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a b s t r a c t

An in-situ formed three-layered scale consisting of a Cu-rich layer and two oxide layers on the surface of
Ni10Cu11Fe alloy enables an inert anode for oxygen evolution reaction in molten Na2CO3-K2CO3. The
outermost layer is mostly NiFe2O4, the middle layer mainly consists of NiO, and the innermost is a Cu-
rich metal layer. The dense NiFe2O4 layer is resistant to molten salts and prevents O2� diffusing in-
wards, the middle NiO layer conducts electrons and functions as a buffer layer to increase the mechanical
robustness of the whole scale, and the third copper-rich layer could help to slow down the oxidation rate
of the alloy. This low-cost inert anode with a multi-layered scale is able to survive for more than 600 h in
molten Na2CO3-K2CO3 electrolysis cell, generating O2 and thereby enabling a carbon-free electro-
metallurgical process.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With the exception of noble metals (e.g., Au, Pt, Ir, etc.), a
corrosion-resistant oxide layer is requisite for pure metals and al-
loys surviving as an anode in a high-temperature atmosphere or
oxide-ion containing molten salts. Low-cost transition-metal alloys
have been considered as promising inter anode candidates in
molten-salt electrolysis cells, such as Hall-H�eroult [1,2], FFC Cam-
bridge [3e5], molten oxide electrolysis [6e8], molten carbonate
electrolysis [9e12]. The vector of electrochemical metallurgy points
towards green process development featuring low energy con-
sumption and zero-emissions. Therefore, a low-cost inert anode is
key to accomplishing an environmentally sound electrolysis pro-
cess, without producing CO2 and toxic byproducts, but generating
oxygen.

In addition to the widely used molten halide electrolytes in the
current electrolysis industry, molten carbonate has been in the past
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few years found to be an electrolyte capable of producing iron,
nickel, and cobalt and oxygen with a low-cost Ni10Cu11Fe inert
anode [10e12]. Unlikemolten halide electrolytes, molten carbonate
has a narrow electrochemical window but less corrosivity. Besides
ceramics and cermets, metallic inert anodes are promising candi-
dates due to their low cost, high electronic conductivity, ease of
fabrication, excellent thermal shock resistance, and mechanical
robustness [13]. Amongst the metallic inert anodes, the nickel-
based alloys have been intensively studied due to their low cost,
mechanical robustness and formation of a nickel ferrite coating
[14e23]. Generally, transition metals and their alloys can be
oxidized prior to the oxygen evolution because of their lower
electronegativity than oxygen. In order to make the low-cost
transition metallic alloys work as inert anodes, a dense and elec-
trically conductive oxide layer on the surface of the alloys should be
constructed to protect the bulk metal anode and subsequently
enable oxygen evolution [24]. After the electrically conductive ox-
ide layer forms, the oxygen evolution reaction takes place at the
interface of the oxide layer and electrolyte, providing electrons to
the metallic anode underneath the oxide layer, and then the elec-
trons are transferred through the external circuit to the cathode for
reduction reactions. Therefore, constructing a dense and stable
protective oxide layer, while maintaining its electrical conductivity,
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Fig. 1. Standard potentials of the half reactions versus oxygen evolution potential at
750 �C, all thermodynamic data are obtained from HSC Chemistry 6.
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oxygen catalytic activity, mechanical robustness and an appropriate
thickness, is crucial to the success of the metallic inert anode.

Direct electrochemical formation of a functionally protective
oxide scale on the surface of alloys is a straightforward approach,
taking advantage of electrochemical corrosion of metal anode in a
short term and thereby enabling a long-term stability. Herein, the
electrochemical growth of the protective oxide scale and its
structure are studied to reveal the oxide growth process and
structures, which allows us to have a better understanding of the
electrochemical corrosion mechanism of Ni10Cu11Fe in molten
carbonate, and thereby inspiring future inert anode development.

2. Materials and methods

2.1. Materials and experimental setup

Ni10Cu11Fe anode was fabricated by casting the mixed nickel,
copper and iron powders (79:10:11 in mass ratio, analytical purity
(>99.9%), Sinopharm Chemical Reagent Co. Ltd., China) in an
alumina crucible (20mm in inner diameter) protected in an Ar
atmosphere at 1600 �C, and the alumina crucible was heated by a
MoSi2 pole furnace. A porous Fe2O3 pellet was attached to an iron
wire (2mm in diameter) working as a cathode, and the as-prepared
Ni10Cu11Fe was employed as an anode for electrolysis [10]. The
electrolysis cell was contained in an alumina crucible containing
500 g anhydrous Na2CO3-K2CO3 (59:41 in molar ratio, analytical
purity (>99.9%), Sinopharm Chemical Reagent Co. Ltd., China), and
the salt was dried in air at 250 �C for 48 h in a closed-end sealed
stainless steel (SS) reactor. Then the temperature of the SS reactor
was raised to 750 �C to melt the salt with the protection of Ar flow.
Pre-electrolysis was performed under a constant cell voltage of
1.8 V between a Ni10Cu11Fe alloy anode and a foamed nickel
cathode for 2 h to further remove residual water and, if any, other
impurities from the molten salts.

2.2. Electrochemical measurements

Cyclic voltammetry (CV) measurements were conducted in a
three-electrode setup controlled by a CHI1140a electrochemical
workstation (Shanghai Chenhua Instrument Co. Ltd., China). Nickel,
iron, copper, platinum wires (1mm in diameter, Alfa Aesar), and
Ni10Cu11Fe alloy were respectively employed as a working elec-
trodes, with a graphite rod (6mm in diameter) counter electrode
and a Ag/Ag2SO4 reference electrode. The onset potential begins at
open circuit potential (OCP). The reference electrode was made by
inserting a silver wire (2mm in diameter) into a eutectic carbonate
melt (Li2CO3:Na2CO3:K2CO3¼ 43.5: 31.5: 25mol %) containing
Ag2SO4 (0.1mol/kg) in a mullite cylinder. Electrochemical imped-
ance spectroscopy (EIS) tests were conducted to test the conduc-
tivity of the formed oxides coating of Ni10Cu11Fe anode by an
electrochemical workstation (Autolab 302 N, Metrohm), and the
excitation ac signal with amplitude of 5mV in a frequency domain
from 1Hz to 10 kHz was applied and the DC potential was
controlled at the open circuit potential. The Ni10Cu11Fe rod served
as working electrode, an iron sheet (3 cm� 4 cm) was used as a
counter electrode, and the Ag/Ag2SO4 was the reference electrode.
All experiments were performed under the proctection of high
purity argon flow (>99.999%).

2.3. Oxide scale formation and characterization

A two-electrode electrolysis cell consisting of a sintered Fe2O3
pellet cathode, the casted Ni10Cu11Fe anode, and amolten Na2CO3-
K2CO3 electrolyte was assembled in the SS test vessel to in-situ form
an oxide scale and test the stability of the inert anode covered with
the oxide scale. The electrolysis cell was operated under constant
cell voltage and controlled by a battery testing system (Shenzhen
Neware Electronic Ltd., China). After the Fe2O3 pellet cathode was
completely reduced to Fe, new Fe2O3 pellets were refilled at regular
intervals to supply O2� and enable the anode to work under certain
current densities with the same electrolyte and anode. The resis-
tance of the anode under different electrolysis durations was
measured by EIS. After electrolysis, the grown protective layer on
the surface of the anode was cross-sectioned and analyzed by
scanning electron microscopy (SEM, FEI Sirion field emission,
including second and backscattered electron imaging), X-ray
diffraction spectroscopy (XRD, Shimadzu X-ray 6000 with Cu Ka1
radiation at l¼ 1.5405Å) and energy-dispersive X-ray spectros-
copy (EDX, EDAX GENESIS 7000). The outlet gas from the elec-
trolysis chamber was analyzed by gas chromatography (GC)
(Shanghai Kechuang).

3. Results and discussion

3.1. Thermodynamic analysis

The theoretical electrochemical window of molten Na2CO3-
K2CO3 is 2.34 V at 750 �C, and the anodic and cathodic limit re-
actions are oxygen evolution and sodium deposition, respectively. If
an inert anode was made of noble metal, like platinum, is
employed, oxygen can be generated at the anode. Thermodynamic
data of the molten carbonate systemwere analyzed in detail by Van
et al. [25]. Thermodynamically, the transition-metal will be
oxidized in molten carbonate under anodic polarization. The Gibbs
free energy of the anodic reactions of Ni, Fe and Cu in molten
Na2CO3-K2CO3 was obtained from HSC Chemistry 6. The standard
dissociation potentials of the reactions are calculated from the
Nernst equation (DG¼ -nFE, the chemical activity of all species is
assigned as unity, n is the number of transferred electrons, and F is
the Faraday constant). As shown in Fig. 1, the oxides scale could
form on the surface of Ni, Fe and Cu electrodes prior to oxygen
evolution. Among these three metals, iron oxides preferentially
form, then nickel oxide forms, and copper oxides form lastly. At the
very beginning of electrolysis, the electrochemical oxidation of
anode takes place at the alloy/electrolyte interface. Afterwards, the
oxides grow at alloy/oxides interface, and simultaneously com-
pounding reactions could occur inside the oxide scale and further
oxidation could give rise to the formation of the spinel NiFe2O4 at
the scale/metal interface. There are two kinds of reactions taking
place spontaneously. One reaction is named a displacement



Fig. 2. Cyclic voltammograms of the iron (a), platinum (b), nickel (c), copper (d), iron (e) wires, and Ni10Cu11Fe rod (f) in Na2CO3-K2CO3 eutectic melt at 750 �C. Scan rate: 2mV/s.
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reaction: for example, the Fe can displace Ni and Cu from NiO and
Cu2O/CuO, and Ni and Fe can displace Cu from copper oxides while
generating iron- and nickel-oxides. Another reaction happening
inside the oxide layer is called compounding reaction, such as Fe2O3
reacting with NiO to form NiFe2O4. Note that, the displacement
does not contribute to the growth of the oxide scale. To achieve a
long-lasting metal anode, these two kinds of reactions should stop
when a protective layer reaches a proper thickness. Otherwise the
oxide layer will continuously grow and the monolithic body of the
alloy anode will be oxidized completely in the end. Therefore, the
structure and component of the protective layer are crucial to
maintain the stability and functionality of the inert anode.
3.2. Electrochemical behaviors of the metal electrodes

The anodic behaviors of Ni, Fe, Cu, Ni10Cu11Fe alloy, and Pt were
investigated by cyclic voltammetry to study their electrochemical
oxidation processes. In molten Na2CO3-K2CO3 electrolyte, the
cathodic limit on the pure ironworking electrode is �2.0 V (Fig. 2a)
(unless otherwise noted, all potentials mentioned in this paper
refer to the Ag/Ag2SO4 reference electrode), and the anodic limit on
the Pt working electrode is ~0.4 V (Fig. 2b) corresponding to oxygen
evolution. The electrochemical window of molten Na2CO3-K2CO3 is
2.4 V which is obtained by the potential difference between anodic
and cathodic limits. The electrochemical window obtained by CV is



Fig. 3. (aeg) Images of nickel rod served as anode before (a) and after for 3 h (b) and 20 h (c), and Ni10Cu11Fe rod before (d) and after served as anode for 5 h (e), 12 h (f) and
150 h (g). (h) XRD patterns of the oxide layers from the Ni and Ni10Cu11Fe. (i) Gas chromatography spectrum of the outlet gas before and during electrolysis using the Ni10Cu11Fe
anode.
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only 0.06 V higher than that calculated by thermodynamic data,
which may be due to the overpotential or lower oxygen pressure
less than 1 atm. For the Ni electrode, obvious oxidation starts
at �0.15 V. As the potential is polarized to ~0.43 V, a significant
current increase is due to the oxygen evolutionwhich is in linewith
the Pt electrode. In the second scan, oxidation of Ni is negligible
because a NiO layer has formed in the first scan, indicating the pre-
formed NiO layer is a good electronic conductor because no sub-
stantial rise in overpotential for oxygen evolution was observed in
the second and third scans. For the copper electrode (Fig. 2d), the
oxidation starts at �0.1 V, and two oxidation peaks should be
related to the formation of Cu2O and CuO. In the second and third
scan, a small oxidation peak still exists, indicating that the pre-
formed oxide layer is porous. For the iron working electrode
(Fig. 2e), two anodic peaks should correspond to the formation of
FeO and Fe2O3/Fe3O4. For the Ni10Cu11Fe alloy working electrode,
significant oxidation peak was observed prior to the oxygen evo-
lution on the first cycle (Fig. 2f). No distinguishable oxidation peaks
suggest that alloy exhibits different oxidation behaviors from that
of the pure Ni, Cu and Fe. As the scanning cycle increases, the
oxidation peak becomes smaller and smaller and finally reaches a
stable state after ten cycles, suggesting that the oxidation film be-
comes denser and denser but without causing higher overpotential
for oxygen evolution. The growth of the protective layer and the
possible reactions that occurred in the oxide layer will be analyzed
and discussed later.
3.3. Anode products analysis

Based on the results of CV, a pure Ni (diameter: 8mm, Fig. 3a)
and a home-made Ni10Cu11Fe rod (diameter: 20mm, Fig. 3d) were
respectively employed as anodes, coupling with an Fe2O3 cathode
to test their stability and anodic products. Three hours later, a layer
of khaki film was observed on the surface of Ni (Fig. 3b). The film
was then confirmed to be NiO (Fig. 3h). A serious crack was
observed at the gas/electrolyte interface of the Ni anode after 20 h
(Fig. 3c), indicating that the formed NiO layer is not mechanically
robust. In spite of the crack, the NiO does not dissolve in the molten
salt, implying that the NiO is a stable layer to protect metals except
for its fragility.

Then the Ni10Cu11Fe was employed as an anode in molten
Na2CO3-K2CO3 to test its performance. After 5 h, the metallic
shining alloy (Fig. 3d) became grey and partially yellowish (Fig. 3e).
As the electrolysis duration increased to 12 h, the anode part
immersed in the melt became grey (Fig. 3f). A uniform and smooth
coating formed on the surface of the Ni10Cu11Fe after 150 h
(Fig. 3g). The electrolyte/gas interface at the anode disappears as
the increase of electrolysis duration, demonstrating that the
Ni10Cu11Fe is quite stable. The grey layer on the surface of the
Ni10Cu11Fe anode consists of NiO and NiFe2O4 (Fig. 3h). Thus,
NiFe2O4 undoubtedly leads to the mechanical robustness of the
oxide layer. Moreover, NiFe2O4 has been demonstrated to be an
excellent inert anodematerial in molten salt [16,17]. Along with the
unchanged dimension of the anode, the oxygen gas was collected



Fig. 4. (aec) Cross-sectional SEM images of the Ni10Cu11Fe anode after 100 h (a), 200 h (b) and 600 h (c) electrolysis, area A, B, C are respectively denoted as the bulk metal, oxide
layer and epoxy layer. (d) The profile of the thickness of oxide layer with the electrolysis duration.
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by a GC instrument (Fig. 3i), further confirming the Ni10Cu11Fe is
an inert anode capable of producing oxygen.

3.4. Analysis of the in situ formed oxide scale

The structures and compositions of the oxide scale are crucial to
interpreting the function of the inert anode. As shown in Fig. 4aec,
a robust oxide layer grew on the surface of the alloy anode, and the
thickness of the oxide layer increases with increasing electrolysis
duration. A 65-mm-thick oxide layer formed after 100 h electrolysis,
and the thickness of the layer grows to 85 and 100 mm after 200 h
and 600 h, respectively.
Fig. 5. SEM images of the surface of bare Ni10Cu11Fe (a) the inner side of the laye
As shown in Fig. 4d, the growth rate of the oxide layer tends to
be slower with increasing electrolysis duration. After 600 h, the
growth rate becomes very slow and the thickness of the oxide layer
with time can be expressed as follow

L ¼ 102:2�
�
1� exp

�t
156

���
(1)

where L is the thickness (mm), and t is the duration of the elec-
trolysis (h). According to Eqn (1), the estimated maximum thick-
ness of the oxide coating should be less than 102.2 mm. In general,
the growth of the oxide film takes place at the interface of metal/
r (after serving for 600 h) (b) and the outer side contacting the electrolyte (c).
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oxide, and growth rate of the oxide film depends on the diffusion
rate of oxygen ion in the oxide layer and the metal out from the
bulk alloy [27e29]. At the beginning, a porous oxide layer allows
oxygen penetrationwith consequent reactionwith the alloy. As the
electrolysis proceeds, not only does the thickness of the oxide layer
increase, but also other reactions among the oxide layer and metal
take place to make a denser layer, resulting in a long path and slow
diffusion rate for oxygen ions. As a consequence, the growth rate of
the oxide layer is minimized or, ideally, becomes zero, forming a
desired coating for a metallic inert anode. According to the SEM
image (Fig. 4aec), the outermost layer seems to become denser and
denser, leading to a better layer for blocking oxygen. The
Fig. 6. (a) SEM image (backscattered electron imaging), overlap image of SEM image an
Ni10Cu11Fe served as an anode for 600 h.

Fig. 7. (a) SEM images of the cross section of Ni10Cu11Fe served as an anode for 600 h, and
references to colour in this figure legend, the reader is referred to the Web version of this
microstructure of the Ni10Cu11Fe has been reported by Cheng et al.
[26]. Before anodization, the surface of the alloy is quite smooth
(Fig. 5a). A typical spinel structure was detected from the inner side
of the oxide layer (Fig. 5b) and it should correspond to NiFe2O4
which has been confirmed by XRD observation. On the other sur-
face of the layer, no typical crystalline structure, or sharp edge, was
observed (Fig. 5c), but some particles with smoother surface were
found because this surface directly contacted the electrolyte and
was used for oxygen evolution. Importantly, both surfaces of the
oxide layer are dense, favoring a good barrier to block oxygen.

The structure and element distribution were analyzed in more
detail by SEM (backscattered electron imaging) and elemental
d elemental distribution mapping (b), (cef) the elemental distribution maps of the

(b) EDS linear analysis across the oxides layer (red line in a). (For interpretation of the
article.)



Fig. 8. Resistance of an anode with oxide scale of different thicknesses.
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mapping analysis (Fig. 6aef). The oxide layer can be divided into
three regions, from the inner to outer, which are denoted as Cu-rich
region, Ni-rich region and Fe-rich region. Note that the Fe rich re-
gion is the densest layer which is advantageous for blocking oxy-
gen. It is also of great interest to know compositions of each region
and how Ni, Fe and Cu are separated in the oxide layer.

Chemical composition of the selected areas was quantitatively
tested by EDS (Fig. 7 and Table 1). The composition of the bulk
metal denoted as area-1 (Fig. 7a) matches the experimentally
designed composition (note that the oxygen is hard to quantita-
tively measure by EDS). Area-2 covering the interface of metal/
oxide shows a higher concentration of Cu but a lower concentration
of Fe and Ni comparing with the primitive composition of the bulk
Ni10Cu11Fe alloy. In the middle of the oxide layer, area-3, oxygen
concentration remarkably increases while copper concentration
dramatically drops and iron concentration increases a little
compared to area-2. The outside of the oxide layer, area-4, contains
the highest iron concentration, and the copper concentration is still
low while the Ni concentration decreases. Note that the atomic
ratio of Fe and Ni in area-4 is close to 2 (Table 1), alongwith the XRD
analysis, confirming that the dense outside layer is NiFe2O4. In the
middle the oxide layer, NiO is a dominating compound with a small
amount of NiFe2O4. A thin copper-rich layer lies between the bulk
metal and NiO layer. Overall, a three-layer coating (Cu/NiO/
NiFe2O4) is in-situ formed to protect the alloy anode and enable
oxygen evolution. As shown in Fig. 7b, the thicknesses of the Cu,
NiO and NiFe2O4 layers are ~20 mm, ~50 mm, and ~30 mm, respec-
tively. More detailed information about the growing process and
mechanism of different layers need more efforts in the future.

The electrical conductivity is another important criterion for
selecting alloy anode with an oxide coating. EIS measurements
were conducted tomeasure the resistance of the Ni10Cu11Fe anode
in molten Na2CO3-K2CO3 at 750 �C. Before electrolysis, the overall
resistance of the anode and electrolyte is about 0.024U cm2. After
100 h electrolysis, the overall resistance of the anode, oxide layer
and electrolyte is about 0.045U cm2, illustrating that the increase of
0.021U cm2 is due to the oxide layer formed on the anode. After
300 h and 600 h, the resistance increases to 0.051U cm2and
0.054U cm2, respectively, corresponding to the resistance of the
oxides layer of 0.027U cm2 (300 h) and 0.03U cm2 (600 h)
(assuming the resistance of the alloy is constant during electrol-
ysis). Together with the thickness and surface area of the anode, the
electrical conductivities of the oxide layer obtained for 100, 200 and
600 h are 0.22, 0.17 and 0.15 S cm�1, which are calculated by Ohm's
Law (the surface area is ~15 cm2 and thickness of the layer is ob-
tained from SEM images). The electrical conductivity of the oxide
coating is close to that of pure NiFe2O4 reported by Liu et al. [18],
further confirming that the oxide coating will not result in high
internal resistance voltage drop. The overall resistance of the anode
with a 100-mm-thick oxide coating is 0.03U cm2 and the resistance
varies linearly with the thickness of the oxide coating (Fig. 8). The
expected maximum thickness of the oxide coating is ~102 mm,
corresponding to a maximum resistance of ~0.0308U cm2. Since
the boundaries of the multi-layers cannot be accurately distin-
guished, the contribution of the resistance from each layer of the
scale is not given here.
Table 1
Elemental analysis of selected areas in Fig. 7.

Atomic ratio Bulk metal (1) Layer 1 (2) Layer 2 (3) Layer 3 (4)

Ni 76.8 72.2 59.7 23
Fe 10 3.3 5 48
Cu 10.6 20.4 0.4 0.4
O 2.6 4 34.9 28.7
The schematic of the three-layered scale coated Ni10Cu11Fe
anode is shown in Fig. 9. To understand the mechanism of forming
the three-layer coating is worthwhile for designing and screening
materials for inert anode development. The formation of the three-
layered structure should involve the process of element diffusion
and separation, and the driving force of the diffusion and/or
migration correlates to the chemical and/or electrochemical re-
actions happening at the interfaces and inside of the oxide layers.
At the very beginning of the electrolysis, all Ni, Fe and Cu will be
oxidized together, generating the oxide layer and metal/oxides
interface. Because the anode was constantly polarized to enable
oxygen evolution, the oxides at the outmost surface should be at
the highest oxidation state. Beneath the surface oxide layer, a
compounding reaction, like Fe2O3 reacting with NiO to form amore
stable NiFe2O4 occurs. At the interface of the metal/oxides, a
displacement reaction spontaneously takes place. As the Fe is the
most reactive metal in the alloy, Fe will diffuse out from the alloy to
displace Ni and Cu from NiO and CuO/Cu2O, resulting in the out-
ward diffusion of Fe and inward diffusion of Ni and Cu [30e33]. As
the electrolysis proceeds, the oxide layer continuously grows and
gradually forms a three-layered structure. When the oxide is thick
and dense enough to prevent oxygen ion from reacting with the
Fig. 9. Schematic of the three-layer scale coated Ni10Cu11Fe anode.
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bare metal, a stable oxide layer functions as a protecting layer and
enables oxygen evolution. In a word, the dense outer NiFe2O4 layer
is used for oxygen evolution and electrolyte permeation inside,
while the middle NiO layer conducts electrons and blocks the ox-
ygen ions together, as does the NiFe2O4 layer. The copper-rich layer
could decrease the oxygen pressure inside the scale, resulting in
reducing the driving force for the generation of iron- and Ni-oxides
and thereby slowing down the growth rate of the oxide scale.

4. Conclusions

The Ni10Cu11Fe alloy was proved to be a cost-effective and
long-lasting inert anode in a Na2CO3-K2CO3 eutectic melt, pro-
ducing oxygen and extracting metals from oxide precursors
without greenhouse and toxic gas emissions. Three layers, from the
inside to outside, are, respectively, Cu, NiO, and NiFe2O4, formed on
the surface of the Ni10Cu11Fe anode. This anode protected by an in-
situ formed three-layered coating is able to survive in molten car-
bonate for more than 600 h. This three-layered structure, first
revealed here, is key to the excellent performances of the anode.
Moreover, the multilayer-structure coating could also be employed
for developing low-cost alloy inert anodes for other high-
temperature electrolysis cells, such as the Hall-H�eroult cell, and
this electrochemical oxidation approach in molten carbonates
could be used for surface engineering at high temperatures.
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