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Abstract: Low anodic efficiency of metallic Mg, which results in low discharge capacity and 

specific energy density, hinders the wider application of aqueous primary Mg batteries. In this work, 

we clarify the decisive factors effecting the utilization efficiency of Mg anodes. Anodic efficiency of 

several Mg anodes at different current densities is measured in 3.5 wt.% NaCl electrolyte. The 

contribution of self-corrosion at open circuit potential and at constant applied current to efficiency of 

Mg anodes is compared. Additionally, efficiency loss caused by detachment of undissolved metallic 

portions, namely “chunk effect”, is determined with a proposed new approach. The effect of self-

corrosion and “chunk effect” on anodic efficiency is assessed accordingly. The results indicate that 

“chunk effect” can also result in large efficiency loss of Mg anodes, especially at low current 

densities, which, in some cases, could exceed the loss caused by other mechanisms of self-corrosion 

of anode substrate. Hence, attention should be paid to both aspects when developing novel Mg 

anodes with high anodic efficiency, particularly for application in long-term low-power battery 

system. 
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1. Introduction 

Nowadays, the wide application and commercialization of primary aqueous Mg batteries are still 

hindered in spite of the attractive theoretical properties of these promising energy storage devices. 

The issues could be partially originated from the cathode materials, such as the sluggish kinetics of 

cathodic reactions or the limited diffusion of reactants, leading to large overvoltage. The problems 

concerning cathode materials have been widely discussed in the last decades [1-4] and some 

approaches have been proposed as effective solutions, like the adoption of selected advanced 

catalysts and porous substrate materials with nanostructures [5-10]. However, there are also major 

issues relevant to the Mg anode materials, including large overpotential caused by discharge products 

on anode surface and severe self-corrosion of Mg under polarization due to the well-known NDE 

[11-13]. These problems still exist despite recent progresses achieved through the development of 

novel Mg alloy anodes [14-17] and electrolyte additives [18-22]. Therefore, more effort needs to be 

made for modification and optimization of Mg anodes. 

    The anodic efficiency (or utilization efficiency) has great impact on the specific performance of 

aqueous Mg-based battery system, e.g., energy density and service life. The decreased anodic 

efficiency leads to low discharge capacity and specific energy density of Mg batteries, since a large 

portion of Mg anode is consumed via self-corrosion processes and, consequently, does not 

participate in the power supply. Unfortunately, the utilization efficiency of Mg anodes is normally 

below 60% at current density of 10 mA cm-2 and was found to be even less than 50% under smaller 

current densities [15, 23-29]. As a consequence, the reported optimized specific energy density, like 

1800 Wh kg-1 in Mg-air system [14], is far below the theoretical level (6800 Wh kg-1 based on anode 

only). Hence, the service life of primary Mg-based batteries are severely shortened, especially for 

those battery system designed for long-term and low power applications. Generally, the utilization 

efficiency of Mg anodes is inversely proportional to the weight loss caused by self-corrosion during 

discharge. In fact, the self-corrosion of Mg includes two different processes, namely the 
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electrochemical dissolution of Mg substrate and the detachment of some metallic pieces from anode 

surface, which is known as “chunk effect” (CE). CE has been shown in some publications at the 

cross section morphology of Mg after corrosion tests. It is identified by the existence of some 

metallic pieces in corrosion products, including impurity particles, second phases or undissolved 

matrix [14, 30-33]. 

    Until now, nearly all the published work regarding improving the utilization efficiency of Mg 

anodes follows the direction of controlling the self-corrosion of anode substrate. Meanwhile, the 

corrosion resistance measured via electrochemical impedance spectroscopy (EIS) and corrosion rate 

determined with hydrogen evolution (HE) at open circuit potential (OCP) are normally utilized to 

conclude the effect of self-corrosion on Mg anode efficiency at different current densities. However, 

the feasibility of evaluating the real time self-corrosion rate of Mg during discharge based on 

determined corrosion behavior at OCP is doubtful. To the best of our knowledge, no published 

research has put emphasis on particularly clarifying this issue. Nonetheless, relevant information can 

be found from some publications. In the published paper of Samaniego et al. [34], Mg-33.at%Li 

alloy exhibits lower HE rate than pure Mg at OCP, but its HE rate becomes similar or even higher 

than pure Mg with applied anodic current densities. Similarly, according to the work of Chu et al. 

[35], HE rate of Mg-Zn-Ca-Mn alloy is similar to pure Mg in NaCl solution with applied current 

density of 1 mA cm-2 but tends to be higher when the current density increases to 10 mA cm-2. 

Therefore, more systematic work is necessary to specify the relevance of self-corrosion to anodic 

efficiency of different Mg alloy anodes, especially under varying current densities. On the other hand, 

the impact of CE on anode utilization efficiency seems to be not fully taken into account in the 

selection procedure of Mg alloy anodes [15-17, 20, 23, 27, 29, 36-41]. Only a few published works 

mention the possible influence of CE when evaluating the anodic efficiency of Mg anodes [14, 28, 

42-44]. In fact, opposite results regarding utilization efficiency of same Mg anodes are found at 

different current densities in the work of Wang et al [28]. Mg-Al-Pb-In anode has lower utilization 
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efficiency than Mg-Al-Pb and pure Mg anode at current density of 10 mA cm-2. However, adverse 

results are obtained when the current density increases to 180 and 300 mA cm-2, as Mg-Al-Pb-In 

anode exhibits the highest efficiency comparing to the other two anode materials. The inconsistent 

utilization efficiency is supposed to be the consequence of different extent of CE at different current 

densities, concluded from the different surface morphologies after discharge. Despite the absence of 

more direct evidence in that work, it demonstrates that CE could have decisive effect on the 

utilization efficiency of Mg anodes. 

In this present work, we examine the influence of the decisive factors for anodic efficiency of Mg 

anodes in aqueous electrolyte under relatively small load. Corrosion resistance and self-corrosion 

rate at OCP of high purity Mg (HP Mg) and several industrially relevant Mg alloys are determined 

through EIS and HE tests as well as the real time HE rate during discharge at different current 

densities. The possible occurrence of CE on these anode materials is observed from the cross section 

morphology after discharge tests. Meanwhile, the anodic efficiency of these selected Mg anodes after 

discharge are measured. The efficiency loss resulted from self-corrosion of anode substrate and CE is 

determined respectively by a proposed approach. Accordingly, the effect of both self-corrosion and 

CE on anodic efficiency of Mg anodes is evaluated. 

2. Experimental procedures 

Six magnesium alloys were used in this work. Of these, the  discharge properties of HP Mg, AZ31 

and AM50 alloys as anode for Mg-air batteries have been reported in our previous work [14]. 

Besides, we also investigated three more industrially relevant  Mg alloys with different chemical 

compositions, i.e., Elektron 21 (E21 hereafter), WE43 and ZE41, which are the same materials 

studied in the published work of Lamaka et al., where new corrosion inhibitors for Mg were reported 

[22]. All six possess significantly different corrosion rates. All the samples were taken from as-cast 

ingots of corresponding materials. The chemical composition of all studied materials is presented in 
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Table 1, showing the contents of all main elements and detrimental impurities like Fe, Cu and Ni. Fig. 

S1 in the supplementary materials shows the micrographs of all materials after polishing via a 

Tescan VEGA scanning electron microscope (SEM), indicating different microstructures, including 

diverse second phase fraction and distribution. 

Table 1 Chemical composition of as-cast HP Mg and Mg alloys [14, 22]. The values are in ppm if other is not 

indicated. 

Element HP Mg AZ31 AM50 E21 WE43 ZE41 

Fe 50 11 2 12 38 18 

Cu <1 19 17 20 47 19 

Ni <2 7 5 52 46 7 

Si <1 309 637 4 0.9 2 

Ca <1 11 11 42 225 27 

Zn 35 0.73% 418 0.29% 268 4.2% 

Mn 8 0.36% 0.43% 38 60 79 

Al 30 2.97% 4.85% 145 133 144 

Zr - - - 0.19% 0.17% 0.3% 

Nd - - - 3.2% 1.95% 0.24% 

La - - - 26 0.14% 0.42% 

Pr - - - 340 0.1% 647 

Th - - - 920 0.15% 0.29% 

Y - - - 72 4.49% 50 

Ce - - - 70 206 0.65% 

Mg 99.98% 95.90% 94.61% 96.09% 92.85% 93.75% 

 

HE rate on different Mg anodes at open circuit potential was determined with an ordinary set-up, 

which includes a funnel inserted into a 100 ml inverted burette (0.2ml graduations) and covering the 

sample. The specimens, with surface area of approximately 8 cm2, were hung up with fishing line via 

an inserted plastic screw. The solution for all the measurements in this work was 3.5 wt.% NaCl 

unbuffered solution prepared with deionized water, with pH of around 5.6. Before immersion, all the 
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specimens were ground with SiC sand paper up to 1200 grit. The immersion test for each material 

was repeated three times to ensure the reproducibility. The duration time of each immersion 

measurement was 100 hours.  

Real-time HE rate during discharge was measured with a similar set-up used in the work of 

Frankel et al. [45] to collect the gas during galvanostatic polarization of Mg. The schematic 

corresponding to this experimental set-up is presented in Fig. S2. A Gamry Potentiostat was used to 

apply current to the Mg anodes in galvanostatic mode. A classical three-electrode system was 

adopted with Mg samples embedded into epoxy as a working electrode, exposing one rectangle 

surface with 1 cm2. The counter electrode and reference was Pt wire and saturated Ag/AgCl 

electrode, respectively. Evolved hydrogen was collected via the 50 ml inverted burette with 

graduations of 0.1 ml. The volume of evolved hydrogen was determined under applied current 

densities of 1 mA cm-2, 5 mA cm-2 and 10 mA cm-2. The duration time for 1 mA cm-2 was 6 hours, 

while for 5 and 10 mA cm-2 is 90 and 60 minutes respectively due to the rapid hydrogen evolution 

rate under severe polarization. Real-time HE rate was then calculated according to the recorded data. 

Note that only data in the later discharge period was used for calculation after a relatively constant 

HE rate was achieved. In detail, HE data after 3 hours was used for 1 mA cm-2, while data after 30 

minutes was used for 5 and 10 mA cm-2. Real-time HE measurement was carried out twice, showing 

a low deviation below 10%. 

Electrochemical impedance was also measured to evaluate the corrosion resistance of different Mg 

anodes. Each sample was carefully treated with sand paper and then immersed into the solution with 

1 cm2 working surface. EIS measurements were performed after one-hour OCP test in order to obtain 

relatively stable surface condition. The scanned frequency ranged from 100 kHz to 0.01 Hz with 

sinusoidal excitation voltage of 10 mV rms referred to OCP.  

Half-cell discharge test at different current densities was carried out in 3.5 wt.% NaCl electrolyte. 

The discharge process under 1 mA cm-2 lasts 16 hours, while 8 hours in the case of 5 mA cm-2 and 
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10 mA cm-2. After discharge, precipitated products were removed from the surface with chromic acid 

(200 g L-1 CrO3) and the anode utilization efficiency of each material was calculated. . The details of 

the calculation procedure can be found elsewhere [14, 46]. The surface morphology after discharge 

and cleaning the discharge products was observed with SEM.  The morphology of corresponding 

cross section for each anode after discharge at 5 mA cm-2 for 16 hours was also observed. 

Additionally, elemental mapping for selected zones in cross section was determined with the SEM 

coupled with energy dispersive X-ray spectroscopy (EDS) via backscattered-electrons (BSE) 

detector at 15 kV.  

3. Results and discussion 

3.1 Anodic efficiency during discharge 

Fig. 1 presents the discharge curves and anodic efficiency of pure Mg and different Mg alloys. 

During the 15-hours discharge measurement, all the materials maintain relatively stable discharge 

potential after the initial unstable periods for approximately one hour. This indicates that all the Mg 

anodes can keep a steady surface condition during the long-term discharge, attributed to the balance 

between actual surface area, changing pH, accumulation and self-peeling of discharge products. The 

discharge potential is relevant to the Mg anode composition, which, however, is not the emphasis of 

this work. According to Fig. 1(b), these six Mg anodes show rather different anodic efficiency after 

discharge at various current densities. HP Mg exhibits highest anodic efficiency at all current 

densities, with that being above 50% at 5 and 10 mA cm-2. Anodic efficiency of AZ31 alloy 

approaches that of HP Mg at 5 and 10 mA cm-2. E21 alloy shows second highest anodic efficiency at 

1 mA cm-2, but with increasing current density its anodic efficiency becomes inferior comparing to 

HP Mg, AZ31 as well as WE43, which shows lower efficiency than E21 anode at 1 and 5 mA cm-2. 

AM50 alloy has lower efficiency than E21 alloy at different current densities. However, the 

difference tends to be less with increasing current densities from 1 to 10 mA cm-2. Among all the 
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measured materials, ZE41 alloy possesses the lowest anodic efficiency at all current densities. It is 

worth noting that nearly all the anodes show enhanced anodic efficiency at higher discharge current 

density, except E21 and ZE41 at current density of 5 mA cm-2. As mentioned in the introduction 

section, the anodic efficiency of Mg anodes depends on the self-corrosion performance, including 

substrate dissolution rate and the CE. The respective contribution of substrate dissolution rate and 

CE on efficiency loss may vary with different current densities, leading to the different anodic 

efficiency of Mg anodes at each current density. Therefore, we would like to investigate the effect 

from both aspects, respectively, in the following sections. 

 

Fig. 1. (a) Discharge curves of high purity Mg and Mg alloys at 5 mA cm-2; (b) Anodic efficiency after 

discharge at different current densities; (c) EIS (Nyquist plots) at OCP; (d) Hydrogen evolution curves of all 

selected materials. All the measurements are performed in unbuffered 3.5 wt.% NaCl solution. 
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3.2 Self-corrosion rate 

3.2.1 Self-corrosion at OCP 

EIS and hydrogen evolution test are commonly used to evaluate the corrosion resistance and 

corrosion rate of magnesium [12]. Fig. 1(c) presents the results of EIS measurement for all selected 

materials at OCP after immersion for one hour in 3.5 wt.% NaCl solution. Obviously, these materials 

have completely different impedance, indicating varying corrosion resistance following the order: 

E21 > HP Mg > WE43 > AM50 > ZE41 > AZ31. Nevertheless, these results can only reflect the 

initial corrosion resistance of these materials. Mg alloys with different chemical composition 

typically show different corrosion behavior after long immersion time due to the changing surface 

condition, such as the formation of protective oxide film [47-49]. The hydrogen evolution curves 

obtained from immersion test in 3.5 wt.% NaCl solution for more than 100 hours are indicated in Fig. 

1(d) and utilized to evaluate the overall self-corrosion rate of these Mg anodes. The average self-

corrosion rate calculated from hydrogen evolution test are presented in Table 2, following the order: 

E21 < HP Mg < WE43 < AZ31 < AM50 < ZE41. For all the materials, the results obtained from 

hydrogen evolution test are consistent with the EIS results except AZ31 alloy. It is not surprising 

because from the hydrogen evolution curves we can see that, during the initial stage of immersion 

(see Fig. S3), AZ31 alloy shows the fastest hydrogen evolution rate, indicating the highest self-

corrosion rate, which is consistent with the EIS results. After immersion for nearly 30 hours, the 

hydrogen evolution rate of AZ31 decreases and becomes slower than that of AM50 and ZE41 alloys. 

Interestingly, from the comparison of anodic efficiency and self-corrosion rate of these Mg anodes, 

something noteworthy is that the self-corrosion rate at OCP of Mg anodes should not be used as a 

direct indicator for the utilization efficiency. For instance, E21 shows the lowest self-corrosion rate 

obtained from both EIS and hydrogen evolution test, but it has lower anodic efficiency than HP Mg 

and AZ31 alloys, especially at high current densities. AZ31 alloy exhibits higher efficiency than E21 

and WE43 alloys, even though its hydrogen evolution rate at OCP (0.033 ml cm-2 h-1) is greatly 
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higher than E21 (0.003 ml cm-2 h-1) and WE43 (0.016 ml cm-2 h-1). The hydrogen evolution rate of  

AM50 is 0.052 ml cm-2 h-1, which is nearly 20 times that of E21. However, their utilization 

efficiencies at 10 mA cm-2, which are 43.2% and 45% respectively, indicate little difference. 

Table 2 Hydrogen evolution rate of high purity Mg and selected Mg alloys at OCP and under applied current 

in 3.5 wt.% NaCl solution. 

 

3.2.2 Self-corrosion during discharge 

In Fig. 2, the hydrogen evolution was recorded while applying different current densities so that 

the self-corrosion rate of Mg anodes during discharge can be compared. After an initial incubation 

period, all the materials maintained a relatively stable hydrogen evolution rate under different current 

densities. This incubation period lasts from several hours at low current density to less than 30 

minutes at high current densities. Therefore, the real-time HE rate of these anode materials are 

calculated via the recorded HE data in the later discharge period with a relatively constant hydrogen 

evolution rate (more details in the section of experimental procedures). Table 2 shows the average 

value of hydrogen evolution rate obtained from two measurements that show deviation below 10%. 

No doubt that the hydrogen evolution rate of all the Mg anodes increases with increasing discharge 

current densities, which is a typical manifestation of the negative difference effect (NDE) of Mg in 

the unbuffered pH neutral NaCl solution. Interestingly, several alloys show similar hydrogen 

evolution rate measured with applied current, even though their self-corrosion rates at OCP appear to 

be of different magnitudes. At current density of 1 mA cm-2, HP Mg and WE43 show the same 

 

 

Self- corrosion 

PH (ml cm-2 h-1) 
HP Mg E21 WE43 AM50 ZE41 AZ31 

OCP (6±2)·10-3 (3±1)·10-3 (16±1)·10-3 (52±3)·10-3 (87±15)·10-3 (33±7)·10-3 

1 mA cm-2 0.3 0.4 0.3 0.6 0.8 0.5 

5 mA cm-2 1.6 1.6 1.7 1.8 3.0 1.7 

10 mA cm-2 3.0 3.8 3.1 3.0 6.0 3.2 
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hydrogen evolution rate, which is even lower than E21 despite that their self-corrosion rates at OCP 

are higher than that of E21. At 5 mA cm-2, the hydrogen evolution rates of all Mg anodes, but ZE41, 

indicate no large difference. The situation changes at 10 mA cm-2, as the difference between the 

hydrogen evolution rates of these Mg anodes tends to be more distinct. Surprisingly, E21 alloy 

exhibits the second highest hydrogen evolution rate among all the studied materials while HP Mg 

and AM50 shows the lowest, which is completely inconsistent with their self-corrosion rates 

determined at OCP, Fig. 1d. 

 

Fig. 2. Hydrogen evolution curves of different Mg anodes during discharge in 3.5 wt.% NaCl solution applied 

with different current densities: (a) 1 mA cm-2; (b) 5 mA cm-2; (c) 10 mA cm-2. Typical results from replicated 

experiments are presented. 

The plots of the hydrogen evolution rates of all selected Mg anodes as a function of applied 

current density are presented in Fig. 3. Within the current range in this work, from 1 mA cm-2 to 10 



12 
 

mA cm-2, the hydrogen evolution rate of every material indicates a linearly increasing tendency with 

increasing current density. Previous reports show the examples of the linearly increasing hydrogen 

evolution rate for ultra-high purity Mg and AZ91 alloy in a wide range of current density [11, 45, 50, 

51]. Fig. 3 also presents the linear fitting curves for all Mg anodes and lists the corresponding slope k, 

which represents the increase of hydrogen evolution rate as the function of current density. HP Mg, 

WE43, and AZ31 show similar slope, nearly 0.31, indicating a similar increasing tendency of 

hydrogen producing. By contrast, E21 and ZE41 exhibit much higher slopes than most materials, i.e., 

0.38 and 0.58 respectively. This could be a sensible reason for the higher hydrogen evolution rate of 

E21 and ZE41 compared with other materials at high current density. The coefficient k for different 

Mg anode is probably dependent on the chemical composition and microstructure, which is beyond 

the scope of this work. In conclusion, the self-corrosion rate of Mg anodes during discharge varies 

with different current density and the corresponding increasing rate highly depends on the properties 

of the alloy. 

Severe self-corrosion of Mg anodes during discharge, appearing as fast hydrogen evolution, is the 

most well-known reason for the large efficiency loss of Mg anodes in aqueous battery. Taking 

consideration of the real-time self-corrosion rate during discharge, we find it reasonable that HP Mg 

has the highest anodic efficiency among tested alloys due to its lowest self-corrosion rate under 

different current densities. Similarly, the highest self-corrosion rate of ZE41 anode during discharge 

could be an important reason for its lowest anodic efficiency. However, the anodic utilization 

efficiency of WE43 alloy could not be explained from the aspect of self-corrosion as it shows similar 

hydrogen evolution rate with HP Mg but inferior efficiency, which is even worse than AZ31 and E21, 

especially at low current densities. Note that, comparing to E21, the efficiencies of WE43 and AM50 

anodes are much lower at low current densities but in similar level at high current density. This could 

be attributed to their varied hydrogen evolution rates under different current densities. E21 shows 

much higher hydrogen evolution rate than WE43 and AM50 at 10 mA cm-2 while reverse situation 
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happens with current density of 1 and 5 mA cm-2. Regarding AZ31 alloy, its good anodic efficiency 

at all current densities seems to be contradictory with its relatively high self-corrosion rate during 

discharge. Therefore, it is sensible to pay more attention to the aforementioned “chunk effect” factor. 

 

Fig. 3. Real-time hydrogen evolution rate as a function of applied current density. The solid symbols represent 

the measured real-time hydrogen evolution rate at different current densities. The straight lines are the linear 

fits with a slope of k. Utilization efficiency of all anodes is also presented for comparison as indicated by open 

symbols. 

3.3 Influence of “chunk effect” 

    The efficiency loss resulting from CE cannot be directly determined by weight loss measurements 

since the undissolved anode parts will drop into the electrolyte and then degrade via independent 

self-corrosion processes. Other undissolved portions existing in the discharge products layer would 

fall out into the chromic acid solution in the chemical cleaning procedure. Therefore, we propose a 

novel method to calculate the efficiency loss caused by CE.  
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    Generally, the specific weight loss (W) of Mg anode during discharge process can be expressed as 

following: 

                                                                                   (1) 

Where Wdischarge represents the weight loss resulting from Faradic process driven by the applied 

current, Wself-corrosion means the weight loss caused by the self-corrosion of anode substrate and WCE 

indicates the weight loss due to the mechanically detachment of undissolved anode portions. 

Therefore, similar to the equation for anode efficiency calculation [14, 46], anodic efficiency (𝝶) 

during discharge can also be defined as: 

                                                                                                                      (2) 

Meanwhile, the efficiency loss due to self-dissolution of anode substrate (𝝶sc) is defined as: 

                                                                                                            (3) 

Hence, the efficiency loss caused by CE (𝝶ce) can be calculated via the following relationship: 

                                                                              (4)                                                     

The anodic efficiency 𝝶 is determined after removing the discharge products from anode surface 

and presented in Fig. 1(d). In this context, 𝝶ce can also be obtained supposing that the efficiency loss 

due to self-corrosion (𝝶sc) were known.  Meanwhile, the weight loss due to self-corrosion of Mg is 

directly proportional to the volume of produced hydrogen gas (assuming that water reduction 

accompanied by hydrogen evolution is by far the main cathodic reaction during Mg corrosion at 

anodic polarizations and the contribution of oxygen reduction is negligible [52]). Hence, it could be 

possible to determine the weight loss caused by self-corrosion and corresponding 𝝶sc via the 

measured hydrogen evolution data if the collected hydrogen were all produced by self-corrosion of 

Mg substrate. However, it should be noted that the detached undissolved anode parts (chunks) also 
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produce hydrogen gas during corrosion, which definitely affects the determination. Therefore, to 

minimize the contribution of the chunk effect into the self-corrosion quantified by measuring H2 

evolution, the hydrogen evolution tests with applied current are only performed for relatively short 

time after a constant hydrogen evolution rate appears. The applied measurement durations are 

decided according to the time for the initial formation of CE, which is estimated from the cross 

section morphologies of WE43 and ZE41 alloys after discharge for different time (as shown in Fig. 

4). After discharge at 1 mA cm-2 for 4 hours, both WE43 and ZE41 do not show apparent “chunks” 

in the discharge products. When the discharge time increases to 6 hours, the formation of “chunk” 

does not happen on WE43. In contrast, visible “chunks” are found from ZE41 alloy. At 10 mA cm-2, 

CE is evident for both WE43 and ZE41 after discharge for 90 minutes. However, after discharge for 

60 minutes, “chunks” are discovered only at cross section of ZE41 but not in the case of WE43. Note 

that, among all the studied Mg anodes, ZE41 offers the theoretically optimum condition for the 

formation of CE, attributed to the large fraction and continued distribution of second phases (see Fig. 

S1). Therefore, the selected time for real-time hydrogen evolution test at 1 mA cm-2 is 6 hours, while 

for 5 and 10 mA cm-2 the measurement time is only 90 and 60 minutes, respectively, as stated in the 

section of experimental procedures. It is reasonable to assume that, in these initial discharge periods, 

the produced hydrogen is mostly resulted from the dissolution of bulk anode substrate. Besides, we 

can know directly from Table 2 that the dissolution of Mg anode without applied current is dozens of 

times lower than its NDE-increased self-corrosion during discharge, especially at high current 

densities. It could be another evidence for the negligible effect of possible hydrogen evolution by 

“chunks” in the determination of 𝝶sc. Another considerable factor is the stability of Mg hydrogen 

evolution rate during long-time discharge, in view of the varying anode surface and solution 

properties, like the composition and pH. On one hand, as discussed in section 3.1, generally all Mg 

anodes maintain a relatively steady surface condition during the long-term discharge, after initial 

stabilization period of one to two hours. Therefore, the issue concerning possibly changing surface 
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Fig. 4. Cross section morphologies of WE43 and ZE41 alloy after discharge for different duration time at 1 

and 10 mA cm-2 in 3.5 wt.% NaCl solution. 
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condition can be ignored after the surface stabilization. On the other hand, possible influence of 

changing solution composition was clarified experimentally. The hydrogen evolution results during 

discharge of AM50 in fresh 3.5 wt.% NaCl solution and in similar solution remained in the 

electrochemical cell from previous experiment are presented in Fig. S4. The used solution is 

collected after a 15-hours discharge measurement at 5 mA cm-2 with AM 50 anode (1 cm2 working 

surface).  Note that this used solution was saturated with dissolved hydrogen, its pH was 10.8 and 

concentration of dissolved Mg2+ was 2.35 mM as shown by atomic absorption spectroscopy 

measurements. The results indicate that AM50 anode showed identical hydrogen evolution rate, 1.8 

ml cm-2 h-1, in fresh and in used electrolyte.  The difference between the total volumes of evolved 

hydrogen gas originates from the initial stage of several minutes, which could be attributed to the 

solubility of hydrogen in water, fast increase of local and bulk pH, saturation with Mg2+ and other 

aspects. The results demonstrate that the changing solution composition and bulk pH during the 

discharge process have no apparent influence on the constant hydrogen evolution rate of AM50 (and 

possibly all other studied Mg anodes in this paper) at our experimental condition. This is also in 

agreement with previous reports were the fast increase of local pH near Mg surface after exposure in 

different media has been shown [53-55]. The rapid dissolution of Mg induced by applied current 

certainly accelerates the alkalization in the vicinity of Mg anodes, minimizing the effect of 

increasing bulk pH on self-corrosion. Therefore, eliminating the possible influence of these factors, 

the determined hydrogen evolution rate in the present work can be used to evaluate the self-corrosion 

rate of anodes during long-term discharge. Consequently, the proposed approach to determine the 

efficiency loss caused by self-corrosion is believed to have relatively high accuracy.   

The measured hydrogen evolution rate (PH) of different Mg anodes are listed in Table 2. The 

corresponding weight loss rate (Pw) can be calculated with the conversion: Pw (mg cm-2 h-1) = 0.994 

PH (ml cm-2 h-1), as the working condition is nearly 25 at a pressure of 1 atm [56]. Therefore, the 

efficiency loss due to self-corrosion can be calculated using the following formula: 
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                                               (5)                                                        

Where t (h) is the duration time of discharge. 𝝶ce is then calculated using equation (4). 

  The determined efficiency loss caused by CE, 𝝶ce, via this proposed approach is shown in Fig. 5. 

The results indicate that E21, WE43, AM50 and ZE41 anodes all exhibit high 𝝶ce, especially at low 

current density. HP Mg and AZ31 anodes show relatively low 𝝶ce and the efficiency loss is below 

10% at current density of 10 mA cm-2. This offers a plausible explanation for the relatively high 

anodic efficiency of AZ31 in spite of its fast self-corrosion rate during discharge compared to other 

anodes, such as E21. It is remarkable that an apparent decreasing tendency of the efficiency loss 

from low current density to high current density is found for all the evaluated Mg anodes, except 

ZE41 and AM50 at 5 mA cm-2. Nevertheless, E21, WE43, AM50 and ZE41 alloys still have 

efficiency loss around 20-30% originated from CE. Definitely, the high 𝝶ce of E21 and WE43 alloys 

leads to their low anodic efficiency even though they show relatively low self-corrosion rate during 

discharge. For instance, efficiency loss of WE43 caused by CE is 43.8% at 1mA cm-2, much higher 

than that resulted from self-corrosion, 23.3%. ZE41 suffers the highest efficiency loss caused by CE 

as well as by self-corrosion, leading to the lowest anode utilization efficiency at all current densities. 

Generally, higher applied current density leads to more anode dissolution forced by faradic process 

and increased total weight loss of anode. Therefore, the proportion of weight loss caused by chunk 

effect in total weight loss decreases, leading to lower efficiency loss by chunk effect. However, in 

some cases, with increased current density, the formation of chunk effect may also be promoted, 

resulting in more weight loss by chunk effect. The efficiency loss due to chunk effect in this case 

would possibly increase even under slightly enhanced current density, the same situation for ZE41 

and AM50 at 5 mA cm-2. The results presented here indicate that the formation of chunk effect 

closely relates to the applied current density and Mg alloy category, including the microstructure and 

alloying elements.  
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Fig. 5. Calculated efficiency loss caused by “chunk effect” for various Mg anodes at different current 

densities in 3.5 wt.% NaCl solution (1 mA cm-2 for 16 hours, 5 and 10 mA cm-2 for 8 hours). 

    The morphologies of cross section after discharge at 5 mA cm-2 for 8 hours are presented in Fig. 6, 

as a supportive evidence for the calculation results concerning efficiency loss by CE. For E21, WE43, 

AM50 and ZE41 alloys, the cross section indicates severe CE, appearing as large amounts of 

undissolved metallic portions in the discharge products layer. These separated portions are 

undissolved Mg matrix or second phases as demonstrated by the EDS element mapping presented in 

Fig. 7. Note that the elemental mapping is performed on selected areas in the cross section of E21 

and WE43 anodes after discharge as shown in Fig. 6. Only the mapping results of main elements are 

presented here. By contrast, HP Mg and AZ31 anodes exhibit more homogeneous dissolution and 

corresponding discharge product layer with few separated parts, indicating only slight chunk effect. 

From Fig. 6 and Fig. 7, it is clear that CE appears in two forms, i.e., the separated second phases 

attributed to the preferential dissolution of Mg matrix around these phases (e.g., in E21) and the 

undermined Mg grains after the detachment of second phases surrounding this matrix (like in WE43, 

AM50 and ZE41). The formation of CE closely depends on the microstructure of Mg anodes, 

especially the constitution, quantity and distribution of the second phases. Additionally, 3D 

reconstruction of the surface topographies of these Mg anodes after discharge at 1 mA cm-2 for 16 
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hours are also shown in Fig. 8. It should be noted that HP Mg suffers from relatively uniform 

dissolution for most working surface; however, some individual grains show severe localized 

dissolution (see Fig. S5(a)) possibly because of  special crystal orientation [57-59]. Topography of 

this non-uniform area is displayed here. Apparently, HP Mg, WE43 and AM50 show some large 

cavities on the surface after discharge. These cavities, most probably left by detachment of chunks, 

are the manifestation of severe CE regarding WE43 and AM50 anodes. Meanwhile, this could also 

be the reason that HP Mg exhibits around 20% efficiency loss by CE when discharge at 1 mA cm-2. 

By contrast, E21, ZE41 and AZ31 alloys show relatively flat surface morphologies macroscopically. 

Nevertheless, separate chunks of magnesium matrix are clearly separated by dissolved second phase 

in case of ZE 41 alloy as seen from the SEM image under high magnification (see Fig. S5(b)). 

Consequently, it is noticeable that the possible occurrence of CE, especially as the form of matrix 

undermining, can be examined by surface morphology after discharge, but should be determined 

both macroscopically and microscopically. 

 All the experimental results mentioned here indicate that CE, namely the detachment of 

undissolved Mg matrix and second phases, has great influence on the efficiency of Mg anodes. In 

some cases, the effect of CE could exceed the impact of self-corrosion of Mg substrate, leading to 

low anode utilization efficiency for the Mg anodes characterized by low self-corrosion rate during 

the discharge. Since the presence of CE depends tightly on the chemical composition and 

microstructure of Mg anodes, the finding in this work demonstrates another decisive factor for the 

development of novel Mg anodes apart from the commonly considered self-corrosion resistance. No 

doubt, alloying is still an important approach to improve the self-corrosion and discharge properties 

of Mg anodes. However, the influence on anode utilization efficiency resulted from second-phase-

relevant CE need to be elaborately considered. In order to minimize the efficiency loss caused by CE, 

Mg anodes with small fraction of second phase as well as discontinued distribution are requested. 
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Fig. 6. Morphologies of the cross section of different Mg anodes after discharge at 5 mA cm-2 for 8 hours in 

3.5 wt.% NaCl solution. The top layer in each cross section is an epoxy layer followed by a discharge 

products layer and Mg matrix. 
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Fig. 7. Corresponding EDS mapping for the marked zone A and B respectively in the cross section of E21 and 

WE43 anodes after discharge as presented in Fig. 6. 
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Fig. 8. 3D reconstruction indicating the topography of different Mg anodes after discharge at 1 mA cm-2 for 

16 hours in unbuffered 3.5 wt.% NaCl solution and removal of discharge products. Corresponding depth 

profiles are also presented.  

 

4. Conclusions 

    Discharge tests in 3.5 wt.% NaCl solution were performed on HP Mg and five Mg alloys at 

current densities of 1, 5 and 10 mA cm-2 to evaluate their utilization efficiency when served as 
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anodes for primary aqueous batteries under relatively small load. Corrosion resistance and self-

corrosion rate at OCP of these Mg anodes are measured as well as their real-time self-corrosion rate 

during discharge under different current densities. The efficiency loss caused by self-corrosion of 

anode substrate and by detachment of undissolved metallic pieces, namely “chunk effect”, is 

determined via a newly proposed approach. The impact of self-corrosion, at OCP and under 

polarization, and “chunk effect” on anodic efficiency of Mg anodes is evaluated. The following can 

be concluded: 

(1) Self-corrosion rate determined at OCP cannot be utilized to estimate the utilization efficiency of 

Mg anodes during discharge. This is because the real-time self-corrosion depends on the applied 

discharge current density.   

(2) Real-time self-corrosion rate of Mg anodes increases linearly with increase of applied discharge 

current density.  The alloy composition and microstructure pre-determines how steeply the rate of 

self-corrosion increases with increase of applied discharge current density.    

(3) “Chunk effect” can also cause large efficiency loss to Mg anodes, up to 50% as was shown in this 

work. Generally, the efficiency loss resulted from “chunk effect” is reduced with increase of current 

density (by 10 to 25% when discharge current increases from 1 to 10 mA cm-2). 

(4) In some cases, anodic efficiency loss due to “chunk effect” exceeds that caused by self-corrosion 

of anode, especially at low current density, being the decisive factor for the efficiency of Mg anodes. 
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