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Abstract: The current study focuses on the electrolyte penetration of the graphite cathode in a NaF−KF−LiF−AlF3 
aluminum-electrolysis system with a cryolite ratio of 1.3. It involves a comprehensive investigation of the electrolyte in 
the cathode before and after electrolysis by X-ray diffraction and analysis of the results by semi-quantitative calculation 
in MAUD. The results show that KF can promote electrolyte penetration, with higher KF contents resulting in greater 
penetration. During electrolyte penetration, K2NaAlF6 and solid solutions containing KF play important roles in 
KF-containing systems. LiF effectively prevents the electrolyte penetration, while the Na3Li3Al2F12 phase plays an 
essential role in systems with high LiF contents. 
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1 Introduction 
 

The aluminum industry is essential to the 
national economy of China [1]. The commercial 
electrolyte system currently used for aluminum 
electrolysis, i.e., Na3AlF6−AlF3 system with a 
cryolite ratio of 2.6, requires high-temperature 
conditions, which results in a significant energy and 
resource burden as well as environmental concerns. 
Accordingly, low cryolite ratio NaF/KF−AlF3 
systems have been developed to address these 
issues. For instance, SLEPPY and COCHRAN [2] 
used NaF−AlF3 systems with cryolite ratios between 
0.65 and 0.80 to achieve aluminum electrolysis 
below 900 °C [2]. Although improvements in terms 
of higher current efficiency and lower carbon 
consumption were obtained, the system was 
subjected to problems associated with lower 
alumina solution rates, lower electrical conductivity, 
and carbon dusting at low alumina contents. 

To improve upon this low-cryolite-ratio 

NaF−AlF3 system, novel electrolytic systems such 
as KF−AlF3 system, LiF−AlF3 system, NaF−KF− 
AlF3 system, and NaF−LiF−AlF3 system have been 
developed. The physicochemical characteristics, 
electrolysis conditions, and alkaline metal 
penetration of low-cryolite-ratio systems have been 
studied extensively [3−11]. Nevertheless, the 
addition of KF reduces conductivity, while the 
addition of LiF reduces alumina solubility. However, 
the addition of KF and LiF in combination 
substantially ameliorates the disadvantages of 
low-temperature systems. Accordingly, such 
low-cryolite-ratio systems are being explored as a 
potential means of aluminum electrolysis. 

Research into the cathode penetration behavior 
of such systems has hitherto been largely focused 
on alkaline penetration rather than electrolyte 
penetration. Accordingly, electrolyte composition 
and its cathode penetration remain relatively 
under-researched. Cathode penetration causes 
cathode damage, decreasing cell service life. 
Therefore, study of this phenomenon is important 
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for the aluminum electrolysis industry. 

Following the Na penetration, the electrolyte 
penetrates the graphite cathode. The graphite 
cathode is not penetrated by pure cryolite melt or 
liquid aluminum. Rather, electrolyte penetration 
occurs when aluminum is dissolved in the cryolite 
melt and penetrates the pores of the graphite 
cathode [12]. Furthermore, the NaF, KF, or LiF 
discharge reactions on the cathode or Al replacement 
reactions in the melt are capable of producing Na, K, 
or Li, as shown in Reaction (1) [13]. These 
reactions contribute to corrosion and flaking of the 
cathode.  
Al+3NaF/KF/LiF→3Na/K/Li+AlF3                (1)  

The studies cited above were concerned with 
the penetration behavior and chemical reactions of 
NaF−AlF3 systems. They involved a thorough study 
by laboratory electrolysis for a short period or spent 
cathode analysis after prolonged usage. However, 
the NaF−KF/LiF−AlF3 system has received little 
attention. LIU et al [14] reported that KF promotes 
corrosion of the carbon cathode in KF−AlF3 
systems through electrochemical analysis. ZHANG 
et al [15] studied the penetration behavior of 
Na3AlF6−Al2O3−AlF3 systems containing LiF and 
KF, concluding that LiF effectively prevents    
the alkaline metal damage. Nevertheless, the 
penetration behavior of NaF−KF−LiF−AlF3-based 
systems has yet to be fully understood. 

Previous work has demonstrated that 
NaF−KF−LiF−AlF3 systems with low cryolite 
ratios present an excellent option for aluminum 
electrolysis due to their modest liquidus region, low 
electrolysis temperature, and the fact that the 
molecular ratio does not vary dramatically during 
electrolysis [7,16,17]. Accordingly, in the current 
study, the effects of KF and LiF concentration on 
cathode corrosion were investigated as well as the 
relationship between electrolyte compositions and 
cathode corrosion. A more complete understanding 
of the effects of electrolyte penetration on cathode 
corrosion will inform strategies to control it and 
thus increase the service life of aluminum 
electrolysis cells. 
 
2 Experimental 
 
2.1 Chemicals 

Na3AlF6 (99%), KF (99%), LiF (99%), AlF3 

(98%), and α-Al2O3 (99%) (Sinopharm Chemical 
Reagent Co., Ltd.) were used to prepare the 
electrolyte. The specific preparation method was 
previously reported [16]. 
 
2.2 Electrolysis experiment 

Constant-current electrolysis was conducted 
using a two-graphite-electrode setup at 800 °C with 
an electrolysis duration of 2 h. An Ar atmosphere 
was utilized to prevent oxidation of the samples  
and the steel parts of the apparatus. The cathode  
and anode samples were cut into cylindrical 
specimens of d52 mm × 40 mm and d30 mm × 
50 mm, respectively. The conductor was a stainless- 
steel bar that also served as a guide bar. An Al2O3 
tube was inserted into the top of the cathode, which 
was coated with BN to ensure direct current across 
the cathode. The anode–cathode distance (ACD) 
was 4 cm. A cathode current density of 0.6 A/cm2 
was supplied by a digital DC regulated power 
supply (MES−30100, Suzhou, China), and the 
voltage vs time profiles were recorded using an 
Agilent 34401A multimeter. Additionally, alumina 
was added to the molten salts to maintain the 
alumina content of the electrolyte. 
 
2.3 Electrolyte sample preparation 

According to a previous study, calcination can 
have an effect on the final results of electrolyte 
analysis [16]. Accordingly, a different sample 
preparation procedure to that previously reported 
was utilized to acquire electrolytes without 
calcination at high temperatures. The general 
procedure was similar to that described in Section 
2.2. The main difference was that the cathode had a 
recess on the vertical axis (d5 mm × 15 mm) for 
collecting electrolytes (Fig. 1). Cryolite ratio (CR) 
was defined as CR=x(NaF+KF+LiF)/x(AlF3). 
 
2.4 Sample characterization 

The cathode without recess was cut into 
several 5 mm slices, and the composition of the 
penetrated electrolyte was determined quantitatively 
by the ash method and the X-ray diffraction  
(XRD) [12]. X-ray powder diffraction patterns were 
obtained using a PANalytical x’Pert Pro MRD with 
Cu Kα radiation from 10° to 70° at a scan speed   
of 0.067 (°)/s. The specific compositions were 
obtained by analyzing the data using semi- 
quantitative calculation in MAUD. In this process, 
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samples obtained from a NaF−AlF3 system with a 
cryolite ratio of 1.3 were analyzed to establish the 
precision of the method. Relative to the theoretical 
mass fractions for Na5Al3F14 and AlF3, the errors 
were 0.3% and 2.2%, respectively, which are within 
experimental limits (5%). The results were mainly 
utilized to illustrate the bath’s percolation in the 
concentration profiles. 

 
3 Results and discussion 
 
3.1 Mass gain of graphite cathode during 

electrolysis 
Figure 2 shows the mass gain for graphite 

cathodes electrolyzed in various systems and at 
different depths. Under electrolyzing conditions, the 

 

 
Fig. 1 Electrolyte penetration into cathode: (a) Schematic of cathode showing position of recess; (b, c) Photographic 
images of cathode before (b) and after (c) electrolysis 
 

 
Fig. 2 Mass gain for graphite cathodes during electrolysis in NaF−KF−LiF−AlF3 systems: (a) NaF−KF−AlF3 system;  
(b) NaF−KF−8%LiF−AlF3 system; (c) NaF−LiF−AlF3 system; (d) NaF−4%KF−LiF−AlF3 system 
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molten salt is partially reduced and penetrates the 
cathode surface. As a result, as illustrated in Fig. 2, 
an extremely steep electrolyte gradient exists 
between the top and bottom of the reactor. Thus, the 
mass gain of graphite varies depending on the LiF 
and KF concentrations of the electrolytes. 

The mass gain increases with increasing KF 
content, as shown in Figs. 2(a) and (b). Compared 
with these figures, there are some minor differences 
in Figs. 2(c) and (d). It can be observed that 
increasing LiF content in the system without KF 
causes a significant drop-off (Fig. 2(c)), with this 
trend also observed for the system containing     
4% KF (Fig. 2(d)) but to a lesser extent. These 
differences can be attributed to the alkaline metal 
and electrolyte penetration behavior. 

As previously reported, alkaline-metal 
generation is the predominant cathode reaction 
during electrolysis [3,14,18]. The alkaline metals 

(Na, K and Li) generated as an electrolysis 
by-product diffuse into the carbon block and form 
an alkaline–graphite intercalation compound. 
Importantly, the K-graphite intercalation compound 
(K−GIC) contributes to electrolyte penetration 
behavior [14,19]. Unlike K−GIC, the Li−graphite 
intercalation compound is non-layered [15]. Thus, 
the reaction of Li with graphite mainly occurs on 
the graphite surface and inhibits the penetration of 
other alkaline metals. 

Aside from ameliorating Na and K penetration, 
the presence of LiF inhibits the wettability of the 
electrolyte melt for the carbon cathode, also 
hindering electrolyte penetration [15]. Thus, the 
highest electrolyte content is observed for the top of 
the cathode, while the electrolyte content in the 
remaining areas is lower in systems with LiF. 

Figure 3 shows the SEM images of cathode 
samples taken 10 cm from the top of the cathode 

 

 

Fig. 3 SEM images of cathode samples after electrolysis in different systems at same depth: (a−c) NaF−AlF3 systems 
with x(KF)=0 (a), x(KF)=8% (b) and x(KF)=16% (c); (d−f) NaF−4%KF−AlF3 systems with x(LiF)=0 (d), x(LiF)=8% (e) 
and x(LiF)=16% (f) 
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after electrolysis in different systems. Figures 3(a−c) 
clearly show that KF promotes electrolyte 
permeation as the white area increases with the 
increase of KF content and some electrolyte 
accumulates. In contrast, Figs. 3(d−f) show that the 
electrolyte aggregation phenomenon is decreased 
and the white area is weakened, indicating that LiF 
inhibits electrolyte penetration. This phenomenon is 
also consistent with the results shown in Fig. 2. 
 
3.2 Analysis of electrolytes inside graphite 

cathode during electrolysis 
The electrolyte samples were obtained on the 

basis of Section 2.3 to identify the predominant 
electrolytes inside the graphite cathodes, and the 
analysis results are shown in Table 1 and Fig. 4. 
The solidified electrolytes for low KF and LiF 

concentrations contain mainly Na3AlF6 and 
Na5Al3F14. The Na5Al3F14 phase is the main 
component in the electrolyte. Na5Al3F14 has been 
shown to form solid solutions ((Na(5−x)Kx)Al3F14) in 
the limited range of 0<x<0.4 [20]. In a previous 
study, a NaF−KF−AlF3 system with a low LiF 
content was also observed to form a Na5Al3F14 solid 
solution containing LiF [16]. Accordingly, K and Li 
compounds are not detected. 

The presence of Na3AlF6 could be due to the 
change of cryolite ratio on the cathode surface. In 
the process of electrolysis, the cryolite ratio of the 
electrolyte melt is increased by the accumulation of 
NaF on the cathode surface. As the LiF content in 
the electrolyte gradually increases, some LiF 
penetrates to the cathode with the electrolyte, and 
the LiF content exceeds the concentration of the 

 
Table 1 Electrolyte analysis results for 1.3NaF−KF− LiF−AlF3 system 

System After electrolysis Before electrolysis 

x(KF)=0, x(LiF)=0 Na5Al3F14, Na3AlF6 Na5Al3F14, AlF3 

x(KF)=4%, x(LiF)=8% Na5Al3F14, Na3AlF6 Na5Al3F14, AlF3 

x(KF)=16%, x(LiF)=0 Na3AlF6, K2NaAl3F12, K2NaAlF6 Na5Al3F14, K2NaAl3F12 

x(KF)=16%, x(LiF)=8% 
Na3AlF6, Na5Al3F14, K2NaAl3F12, 

Na3Li3Al2F12, K2NaAlF6 
Na5Al3F14, K2NaAl3F12, 
Na3Li3Al2F12, K2NaAlF6 

x(KF)=4%, x(LiF)=16% 
Na5Al3F14, AlF3, Na3Li3Al2F12  

K2LiAlF6, Unknown(trace) 
Na5Al3F14, AlF3, Na3Li3Al2F12 

 

 
Fig. 4 XRD patterns of electrolytes in different systems before (a) and after (b) electrolysis 
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dilute solution, forming Li compounds. Li mainly 
forms solid solutions with chiolite and cryolite. The 
content of NaF gradually decreases as the content 
of LiF increases, and the cryolite content decreases 
accordingly. Thus, Li compounds instead of solid 
solutions are formed. 

The formation of K compounds is similar, in 
that when the KF and LiF contents increase, K and 
Li compounds, respectively, are generated in the 
electrolyte. Therefore, K and Li compounds, 
including K2NaAl3F12, K2NaAlF6, Na3Li3Al2F12, 
and K2LiAlF6 are detected with increasing KF and 
LiF contents. In addition to the electrolyte being an 
unknown phase, the peak position occurs in the 
range 0.4<x(LiF)/x(NaF+LiF)<0.7 for the 1.3NaF− 
LiF−AlF3 system. 
 
3.3 Graphite penetration pathway during 

electrolysis 
3.3.1 Effects of KF content on mass gain for 

graphite cathodes 
As shown in Fig. 5, the electrolyte for the 

Na3AlF6−KF−AlF3 system is composed of Na3AlF6, 
K2NaAlF6, and two types of alumina. Quantitative 
XRD analyses reveal that the Na3AlF6 content 
significantly decreases as the KF content increases. 
In this system, high KF contents result in a decrease 
in Na3AlF6 production. 

Correspondingly, the K2NaAlF6 content 
increases with increasing KF content for the same 
depth, as shown in Fig. 5(b). However, unlike the 
decreasing trend for the Na3AlF6 phase, the content 
of K2NaAlF6 increases with increasing depth. The 
specific explanation for this is given in Section 3.2. 

It should be noted that the electrolyte 
compositions here are different from those given in 
Table 1. The K2NaAl3F12 phase cannot be detected 
after calcination. This may be due to two main 
reasons: Firstly, at temperatures higher than 580 °C, 
K2NaAl3F12 becomes highly volatile and is prone to 
react with air moisture and form two further phases, 
i.e., K2NaAlF6 and Al2OF4 [21]; secondly, with 
increasing KF content, the K2NaAlF6 phase 
becomes the dominant compound instead of 
K2NaAl3F12 [3,10]. Thus, the presence of K2NaAlF6 
is basically in line with the results. 

Figure 5(c) shows that there are two types of 
alumina in the cathode. The α-Al2O3 content 
gradually decreases as the η-Al2O3 content 
increases with increasing KF content. When x(KF)= 

16%, α-Al2O3 is almost entirely converted to 
η-Al2O3. This phenomenon is consistent with the 
conclusions obtained by FOSTER [22], i.e., 
x(AlF3)>25% in the Na3AlF6−AlF3 system promotes 
the conversion of α-Al2O3 into η-Al2O3. 
Furthermore, the presence of KF may promote the 
transformation of α-Al2O3 to η-Al2O3, and its 
transformation is accelerated with increasing KF 
content. 
 

 
Fig. 5 Mass fractions of different phases in graphite 
cathode for NaF−KF−AlF3 system 
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Considering the electrolysis duration, the 
K2NaAlF6 phase will eventually become the 
dominant compound upon long-term electrolysis. 
The reactions can generally be described as [20]  
2Na5Al3F14+2KF→K2NaAl3F12+3Na3AlF6        (2)  
Na5Al3F14+4KF→2K2NaAlF6+Na3AlF6            (3) 

(with a large excess of KF)  
Na5Al3F14 is the most critical phase in the early 

stages of electrolysis for low KF concentrations. 
Due to the presence of KF, the activity of NaF 
increases, which will promote Reaction (1). The 
penetration of Na into the cathode promotes 
electrolyte penetration and causes Na3AlF6 to 
gradually replace Na5Al3F14 as the main phase. This 
process is a forward process, which promotes the 
corrosion of the cathode. 

Increasing K−GIC formation promotes the 
cathodic exfoliation corrosion as the content of KF 
increases, thereby promoting further penetration of 
the electrolyte. The melting temperature is low and 
will not affect penetration as much as K2NaAl3F12. 
If K2NaAlF6 is the primary phase, the electrolyte  
at the bottom of the cathode may be solid, further  

preventing penetration of the electrolyte because the 
electrolysis temperature is lower than the melting 
temperature. 
3.3.2 Effects of KF and LiF contents on mass gain 

for graphite cathode 
To better understand the effects of LiF on 

electrolyte penetration, the Na3AlF6−LiF−AlF3 
system containing 4% KF was investigated. Upon 
adding LiF, the composition of the electrolyte  
after electrolysis is changed. NaF, Na3AlF6, KF, 
K2NaAlF6, LiF, K2LiAlF6, and two types of alumina 
are the main phases. Because of the decomposition 
of Na3Li3Al2F12 at 500−600 °C, the Na3Li3Al2F12 

phase cannot be detected after calcination and LiF 
addition [23]. The change in composition contents 
is shown in Fig. 6. 

As shown in Fig. 6(a), the Na3AlF6 content 
decreases with the increasing depth at x(LiF)=0 and 
8%. However, it shows an increasing trend at 
x(LiF)=16%. The Na3AlF6 content reaches 90% for 
a depth of 40 mm. Figure 6(b) shows that the 
K2NaAlF6 content decreases with the increasing  
LiF content at the same depth. Figure 6(c) shows   
a relatively high LiF content in the middle of the 

 

 
Fig. 6 Mass fractions of different phases at different depths of carbon cathode in NaF−4%KF−LiF−AlF3 system 
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cathode compared with those at other depths. This 
is different from the penetration of KF and NaF or 
other phases without LiF. In addition, there is a high 
content of NaF and KF at the top of the cathode. 
For the K2LiAlF6 phase, the penetration behavior 
shows a different trend at x(LiF)=8% and 
x(LiF)=16%. As shown in Fig. 6(d), the 
transformation from α-Al2O3 to η-Al2O3 is hindered 
by increasing LiF content. 

In combination with Fig. 2, it is found that LiF 
can alleviate electrolyte penetration, but only if the 
LiF content far exceeds the KF content. LiF is 
mainly in the form of the Na5Al3F14 solid solution 
or K2LiAlF6 if LiF content is lower than KF. It does 
not play an essential role in the compounds. 
Therefore, it does little to alleviate electrolyte 
penetration. Conversely, LiF exists in the form of 
Na3Li3Al2F12 in the cathode and it plays an essential 
role in alleviating electrolyte penetration. As the Li 
content increases, the wetting angle of the 
electrolyte on the graphite cathode increases, which 
decreases capillary pressure, inhibits the wettability 
of the electrolyte melt to the graphite cathode, and 
hinders the electrolyte penetration [15]. 

LiF is converted directly into Na3Li3Al2F12 or 

Na5Al3F14 in the cathode within a short period of 
time. Upon extended electrolysis with excessive 
NaF, Na5Al3F14 is transformed into Na3AlF6 in the 
penetration process. Furthermore, a K2LiAlF6 phase 
is also produced in the process. The production of 
this phase is promoted in high-LiF and low-KF 
content systems. The Na3Li3Al2F12 phase is mainly 
accumulated in the upper part of the cathode, but 
the K2LiAlF6 and Na3AlF6 phases still penetrate to 
the bottom of the cathode. With the accumulation of 
LiF in the upper part of the cathode, Na3Li3Al2F12 

can fill the pores and cracks of the cathode and 
effectively prohibit electrolyte penetration. 
 
4 Conclusions 
 

(1) The electrolyte compositions of cathodes 
before and after electrolysis were investigated by 
XRD and SEM. Na5Al3F14, Na3AlF6, and K2NaAlF6 

are the main phases in the electrolyte in 
NaF−KF−AlF3 systems, while Na5Al3F14 and 
Na3Li3Al2F12 are the main phases in the electrolytes 
of NaF−KF−LiF−AlF3 systems with high LiF 
contents. 

(2) In NaF−KF−AlF3 systems, Na3AlF6 phase 

is produced, followed by Na5Al3F14 phase upon the 
interaction of NaF and KF. K2NaAl3F12 is also 
produced with increasing KF content in the 
penetrated electrolyte. Solid solutions containing 
KF or K2NaAlF6 can promote the electrolyte 
penetration. 

(3) Low-content LiF does not affect electrolyte 
penetration in NaF−AlF3 or NaF−KF−AlF3 systems. 
For this system containing high-content LiF, 
Na3Li3Al2F12 and K2LiAlF6 are produced, followed 

by the Na5Al3F14 phase. Na3Li3Al2F12 can effectively 
prohibit the electrolyte penetration, and the phase 
mainly exists in the upper part of the cathode. 

(4) Based on our findings, an electrolyte 
system comprising Na5Al3F14 solid solutions 
containing KF and Na3Li3Al2F12 may be optimal. 
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低分子比 NaF−KF−LiF−AlF3体系 
电解质在石墨阴极中的渗透行为 
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摘  要：研究分子比为 1.3 的 NaF−KF−LiF−AlF3体系电解质在石墨阴极中的渗透行为，通过 XRD 分析对电解前

后阴极中的电解质进行系统研究，并通过 MUAD 的半定量计算对结果进行分析。结果表明，KF 可以促进电解质

的渗透， KF 含量越高，渗透性越强。在电解质渗透过程中，K2NaAlF6和含有 KF 的固溶体在含有 KF 的体系中

发挥重要作用。LiF 有效地抑制电解质渗透，Na3Li3Al2F12相在高 LiF 含量的体系中发挥了重要作用。 

关键词：铝电解；KF；LiF；阴极渗透；电解质成分；低分子比 
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