close to saturation
with respect to these impurities, and the rate-determining
step of anode corrosion process is the alloying of the
species into aluminium, where the stability of elements is
in the order of Ni>Fe>Cu.

LUO et al [9] observed the electrical conduction
mechanism of nickel ferrite that Fe** is much more easily
corroded by the electrolyte during electrolysis. The
corrosion mechanism is as follows:

NiFe,0, + 2AIF, = NiO + 2FcF, + ALO, (1)

LIU et al [10] examined the nickel ferrite spinel as
an inert cermet anode for aluminium electrolysis, and
found that the chemical corrosion is 0.18% solubility of
NiO in NajAlF¢ melt containing 5% Al,O; (mass fraction)
and 0.003% Fe,O;. The electrochemical corrosion
reaction is as follows:

2A1+NiFe,0, = NiAl,0, + 2Fe )

LORENTSEN and THONSTAD [11] and OLSEN
and THONSTAD [12] reported the formation of a dense
layer with about 50 pm in thickness after 50 h of
electrolysis, and suggested that it resulted mainly from
the formation of aluminates such as FeAl,O,. LIU et al
[13] reported the dense layer of about 100 pm in
thickness after 24 h electrolysis, and LIU et al [14]
reported the dense layer of about 150 pum in thickness
after 40 h electrolysis. However, the preferential
dissolution of Fe and the formation mechanism of a
dense protective layer should be investigated.

In this work, a NiFe,0,~10NiO-based cermet was
examined, and the operational performance of a
cup-shaped cermet inert anode was evaluated in a lab-
scale electrolysis cell that consisted of metal Ni, Cu or
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Ni/Cu and ceramic NiFe,0,~10NiO. The corrosion
behaviour and mechanism in Na;A1F4—Al,O; melts were
also investigated.

2 Experimental

2.1 Preparation of samples

Nickel powder (99.9%, Tianjin, China), copper
powder (99.9%, Tianjin, China), NiO (99%, Jinchuan,
China) and Fe,0; (99%, Qidong, China) were of all
reagent grade. NiFe,0,~10NiO-based cermet samples
were prepared by an isostatic pressing-sintering process
[15-17]. Fe,O; and NiO were employed as raw
materials, which were ball-milled in distilled water for
2 h. The mixture was dried at 90 °C for 12 h and then
calcined at 1200 °C for 4 h in air. The calcined samples
were cooled. The X-ray diffraction patterns showed that
the calcined powders consisted of NiFe,O4 and NiO
phases. Metal nickel powders or Ni—Cu powders were
added to the calcined powder and the mixture was again
ball-milled. Finally, the mixture was uniaxially pressed
into cylindrical blocks (about 20 mm in diameter and 40
mm in thickness) at 200 MPa and sintered at 1300 °C for
4 h in a nitrogen atmosphere with an original oxygen
partial pressure of 100x10° to obtain the desired cermet
samples.

2.2 Electrolysis

The electrolyte was composed of NazAlFg (99%,
Shanghai, China), AlF; (98%, Shanghai, China), CaF,
(98.5%, Tianjin, China) and Al,O;(98%, Tianjin, China).
The exact composition was 5% CaF,, 7.43% A1,0; and
balanced cryolite (CR=2.3). All of the components were
dried at 120 °C for 48 h to remove any water before
using. 60 g of metal aluminium was placed in the bottom
of a cell as the cathode. The cell was then heated to the
required temperature of 960 °C and stored for 2 h before
the anode was immersed in it at a depth of 20 mm. A
distance of 3 cm was maintained between the anode and
the cathode, and the current density of 1.0 A/cm’® was
adjusted based on the bottom area of the anode. Al,O3
was added at 15 min intervals based on the electrolytic
consumption rate at 80% cathode current efficiency.

After electrolysis, the anode was raised out of the
melt to prevent the reduction of anode material by the
dissolved metal. The cell was cooled with the anode laid
above the electrolyte. Some of the electrolyte samples
taken during electrolysis were dissolved in HCIO,
solution, and the anode was sectioned, polished and
analyzed with XRD and SEM/EDX. The phase
compositions of electrolyte and cermet were identified
by X-ray diffraction analysis using a Philips PW1390
X-ray diffractometer with Cu K, radiation. The
microstructure was analyzed with a JSM25600LV

scanning electron microscope and an XJP26A

metallographic microscope.
3 Results and discussion

3.1 Corrosion of inert cermet anodes

Figure 1 shows the metallographic images of
17Ni/(NiFe,0O,~10NiO) anode after electrolysis. The
anode shown in Fig. 1(a) is an intrinsic layer. The white
part is metal Ni and the grey part is ceramic
NiFe,0,~10NiO. Figure 1(b) shows the presence of
many holes and pores, indicating that the metal in the
cermet was preferentially corroded, thus decreasing the
density of the anode. It is thus clear that the metal phase
Ni was preferentially leached [18].

Fig. 1 Metallographic images of anode after electrolysis:
(a) Anode layer; (b) Electrolyte penetration layer

The 17Ni/(NiFe,O,~10NiO) inert cermet anode was
sectioned and a corroded layer was revealed on the anode
surface. The X-ray diffraction patterns of corroded layer
are shown in Fig. 2. According to Figs. 1 and 2, the
corroded layer that formed on the anode surface
contained much more NiO and less Ni than the
non-corroded anode layer, probably due to the
preferential oxidation and dissolution of Ni. This resulted
in the formation of many pores and allowed the
electrolyte to penetrate into the interior of the anode.

The pores occurred during the electrochemical
dissolution of metal phase when the anode was polarized
or when the metal phase was oxidized, allowing the
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electrolyte to penetrate into the pores by capillary effect.
The relative density of anode was low (only 93.52%) and
the metal Ni content was high (17%). To restrain or
eliminate the aforementioned factors that diminish the
inert anode’s resistance to corrosion, the relative density
should be improved and the metal content decreased.
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Fig. 2 XRD patterns of corroded anode layer on surface of
anode cermet 17Ni/(NiFe,O4,—10NiO): (a) Exact composition;
(b) Crystal face

The post-testing SEM images of 10Cu/(NiFe,O4—
10NiO) and 10(Ni—Cu)/(NiFe,O4,~10NiO) anodes are
presented in Fig. 3. The loss of Cu in the 10Cu/(10NiO—
NiFe,0,) cermet anode was severe, with about 300 pm
in thickness of metal being lost from the surface layer.

Fig. 3 Backscattered SEM images on bottom of cermet inert
anode: (a) 10Cu/(NiFe,O4,—10NiO); (b) 10(Ni—Cu)/(NiFe,04—
10NiO)
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In contrast, only 50 um in thickness of Cu disappeared
from the surface layer of 10(Ni—Cu)/(NiFe,O,—10NiO).
According to the SEM images, the metal in the inert
anode was preferentially corroded during electrolysis and
many pores were produced, but the process had a smaller
effect on the 10(Ni—Cu)/(NiFe,04,—10NiO) anode,
implying that the corrosion resistance of cermet inert
anode doped with a Ni—Cu alloy was better than that of
the anode doped with Cu.

3.2 Preferential corrosion of Fe

Table 1 shows the results of energy dispersive X-ray
spectroscopy in the core and on the surface of the anode
after anodic electrolysis at 960 °C for 10 h. The average
mole ratio of Fe to Ni was obtained by scanning five
points in the region. The mole ratio of Fe to Ni of surface
layer was lower than that of the core region, and the
mole ratio of Fe to Ni in the NiFe,O4 phase was much
higher than 2. These phenomena suggest that the
preferential corrosion of Fe in the NiFe,O, and NiO
phases during electrolysis may be an interaction result of
chemical corrosion and electrochemical corrosion.

Table 1 Fe to Ni mole ratios of NiFe,O4 and NiO phases
distributed in core and near surface after anodic electrolysis at
960 °C for 10 h

S ) In core Near surface
ample -

NiFe,0, Ni0  NiFe;0 Nijo
NiFe,0,~10NiO 2.89 0.34 2.59  0.21

17Cu/(NiFe,0O,~10NiO)  2.31 0.24 226 0.16

17(10Ni—Cu)/
(NiFe,0,~10NiO)

15(20Ni~Cu)/
(NiFe,0,~10NiO)

2.55 0.18 233 0.12

281 0.18 246 0.16
0.25Yb,05~15(20Ni~Cu)/
(NiFe,0,~10NiO)

0.50Yb,05—15(20Ni—Cu)/
(NiF62047 1 ONIO)

0.75Yb,05—15(20Ni—Cu)/
(NiF62047 1 ONIO)

2.80 0.23 249 0.16

2.71 0.16 241  0.12

2.78 0.20 245  0.12

1.0 Yb,05-15(20Ni—Cu)/

(NiFe,0,~10NiO) 2.35 0.41 220 0.28

The selective electrochemical dissolution of Fe?',
Fe*" and Ni*" in the NiFe,O, phase is shown in Egs.
(3)—(5). The electrochemical corrosion also enhanced the
vacancy concentration of crystal structure and provided
AT for the cathodic reaction.

Nil_xFexF6204 + 2x/3A1F3 =
Ni,_Fe,0,  +xFeF, + xO+2x/3AI +2xe  (3)
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Nij_ Fe,Fe, O 3,00+

yFeF,; +3y/20 + yAI** +3ye 4)
Ni,_ Fe Fe,0, +2y/3AIF, =

Ni_,_,Fe Fe,0,_, + yNiF, +

yO+2y/3A1" +2ye (5)

In the chemical corrosion, because of the higher
saturated concentration of FeO relative to Fe,O; in the
electrolyte [19], the Fe?' in the NiFe,O,4 phase may
dissolve more easily than the Fe’'. The dissolution
reactions of two substances are given in Egs. (6) and (7),
respectively.

Ni;_,Fe,0,_, + xFeFE, + x/3Al1,0, (6)

Ni,_ . Fe,0,_, + yAIF;, =
Nil,xFez,yO4,x,3y/2 + yFeE; + y/2A1,04 7

3.3 Formation mechanism of dense NiFe,O4—
NiALO,—FeAlL,O, layer on surface of cermet
inert anodes

Figure 4(a) indicates that although NiFe,O, was
precipitated on the surface of the NiO phase, the

NiFe,04,—NiO phase interface was very clear. Figure 4(b)

shows that after 10 h of electrolysis the NiO phase was

gradually dismembered and engulfed by the NiFe,O,4
phase, and the NiFe,0,—NiO phase interface became
indistinct. To further understand why this occurred, the
microstructure of anode after 40 h of electrolysis was
investigated. Figure 5 shows that a 80 pm-thick dense
layer without NiO or a metal phase appeared on the
energy dispersive X-ray
spectroscopy (EDX) of anode surface demonstrated that
this dense layer contained Al but not Na and F, which

surface of anode. An

suggested that the disappearance of NiO was related to
the interaction of NiFe,O, phase and Al,O; dissolved in
the electrolyte. Figure 6 shows the XRD pattern of the
dense layer on the surface of the 15(20Ni—Cu)/
(NiFe,04—10NiO) cermet after electrolysis for 40 h. As
diffraction peaks of NiALO, and FeAl,O, were
overlapped, components corresponding to diffraction
peaks were NiAl,O, and FeAL,O,.

Clearly, electrochemical factors caused the
formation of dense NiFe,O,—~NiAl,O,—FeAl,O4 layer on
the surface of inert cermet anodes. In cryolite electrolyte
that contained a relatively high concentration of Al,O;,
the NiAl,O, and FeAl,O, spinel phases formed through
the anodic discharge reaction of a complex anion [20]
that included oxygen in the NiO—electrolyte and
FeO—electrolyte interface (see Egs. (8) and (9)). At the

fmk‘f X3, 000 Spm 0001 O1VAPRI03

Fig. 4 SEM images of core and surface of NiFe,O,-based
cermet after electrolysis at 960 °C for 10 h: (a) NiFe,O4—
10NiO (core); (b) 18.75(20Ni—Cu)/(NiFe,0,~10NiO) (surface)

(b) Element wi% x/%
O 0 24.66  52.86
Al 250  3.18
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Fig. 5 SEM image (a) and EDX result (b) of 15(20Ni—Cu)/
(NiFe,0,~10NiO) cermet after electrolysis at 960 °C for 40 h
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Fig. 6 XRD pattern of dense layer on surface of 15(20Ni—Cu)/
(NiFe,O4—10NiO) cermet after electrolysis for 40 h

same time, the Fe’" in the NiO phase was oxidized by the
oxygen generated during electrolysis process and then
precipitated on the surface of original NiFe,O4 (see
Eq. (10)). Solid-state homogeneous diffusion occurred
among NiAl,O4, FeAl,O4and NiFe,O,4. Sequentially, the
NiFe,0, in the NiO phase gradually extended and then
connected with the original NiFe,O,4 grains, finally the
Fe content in the NiO phase decreased.

The density of NiO phase (6.81 g/cm®) was greater
than that of NiALO, (4.58 g/cm’), NiFe,0, (5.37 g/em?)
or FeAl,0,(4.39 g/cm’) phase. Thus, reactions (8)—(10)
transformed materials with a relatively high density into
materials with a relatively low density, which suggested
that the solid materials expanded in volume. This
expansion overcame the porosity caused by the
dissolution of metal phase, resulting in the production of
dense NiFe,0,~NiAl,O,—FeAl,O4 layer on the anode
surface.

3AL,0,F;” + NiO = NiAL,O, + O+ 2ALOF. " +2¢  (8)
3AL,0,F; +FeO = FeAl,O, + O+ 2ALOF? +2¢  (9)
Ni,_ Fe O+ y0 = (1-3y)Ni,Fe,0+ yNiFe,0,  (10)
where a=(1—x—y)/(1-3y) and b= (x'-2y)/ (1-3y).

4 Conclusions

1) SEM analysis shows that the metal in the inert
cermet anodes is preferentially corroded during
electrolysis and many pores on the surface are produced.
The corrosion resistance of cermet inert anode doped
with Ni—Cu alloy is better than that of the anode doped
with Cu.

2) In the process of electrolysis, the mole ratio of Fe
to Ni in the NiFe,O, and NiO phases decreases to some
extent, and the corrosion dissolution of Fe occurs due to
the chemical corrosion and electrochemical corrosion.

3) The gradual disappearance of NiO phase and the
formation of a dense NiFe,O, phase containing Al
originated from the NiO phase reaction with Al,O; in the
electrolyte, which produces NiAl,O4and FeAl,O, phase.
New oxidation of Fe’" in the NiO phase results in the

formation of NiFe,O, phase. Finally, a dense
NiAlL,O4—FeAl,O,—NiFe,O, layer is produced by
solid-state  homogeneous diffusion and volume
expansion,
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