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Abstract: Greenhouse gases emitted by the aluminum electrolysis industry have brought great
challenges to environmental protection. To address this problem, understanding the micro-generation
mechanism of greenhouse gases in the electrolysis process is of great significance to their source
suppression. Based on the first principles calculation method, the formation paths of CO, CO2 and
COF2 during normal electrolysis were obtained by studying the adsorption behavior of oxygen and
fluorine complex anions (short for [O]2−, [F]−) on the anode surface in cryolite alumina molten salt.
The calculation results indicate that the O and F atoms prefer to adsorb at bridge site 1 of Model A,
with the adsorption energies of −4.82 eV and −3.33 eV. In the [O]2− priority discharge stage, Path
3 is the most likely path for CO2 generation, while in the [O]2−, [F]− co-discharge stage, Path 3 is
the most likely path for COF2 generation. It is deduced that the thermal decomposition of COF2 at
high temperature should account for the generation of CF4 with a low concentration of the so-called
non-anode effect PFC (NAE-PFC). Experiments were also conducted to verify the calculation by
disclosing the bonding information of C, O and F, which are in good accordance with the results
calculated by the first principle.

Keywords: aluminum electrolysis; greenhouse gases; micro-generation mechanism; first-principles study

1. Introduction

With the rapid development of aluminum electrolysis technology, environmental pres-
sure is increasing [1–4]. In 2020, China’s electrolytic aluminum industry carbon emissions
of 418 million tons accounted for 4.3% of China’s total carbon dioxide emissions. At the
same time, the aluminum electrolysis industry is the world’s largest perfluorocarbons
(-PFCs-) emission source, accounting for about 90% of the total PFCs emissions [5–8]. CO2
and PFCs are greenhouse gases, which are the main causes of global warming. CF4 and
C2F6 are high-greenhouse potential gases, and their greenhouse effect is 6500~10,000 times
the CO2 equivalent [9–12]. In the face of the increasingly severe global warming trend
caused by the greenhouse effect, China has promised to reach the peak of carbon emis-
sions in 2030, achieve carbon neutralization in 2060 and further strengthen the control of
non-carbon dioxide greenhouse gases [13–15].Therefore, it is of great significance to reduce
greenhouse gas emissions in the electrolytic aluminum industry, not only in response to
the theme of green and low-carbon development in China, but also in line with the concept
of a “community of shared future for humankind”, which lays a solid foundation for the
sustainable development of all humankind [16,17].

Greenhouse gases produced in aluminum electrolysis mainly come from a series of elec-
trochemical reactions occurring at the anode/electrolyte interface (electrochemical carbon
consumption accounts for about 80% of the total anode carbon consumption) [18–21].Since
the industrial application of the Hall-Heroult method, many scholars have studied the
electrochemical reaction process of carbon electrodes [22–25]. Ginsberg et al. [26] showed
that the anode gas in the current density region above 0.05 A/cm2 was almost 100% pure
CO2. Meanwhile the current density region below 0.05 A/cm2, more CO was produced. In
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addition to the composition of CO2 and CO during normal electrolysis, some other phe-
nomena have also attracted the attention of scholars. Thonstad et al. [27,28] reported that
there is a small amount of CF4 in the anode gas before the anode effect occurs. Researchers
also observed this phenomenon in industrial electrolytic cells, and found that CF4 was
produced when the local alumina concentration in the electrolytic cell was low, but C2F6
was not found [29,30]. This stage is obviously different from the anode effect stage, and it
lasts for a long time, and the content of CF4 is low (0.4~2%). Dorreen et al. [31] detected
COF2 gas before the anode effect occurred by a mass spectrometer, and they speculated
that the CF4 at this stage was produced by the thermal decomposition of COF2. Jarek [32],
Calandra [33] and Djoki et al. [34] studied the electrochemical behavior on a carbon anode
by electrochemical methods and pointed out that an oxidation current peak in the potential
scan map corresponded to the generation of COF2. However, direct evidence for the
existence of COF2 was lacking. Whether COF2 will be generated is currently controversial
in academic circles. Previous works generally used electrochemical methods to study car-
bon anode discharge mechanisms, while the electrochemical reaction at anode/electrolyte
interface is actually on a microscopic scale and it is difficult to use conventional methods to
study it, especially under high temperature and the strong corrosive molten salt system.

Based on the above-mentioned studies, to provide an insight into the mechanism
of greenhouse gas generation on an atomic scale, here, we carried out a first-principles
calculation to study the electrochemical reaction during normal electrolysis at the carbon
anode/electrolyte interface, and to determine the priority discharge sites of the anions and
the transformation of the anode structure after discharge. Moreover, a fluoride molten
salt experiment was carried out to characterize the interface structure of the anode after
electrolysis. By combining calculations with experiments, the formation mechanism of
greenhouse gases during normal electrolysis is discussed, providing a theoretical basis for
greenhouse gas reduction in the aluminum electrolysis industry.

2. Materials and Methods
2.1. First-Principles Calculation
2.1.1. Computational Hypothesis

There is a lack of theoretical methods to directly study the anode structure, ion move-
ment and charge transfer process of the molten salt system under the effect of electrode
polarization. In order to apply the existing quantum mechanical calculation methods to
study the anode electrochemical reaction process, it is necessary to make approximate
assumptions for the calculation:

• The total energy change of O or F of the Al-F complex ion [F]− and Al-O-F complex
ion [O]2− in molten salt moving from the electrolyte to the anode surface for discharge,
transferring charge and interacting with the anode is: ∆E = ∆Eef + ∆Eet + ∆Ebf, where
∆Eef is the work of the electric field to [O]2− and [F]−, ∆Eet is the energy change
caused by the electron transfer of the electric field to [O]2− and [F]− on the anode
surface, and ∆Ebf is the energy change of Oanode and Fanode formed by the interaction
of O and F atoms with the anode;

• The surface potential of the anode on an atomic scale is equal. When [O]2− and
[F]− with the same number of charges move from the inside of the electrolyte to any
position of the anode, the electric field does the same work;

• The energy changes in O and F decomposed from [O]2− and [F]− in the electrolyte
moving to the anode surface and forming Oanode and Fanode are the same as those of
[O]2− and [F]− moving to the anode surface and forming Oanode and Fanode.

Through approximate assumptions, it can be considered that the total energy change
∆E in [O]2− and [F]− transferred from the electrolyte to the anode surface and discharged
to form Oanode and Fanode only depends on the value of ∆Ebf. The discharge sequence of
[O]2− and [F]− at different sites on the anode surface depends on the relative energy of
Oanode and Fanode formed at specific sites. Therefore, we used the adsorption energy at 0 K
and Gibbs free energy at 1250 K to study the energy change in adsorbing.
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2.1.2. Build Model

The prebaked anode for electrolytic aluminum is actually a micro-crystal of graphite
with a layered structure, which is formed by the parallel accumulation of the basic structural
unit carbon hexagonal network. Lei Y et al. [35] showed that the inter-layer spacing of
graphite crystals is large and the inter-layer force is van der Waals force, which has little
effect on the adsorption of atoms on the graphite surface. Under the condition of ensuring
the reliability of calculation, this paper used the graphite fragment structure to replace
the large-scale lamellar graphite structure of the anode (Figure 1a). During the discharge
process of oxygen on the anode, oxygen ions first discharge on the edge and defect positions
of the graphite lattice after crossing the electric double layer, and adsorb on the surface
of the C atom to form a C=O group. The double bond adsorption of oxygen ions on the
graphite crystal is the most stable. On the basis of previous studies, in our mode (Figure 1b),
which is defined as Model A, the O atom was adsorbed on part of the edge of the graphite
lattice to form -C=O, and the rest of the edge was bonded with H to form a saturated state.
C and O atoms in Model A that may participate in the next step of the reaction were labeled
for subsequent description.
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Figure 1. (a) Typical micro-structure in anode; (b) calculation Model A.

2.1.3. Computing Method

The first-principles calculation in this paper was based on density functional theory
(DFT), using Dmol3 in Material Studio 2017 software (Accelrys Inc., San Diego, CA, USA).
According to the characteristics of the model and calculation efficiency, the GGA-PBE
function and DNP basis set were selected for calculation, and the calculation accuracy
was FINE. The self-consistent convergence conditions were as follows: the total energy
converges to less than 1 × 10−5 Ha, the force on each atom is less than 0.002 Ha/Å and
the convergence precision of displacement is 0.005 Å. The optimized C-C bond length is
0.142 nm, which is consistent with the standard bond length of the graphite structure. This
shows that the parameter values selected above can achieve good calculation results.

In order to study the adsorption behavior of oxygen and fluorine on the anode surface,
the adsorption energy was used to illustrate the bonding stability at different sites. The
calculation formula of the adsorption energy (Eads) was defined as

Eads = Etot − Eatom − EModel A (1)

where Etot is the total energy of Model A after oxygen/fluorine atom adsorption; Eatom
is the energy of an oxygen/fluorine atom; EModel A is the energy of Model A; Eads > 0
means an endothermic reaction and Eads < 0 means an exothermic reaction. The larger the
absolute value of Eads, the more stable the corresponding adsorption structure, and the
greater the possibility of the formation of this structure.
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In order to determine whether the reaction between oxygen/fluorine atoms and
the surface of the anode can occur spontaneously, Gibbs free energy of the reaction was
calculated to determine the direction of the reaction. The vibration analysis calculation
in Dmol3 can estimate the thermodynamic properties of the reaction. In this paper, the
influence of the reaction temperature was considered, and the correction thermodynamic
parameters at the electrolytic temperature of 1250 K were taken. The Gibbs energy barrier
calculation formula is as follows:

∆G = Gproduct − Greactant (2)

where Gproduct is the Gibbs free energy of the product, namely, the sum of electron energy,
zero-point vibration energy and corrected Gibbs free energy; Greactant is the Gibbs free
energy of the reactants; and ∆G > 0 means the reaction does not occur spontaneously,
while ∆G < 0 means the reaction can occur spontaneously at the specific temperature. The
greater the absolute value of ∆G, the greater the tendency of the reaction. According to
thermodynamic theory, the rate of elementary reaction at a given temperature depends
on the Gibbs energy barrier at that temperature. By comparing the Gibbs energy barrier,
the reaction rates of the elementary elements can be qualitatively determined, in order to
determine the relative rates between different reaction paths and the speed control steps.

2.2. High Temperature Molten Salt Experiment

A high-purity artificial graphite crucible (Hunan Huatuo Carbon Co. Ltd., Yiyang,
Hunan, China, commercial product) was used as a reaction cell, and the reaction electrode
was composed of a high-purity artificial graphite rod (d = 5 mm) and a pyrolytic boron
nitridtube (BN). The bottom end of the exposed electrode was dipped into the molten
salt as the electroactive surface, and the crucible consisted of 0.05 wt% Al2O3, 54.53 wt%
NaF and 45.42 wt% AlF3, which represents a cryolite–alumina molten salt with a cryolite
ratio of 2.4 (the molar ratio of NaF/AlF3), among which cryolite was synthetic cryolite
and alumina was an analytically pure experimental reagent. Before the experiment, the
required reagent was placed in a drying oven to dry for 24 h. After preparation, the
crucible with the electrolyte was put into the a self-made well furnace, and equipped with
CW-3100 temperature controller for heating. The MPS705 DC steady current and voltage
supply (0~60 V/0~20 A) is selected to control the constant voltage input. The experimental
temperature of electrolysis was 1273 K, the control current density was 1.0 A/cm2 and the
electrolysis lasted for 1.5 h. The anode was removed from the electrolyte before electricity
black-out to minimize the adhesion of the electrolyte to the surface of the anode. The
surface of the electrolyzed graphite anode was cut after air cooling. The sample surface was
analyzed by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS), respectively, in order to obtain the surface morphology of the graphite electrode and
the chemical valence states of each element.

3. Results and Discussion

During the electrolysis process, [O]2− and [F]− are always involved in the anode
reaction, whether it is to generate carbon oxides or fluorocarbon compounds, but the
discharge priorities of the two are different. Since the discharge potential of oxygen is
lower than that of fluorine, [O]2− will preferentially cross the double electric layer of the
electrode and then discharge and adsorb on the surface of the carbon anode. The carbon
anode will be gradually oxidized and generate CO and CO2. This stage is called the [O]2−

preferential discharge stage, and the reaction diagram is shown in Figure 2a. When the
concentration of Al2O3 near the anode decreases gradually, the number of fluorine ions in
the complex ions increases relatively, leading to the possibility of [F]− discharge. When [F]−

discharges, the anode has been consumed due to the previously released CxO, meaning the
reaction interface is not smooth and the electrode surface is covered with CxO compounds.
In this case, [F]− may continue to discharge on CxO to generate fluorocarbons. This stage is
called the [O]2−, [F]− co-discharge stage, and the reaction diagram is shown in Figure 2b.
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3.1. Reaction at [O]2− Preferential Discharge Stage

There are three high symmetric adsorption sites on graphite, the top site, the bridge
site and the hollow site, which are directly above the positions of carbon atoms, carbon-
carbon bonds and hexagonal carbon rings, respectively. The possible adsorption sites on
Model A are divided into five sites: two top sites of T1 and T2, two bridge sites of B1 and B2,
and a hollow site of H, as shown in Figure 3. When the O atom is adsorbed on the anode
surface, the adsorption energies of T1, T2, B1, B2 and H are −4.21 eV, −3.28 eV, −4.82 eV,
−2.97 eV and −4.82 eV, respectively. The calculation results of the adsorption energies
of B1 and H are similar, and the configuration formed after adsorption is the same. This
indicates that no matter whether the O atom is in the hollow site or the B1 site, C1-C2 in
the original O1=C1-C2=O2 structure will break and form a new O1=C1-O-C2=O2 structure.
When the O atom is at the T1 site, the C1-C3 bond in the original O1=C1-C3-C6 structure
will break and a new O1=C1-O-C3-C6 structure will be formed. When the O atom is at the
B2 site, it may attach to a C atom in the middle of the original carbon ring to form a -C3-O
single bond. When the O atom is at the site of T2, it may attach to the two C atoms in the
middle of the original carbon ring, forming a C3-O-C6 bond. Based on the adsorb energy,
the adsorption preference of the O atom at different sites is B1 = H > T1 > T2 > B2.

The preferential adsorption sites of the O atom were analyzed from the perspective
of electronic structure. The density of states of the O atom adsorbed at different sites on
the surface of Model A and the projected density of states of the O atom before adsorption
were calculated, as shown in Figure 4. Both 2s and 2p orbitals of oxygen shift toward
lower energy levels after adsorption, which reduces the energy of the O atom, so the O
atom after adsorption is more stable. By integrating the density of states curves of O atoms
after adsorption on different sites and setting the upper limit at Fermi level (shown by the
dashed vertically line in the figure), it is found that the integral value is the largest when
the O atom is adsorbed at B1 and H sites. This indicates that the number of electrons with
energy lower than the Fermi level is largest when the O atom adsorbs at the B1 and H
sites, meaning these two structures are the most stable. While the energy of the O atom
adsorption at B2 does not change much compared with that before adsorption, indicating
that the configuration after adsorption is not stable. The results of the density of states are
in accordance with the adsorption energy calculation.
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To disclose the bonding structure between the adsorbed O atom and the C atom of the
anode surface, the density of states of the system was analyzed. Figure 5a,b, respectively,
show the total density of states of the system and the projected density of states of oxygen
and carbon atoms when oxygen is adsorbed at the surface sites B1 and T1. It can be seen
from Figure 5a that the peak near −24~−20 eV mainly come from the hybridization of O
2s and C 2p orbits, and the contribution from −19~−7 eV is almost all from C 2p orbits.
The peak near −7~0 eV is mainly the hybridization of O 2p and C 2p orbitals. O 2p and C
2p orbits between −7 eV and the Fermi level resonance to form six peaks, and the peak
of the total state density here is approximately equal to the sum of the peak of O 2p and
C 2p, indicating that the energy level has ionic bond characteristics. In this region, orbits
O 2p and C 2p show severe splitting, which aggravates orbital hybridization and thus is
favorable for bonding. Therefore, the main bonding behavior between oxygen and carbon
comes from the hybridization of O 2p and C 2p orbitals. The same bonding behavior is
observed when oxygen is adsorbed at the surface at T1, as shown in Figure 5b.
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After confirming the preferential discharge sites of the O atom on the anode surface,
the transformation of anode structure when the O atom continues to adsorb was then
studied. The initial configuration of the second step of the reaction was taken as the
position after adsorption on B1 and T1. The next possible oxygen adsorption sites were
studied by the C-O bonding energy. Through calculation, there are 6 most likely paths of
adsorption, as shown in Figure 6a. The first three paths start from the adsorption site B1,
and the last three paths start from adsorption position T1. All six paths end up producing
CO2, and Paths 2 and 5 also produce CO. This indicates that the O atom bonds with the C
atom on the anode surface and destroys the stability of the benzene ring of the graphite
sheet layer on the anode surface, resulting in the removal of carbon oxygen compounds
from the anode surface and the formation of final products CO and CO2. The reaction
path generated by CO can be described as the following three steps, where QCO is the heat
transferred through the Joule heat of the polarization and resistance surface layer:

Step1: [O]2− − 2e + xC = CxO

Step2: CxO = CO(ads) + (x − 1) C

Step3: CO(ads) + QCO = CO (g)

The CO2 generation process can be described as the following four steps according to
the reaction path, where QCO2 is the heat transferred through anode polarization:

Step1: [O]2− − 2e + xC = CxO

Step2: CxO + [O]2− − 2e = CxO·O

Step3: CxO·O = CO2(ads) + (x − 1) C

Step4: CO2(ads) + QCO2 = CO2 (g)

The complex ions transfer charge and leave O in the anode interface to interact with
the surface C (bonding) in the molten salt, and this C-O interaction will destroy the stable
structure of the carbon anode and promote the formation of CO and CO2.
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The changes in the Gibbs free energy and adsorption energy of different configurations
in six possible paths were calculated, as shown in Figure 6a,b. This shows that at 1250 K,
Gibbs free energy of the six paths shows a decreasing trend, indicating that the reaction of
CO and CO2 generation is spontaneous. Reaction step 4 in Path 4, 5, and 6 corresponds to
the structure of l, o, q. Compared with step 3, the energy has increased, but they further
decreased in step 5 to generate the final product. Through the structure of l, o, q, it can be
seen that the broken C-C bonds lead to the destruction of benzene ring structure. Through
the structure of T1, k and n, it can be seen that O atoms are inserted between C-C bonds to
form C-O-C bonds, while the ring structure is not destroyed, indicating that the process of
the CxO bond breaking to form CO(ads) and CO2(ads) is the most difficult stage of the whole
chemical reaction compared with the process of forming CxO by O adsorption. Therefore,
the CxO = CO(ads) + (x − 1) C and CxO·O = CO2(ads) + (x − 1) C are the rate-controlling
steps of the reaction. This is consistent with the previous conclusion obtained by the
potential scanning method, which verifies the reliability of the calculation.
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Compared to the initial configuration, j has the lowest energy, which means this
configuration is the most stable, and Path 3 is the most likely path for CO2 formation. From
the perspective of thermodynamics, the occurrent possibility of the six paths are: Path 3
< Path 1 < Path 6 < Path 2 (to generate CO) < Path 5 (to generate CO) < Path 4. CO2 has
a lower reaction energy barrier than CO, meaning it is easier to generate CO2 than CO.
During aluminum electrolysis, the voltage (balance voltage + anode over-voltage) after
anodic polarization is about 1.6~1.65 V [36]. Such a high electrode potential, both from the
thermodynamic and electrochemical points of view, is beneficial to the generation of CO2.
The calculation results verify previous experimental research and industrial measurement
at the microcosmic level.

To better describe the structural change, the adsorption energy of each structure was
analyzed, as shown in Figure 6c. Structure changes in Path 3 were analyzed as a typical
example. Step 1: the O atom firstly breaks the original “C1-C2” bond to form a “C1-O-
C2” bond and obtain structure B1 with an adsorption energy of −4.82 eV. Step 2: the
O atom breaks the “C3-C7” bond and forms the structure e with “C3-O-C7” bond, and
the adsorption energy is −4.34 eV. Step 3: the O atom breaks "C2-C4" bond and forms
“C2-O-C4” bond, leading to structure H with a adsorption energy of −4.67 eV. Step 4: the
O atom breaks “C4-C5” bond and forms “C4-O-C5” bond, resulting in structure I with a
adsorption energy of −2.99 eV. Step 5: the O atom destroys the carbon ring, and the C1
and C2 bond connects O atoms to form CO2, forming structure j with an adsorption energy
of −8.48 eV. Other reaction Paths are similar to Path 3. In conclusion, the O atoms firstly
discharge on the edges after crossing the double layer, and then adsorb on the surface of C
atoms to form a C=O double bond. When the surface C atoms are all bonded with O, O
atoms will be adsorbed again to break the original C-C bond and form a C-O-C structure,
resulting in CxO structure. O atoms continue to adsorb and discharge on the anode surface,
and the CxO structure changes into the CxO·O structure. At this stage, the continuous
bonding of O atoms and C atoms destroys the stability of the carbon ring in the graphite
sheet layer, leading to the cracking of the carbon ring. Finally, carbon oxygen compounds
leave from the anode surface in the forms of CO2 and CO.

3.2. Reaction at [O]2−, [F]− Co-Discharge Stage

After reaching the [F]− discharge voltage, [F]− will discharge on the CxO surface,
which leads to competitive adsorption between O and F. To compare with the [O]2−

preferential discharge stage, the same initial configuration was used, and the five types
of the most likely adsorption sites were also identical, as shown in Figure 7. When F is
adsorbed on the surface of Model A, the adsorption energies of T1, T2, B1, B2 and H are
−3.33 eV, −2.64 eV, −3.33 eV, −2.63 eV and −2.35 eV, respectively. The calculated results
of adsorption energies of B1 and T1, and B2 and T2 are similar, and the configuration
formed after adsorption is the same. When F atoms are adsorbed at the B1 and T1 positions,
C1-C2 bonds in the original structure will be broken and the carbon ring structure will be
destroyed. When adsorbed on B2 and T2, the structure of the carbon ring was not destroyed,
and the F atom was adsorbed on C3. At the H adsorption site, the structure of the carbon
ring is destroyed and CO is released. According to the size of the adsorption energy, the
adsorption probability of F at different sites is B1 = T1 > B2 = T2 > H.

The preferential adsorption sites of fluorine were analyzed from the perspective of the
electronic structure. The density of states of fluorine atoms adsorbed on different positions
of the anode surface and the projected density of states of fluorine atoms before adsorption
were calculated, as shown in Figure 8. It can be seen that the F 2s and F 2p orbitals shift to
the left after adsorption, and the energy of fluorine atom decreases, which indicates that the
F atom is more stable than the isolated F atom when F is adsorbed on the surface of CxO.
However, compared with the adsorption of O on the graphite surface, the energy of the F
atom at the Fermi level is very low, and the energy change after adsorption is not large,
indicating that the stability of these structures is close and the stability of C-F bonding is
far less than that of C-O bonding.
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Figure 8. Density of states of F atom adsorbed at different sites on the surface of Model A.

To further study the bonding characteristics of O, F and C atoms during O and F
competitive adsorption, the density of states of the system was analyzed. According to the
size of the adsorption possibility, the density of states of oxygen adsorbed on the surface at
B1 (the same position as T1) and T2 (the same position as B2) was mainly analyzed. Figure 8
show the total density of states and the projected density of states of F, O and C atoms
when fluorine was adsorbed on the surface at B1 and T2, respectively.

Figure 9a shows that the peaks near −24~−20 eV are mainly the hybridization of O
2s and C 2p orbitals, and almost all of them come from the contribution of C 2p orbitals
in the range of −19~−10 eV. The peak near −10~0 eV is mainly the hybridization of C 2p
and O 2p orbitals. In this region, the orbitals O 2p and C 2p show serious splitting, which
intensifies the orbital hybridization, and thus is beneficial to bonding. The s and p orbitals
of F atoms have little contribution in the bonding process. One reason is that the number of
O atoms bonding with C is far more than that of F atoms at this time. The other is the C-F
bond has small adsorption energy and poor stability. Oxygen also has the same bonding
characteristics when adsorbed on the T2 site, as shown in Figure 9b.
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Through adsorption energy and density of state calculation analysis, it is known that
the preferential discharge sites of the F atom on the carbon anode are B1 (the same as T1)
and T2 (the same as B2). The transition of the anode structure was then analyzed when
fluorine atom continues to adsorb. The sites after adsorption at B1 and T2 were taken as
the initial configuration of the second step of the reaction, and fluorine continued to be
adsorbed around the C atoms. The possible sites of the next fluorocarbon adsorption were
calculated. The adsorption probability was judged according to the adsorption energy of
the C-F bond in each step of the reaction. It can be seen from the calculation that there
are five most possible Paths for F adsorption, as shown in Figure 10a. The first two paths
are from the adsorption at B1 sites, and the last three paths are from the adsorption at T2.
Among them, four paths eventually generate COF2, and the other path generates CO. The
adsorption and discharge of the F atom on CxO will destroy the stability of the benzene
ring, meaning that the fluorocarbon can be removed from the anode surface and the final
product COF2 is formed. The formation process of COF2 can be described as the following
three steps according to the reaction path:

Step1: [F]− − e + CxO = FCxO

Step2: [F]− + FCxO = F2CxO

Step3: F2CxO = COF2(surface) + (x − 1) C

The formation process of CO at this stage can be described as:

Step1: [F]− − e + CxO = FCxO

Step2: [F]− + FCxO = F2CxO

Step3: F2CxO = F2Cx-1 + CO

The Al-O-F complex ions in molten salts transfer charges, leaving F atoms at the anode
reaction interface and interacting with surface C. The C−F interaction will destroy the CxO
structure formed on the anode and promote the formation of COF2 and CO.
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Figure 10b shows the Gibbs free energy changes of different configurations in five
probable paths. At 1250 K, the Gibbs free energy of the five paths generally decreases,
indicating that COF2 and CO are possible to be generated. Path 1 and Path 2 with the B1
configuration as the initial structure were analyzed. In Path 1, the process from the B1 to
the A structure and from B to C structure were accompanied with energy rising, which
needs huge additional energy. The Gibbs free energy of the D structure, which forms the
final product of COF2, is also higher than the Gibbs free energy of the B1 structure. The
reaction may happen but the possibility is low. Path 2 is in the same situation. Paths 3,
4 and 5 show the initial configuration of T2. In Path 3, the energy decreases from T2 to
J and then increases to K, and finally the energy decreases significantly to obtain the L
structure, which shows the lowest Gibbs free energy in the five paths. Therefore, it is the
most possible path to generate COF2. In Path 3, energy rises in the process from M to N
structure and from O to P structure. The Gibbs free energy of the P structure that finally
produces the COF2 is higher than that of the T2 structure, meaning it is difficult for the
reaction to occur. In Path 5, the energy change from the M to the Q structure is the largest
among the five paths, and thus it is difficult to generate CO. In summary, Path 3 is the most
likely path to generate COF2.
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According to the adsorption energy changes of the different configurations in the five
possible paths, as shown in Figure 10c, the bonding information during structure evolution
was specifically analyzed. The representative Paths 1 and 3 were selected for analysis.
In path 1, the first F atom is adsorbed on C1 to form the B1 structure with an adsorption
energy of −3.33 eV. Meanwhile, the bonding of C1-F causes the fracture of C1-C2 bond, and
the original carbon ring structure is destroyed. Then, the F atom is adsorbed at C3, forming
structure A with an adsorption energy of −2.84 eV. After that, the F atom is adsorbed
on the unsaturated C2 atom to form structure B with an adsorption energy of −3.41 eV.
Next, the F atom continues to adsorb on the C1 atom, forming the -C4-O-C1- structure
(C structure) with the participation of the O atom, and the adsorption energy is −3.78 eV.
Finally, the F atom adsorbs on C4, resulting in the breakage of the -C4-O bond in the
-C4-O-C1- structure, forming the COF2 product. The adsorption energy of structure D is
−3.22 eV. In Path 3, the first F atom is adsorbed on C3 to form the T2 structure with an
adsorption energy of −2.64 eV. Then, the F atom is adsorbed at C1, resulting in the fracture
of C1-C2, forming structure J with an adsorption energy of −3.96 eV. Next, the F atom
continues to adsorb on the C1 atom. Meanwhile, C1 and C2, which were originally broken
bonds, form a -C2-O-C1- structure (K structure) with the participation of the O atom, and
the adsorption energy of the K structure is −3.19 eV. Then, the F atom adsorbs on C2, and
the C2-O bond in -C2-O-C1- breaks. The C1 atom is then bonded with an O atom and two
fluorine atoms to form the COF2 product. The adsorption energy of structure L is −3.86 eV.
It can be deduced that the absolute value of the bonding energy in Path 3 is large and the
probability of bonding is high, which further confirms that Path 3 is the most likely path to
generate COF2.

Previous observations of non-anode effect PFC (NAE-PFC) showed that a low concen-
tration of CF4 would be generated. Based on first-principles calculations, it can be seen that
COF2 may be generated during the competitive discharge stage of oxygen and fluoride
ions. COF2 is an unstable intermediate that will decompose to produce CF4 and CO2 at
high temperature. Therefore, it is speculated that the low concentration of CF4 at this stage
is generated by the decomposition of COF2.

3.3. Molten Salt Experiment Results

Scanning electron microscopy (SEM) images of the graphite anode surface before and
after electrolysis are shown in Figure 11a,b. Compared with the anode surface before and
after electrolysis, it can be seen that the original anode surface has relatively complete
graphite sheet layers. The graphite anode after electrolysis still has an obvious graphite
lamellar structure, but there will be more “gaps” and “breakages” on the edge of the
graphite. The damaged structures at the edge of the carbon layer should be related to the
electrochemical carbon consumption under electrolysis.
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The XPS wide-range spectrum of the graphite anode after electrolysis is shown in
Figure 12a. There are a C 1s peak, an O 1s peak, a F 1s peak, a Na 1s peak and a Al 2p
peak. Among them, Al and Na come from electrolytes, which have nothing to do with the
chemical reaction on the anode. The elements C, O and F were further analyzed. The C1s
high-resolution spectrum contains six components (Figure 12b). The strongest peak C1 at
284.89 is the graphite sp2 carbon. Peak C2 at 284.94 eV is the non-functional sp3 carbon
in the graphite aromatic ring. The adsorption energy of C3 peak is 286.44 eV, which may
correspond to a -CHx-OH or -C-O-C- structure [37–39].C4 with an adsorption energy of
287.04 eV corresponds to -C=O structure [40]. C1s with an adsorption energy higher than
288 eV is fluoridated to form a C5 semi-ionic C-F bond and a C5 ion C-F bond [41]. C6
with the lowest content has an adsorption energy of 294.39 eV, which represents the π-π*
excited satellite peak structure. It can be seen from Figure 12c that the O 1s high-resolution
spectrum contains five components, among which C1 and C2 with an adsorption energy
of 530.14 and 530.44 eV correspond to a -OH structure, and C3 and C4 with adsorption
energy of 531.14 and 531.94 eV indicate a -C=O structure. C5 with an adsorption energy
of 533.02 eV is a C-O-C- bridge structure. For the F 1s high-resolution spectrum, there are
four components, all of which are F-C bonds. F1 with an adsorption energy of 687.44 eV
is a semi-ionic F-C bond. F2 and F3 with adsorption energies of 687.79 and 687.94 eV
represent covalent F-C bonds. The adsorption energy of F4 is 689.79 eV, which may be
a -CF2 structure. Compared with the F-C bond, the -CF2 structure is negligible. The
bonding analysis on the surface of the graphite anode after electrolysis shows that there are
a C=O double bond, a C-O-C bridge structure and a C-F bond at the anode interface after
electrolysis. This is consistent with the first-principles calculation results, which proves
that different C-O bonds and C-F bonds are formed during the discharge of O and F.Metals 2021, 11, x FOR PEER REVIEW 15 of 17 
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4. Conclusions

During the normal aluminum electrolytic stage, the microscopic reaction mechanism
of carbon anodes can be divided into the [O]2− preferential discharge stage and the [O]2−,
[F]− co-discharge stage. The first-principles calculation and high -temperature molten salt
experiment indicate the following:

1. In the [O]2− preferential discharge stage, the priority of oxygen discharge sites on the
anode surface is B1 = H > T1 > T2 > B2. Starting from the B1 and T1 structures, six
possible paths for C-O compound generation were calculated, among which Path 3 is
the most likely path for CO2 generation;

2. In the [O]2−, [F]− co-discharge stage, the priority of fluorine ion discharge sites is B1
= T1 > B2 = T2 > H. Starting from the B1 and T2 structures, five paths that possible to
generate C-O compounds were calculated, among which the Path 3 is the most likely
path for COF2 generation;

3. The COF2 is an unstable intermediate, which decomposes into CF4 and CO2 under
high temperature. This explains why non-anode effect PFC (NAE-PFC) generates a
low concentration of CF4;

4. Experiments proved the existence of -C=O doubles, a -C-O-C- bridge-type structure
and -C-F keys on the surface of the anode after electrolysis, indicating that different C-
O bonds and C-F bonds are formed during the discharge of O and F. This is consistent
with the first-principles calculation.
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