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A B S T R A C T   

The viability of Mg metal batteries is severely threatened by the passivating instinct of Mg metal in Cl-free 
conventional electrolytes. To realize the reversible Mg stripping/plating in the conventional electrolyte, 
5,10,15,20-tetraphenylporphyrin (TPP) with planar structure and strong adsorption ability is added into elec
trolyte to optimize the interfacial process by constructing a dynamic molecular adsorption layer on Mg anode, 
which is different from the method of tailoring artificial solid electrolyte interphases to facilitate Mg2+ transport. 
On one side, TPP molecules served as a protective layer to avoid the direct contact between Mg anode and 
passivation-inducing factors from electrolyte, alleviating passivation effectively. On the other side, a locally high 
concentration of TPP is created near the Mg surface for Mg2+ solvation sheath reorganization. Theoretical cal
culations verify that [MgTPP(DME)2] in TPP-containing electrolyte possesses higher stability and a lower energy 
barrier than [Mg(DME)3]2+ during desolvation, further alleviating passivation and reducing the overpotential of 
Mg metal. Consequently, the Mg symmetrical battery exhibits a reduced polarization voltage of 0.6 V from ~ 2 V 
and a longer cycling life of over 500 h. With TPP-containing electrolyte, the Mg||V2O5 full battery presents a 
higher initial capacity of 186.5 mAh/g, which confirms the practicability of this additive strategy.   

1. Introduction 

As a promising energy storage device, lithium-ion batteries (LIBs) 
have been integrated into human life and production. However, the 
limited energy density and scarcity of lithium resource restricted the 
further development of LIBs. To meet the upgrowing demand for battery 
quantity and energy density, post-lithium batteries are being pursued 
[1–4]. Among the post-lithium-ion batteries, rechargeable Mg metal 
batteries have drawn researchers’ attention due to their potential ad
vantages of low cost, high safety and high specific capacity [5–10]. 
Nevertheless, a fatal problem of Mg metal batteries is the absence of 
suitable electrolyte system [11]. For example, magnesium bis(tri
fluoromethanesulfonyl) imide (Mg(TFSI)2) is an extensive studied con
ventional electrolyte salt due to its high ionic conductivity, wide 
electrochemical window and high thermal stability, and its production 
process can be referred from the LIBs electrolyte existed [12]. In 
commonly investigated Mg(TFSI)2/1,2-dimethoxyethane (DME) elec
trolyte, however, anion [13], solvents [14,15] and contaminants such as 

water [12,16] are all passivation-inducing factors which can react with 
Mg and form a passivation film with sluggish Mg2+ diffusion, causing 
the excessively high overpotential of Mg stripping/plating and the fail
ure of Mg metal battery [16–19]. During the last few decades, re
searchers employ the electrolyte containing Cl or other halogens, such as 
the magnesium halo-alkyl aluminate complex electrolytes [20], to 
interdict the side reactions through adsorbing on Mg surface and 
blocking the passivation-inducing factors [21,22]. Although the pres
ence of Cl overcomes the high overpotential of Mg stripping/plating, it 
also causes the problems of Cl- corrosion [23,24] and high disassociation 
energy of Mg-Cl bond [25], restricting its further application in actual 
battery systems. Therefore, the Cl-free Mg metal battery systems with 
ameliorated electrolyte-anode interphase are highly desired. 

Since Ban et al. originally constructed an artificial interphase con
sisting of polyacrylonitrile and Mg(CF3SO3)2 on Mg powder to reduce 
the Mg anode overpotential [26], several novel artificial solid electrolyte 
interphases (SEI) for Cl-free electrolyte have been fabricated to separate 
passivation-inducing factors from electrolyte-anode interphase in recent 
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years [27–31]. However, artificial SEI obtained by ex-situ methods tends 
to be unstable under long term cycling due to volume expansion, and 
inevitably complicates the production process of Mg metal batteries 
[32]. The interfacial adsorption layer formed on the Mg anode through 
the electrolyte additive strategy can also evade the occurrence of side 
reactions [33]. Yang et al. introduced 1-butyl-1-methylpyrrolidinium 
cation (Pyr14

+ ) into the Mg(TFSI)2/DME electrolyte to realize uniform 
plating via an electrostatic shielding strategy [34]. Again, based on the 
higher adsorption energy of aniline, Yang et al. tailored a non-passive 
interphase consisting of aniline and much fewer by-products on Mg 
[35]. Nevertheless, current studies tend to focus on the formation of 
protective layers on the surface of Mg metal to interdict the side re
actions and alleviate the passivation phenomenon, while ignore the Mg 
anode may still suffer from inferior plating dynamics caused by the high 
desolvation energy barrier of [Mg(DME)3]2+. The recent researches 
show that the optimization of solvation sheath through adding massive 
novel solvent, such as methoxyethyl-amine chelants [36] or organo
phosphorus [37], is an effective method to realize superior interfacial 
reaction dynamics. Our group also proposed the unique solvated struc
ture of Mg2+ in Mg(TFSI)2/3-methoxypropylamine electrolyte, which 
leads to the fast charge transfer kinetics during Mg stripping/plating 
[15]. 

Herein, based on the strong adsorption effect and close interaction 
with Mg2+ of N element, a planar molecule with 4 N atoms, 5,10,15,20- 
tetraphenylporphyrin (TPP), is applied as effective bifunctional additive 
to optimize interfacial reactions. As a planar molecule with 4 N atoms, 
TPP can be strongly adsorbed onto Mg anode and constitute a uniform 
molecular coating layer to homogenize the distribution of Mg2+. In this 
study, it is demonstrated that only a small amount of TPP (1.2 wt%) can 
modify the electrolyte-anode interphase and improve the stripping/ 
plating process of Mg anode effectively. The enhanced electrochemical 
performances of Mg symmetric cell and Mg||V2O5 full battery are both 
exhibited. The functions of TPP molecules are verified through 

experiments and theoretical calculations. On one hand, the adsorption 
of TPP can shield the Mg anode from the attack of the passivation- 
inducing factors, resulting in slower side reactions and fewer by- 
products. On the other hand, the adsorption of TPP creates a locally 
high concentration of TPP on Mg anode [38,39], optimizing the solva
tion sheath of Mg2+ near the surface and reducing plating overpotential. 

2. Result and discussion 

Firstly, to study the effect of TPP on Mg stripping/plating, the 
overpotentials of Mg stripping and plating are separated by a three- 
electrode system. Fig. 1a shows the Mg overpotential profiles of the 
three-electrode system with different electrolytes. It is speculated that 
the overpotential of stripping process is contributed by the energy bar
rier of Mg2+ across the passivation film from metal substrate to elec
trolyte [40], while the plating process is contributed by the energy 
barrier of de-solvation of Mg2+ and Mg2+ across the passivation film in 
the opposite direction. During the first stripping process in blank elec
trolyte, the grown passivation inhibits the transport of Mg2+ and raise its 
overpotential to 1.147 V. However, the overpotential of the first plating 
in blank electrolyte is only 0.616 V, lower than that for the stripping 
process. The process of Mg2+ across the passivation film from electrolyte 
to metal substrate might not happen since Mg2+ can obtain electrons 
from passivation film more easily. A mosaic-type electrodeposits have 
been found in conventional electrolyte to support this speculation [12]. 
In contrast, after the addition of TPP, the Mg stripping overpotential of 
Mg decreased to 0.065 V and plating overpotential is reduced to 0.272 V, 
suggesting passivation on Mg has been significantly alleviated. The 
voltage profiles of TPP-containing electrolyte manifest that the addition 
of TPP can improve the stripping and plating process of Mg 
simultaneously. 

To explain the mechanism that how TPP improves Mg stripping/ 
plating process, the adsorption behavior of TPP molecules on Mg is 

Fig. 1. (a) Voltage profiles of the three-electrode system with different electrolytes. The work, counter and reference electrodes are all Mg foils. (b) The adsorption of 
TPP molecule with Mg (001) in top view. (c) The adsorption energy of Mg (001) with H2O, DME and TPP molecule. (d) Differential capacitance curves measured at 
298 K with 0.3 M Mg(TFSI)2/DME and 0.3 M Mg(TFSI)2/DME + 0.02 M TPP. Contact angles of (e) 0.3 M Mg(TFSI)2/DME and (f) 0.3 M Mg(TFSI)2/DME + 0.02 M 
TPP on Mg anode. 
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investigated initially. As illustrated in Fig. 1b, c and S1, TPP is adsorbed 
in a parallel manner on the Mg surface with an adsorption energy of 
− 4.72 eV, much higher than that for H2O (-0.79 eV) and DME (-1.06 eV). 
Such a high adsorption energy represents that TPP are strongly inclined 
to accumulate on the Mg surface and reduce the contact between the 
passivation-inducing factors (TFSI-, DME and H2O) and the Mg anode. 

The adsorption behavior of TPP can be confirmed by differential 
capacitance curves in Fig. 1d [41,42]. Due to the adsorption of TPP 
molecular with lower permittivity, the differential capacitance near the 
point of zero charge (PZC) is significantly reduced. Besides, with the 
increase of the concentration of TPP, the decrease of the electrolyte 
contact angle on Mg can also reflects the magnesiophilic property of TPP 

Fig. 2. The geometric structure of (a) [Mg(DME)3]2+ and (b) [MgTPP(DME)2]. The radial distribution functions (RDFs) of (c) 0.3 M Mg(TFSI)2/DME and (d) 0.3 M 
Mg(TFSI)2/DME + 0.02 M TPP electrolyte. (e) The Gibbs free energy curves of the interface electrochemical reaction process for [Mg(DME)3]2+ and [MgTPP(DME)2]. 
(f) The Gibbs activation free energy change of [Mg(DME)3]2+ and [MgTPP(DME)2] during the two steps interface electrochemical reaction. 

Fig. 3. Illustration of Mg stripping/plating in the different electrolytes.  
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molecule (Fig. 1e-f and S2). The smaller contact angle of TPP-containing 
electrolyte implies its better wettability on Mg metal, which is conducive 
to the smooth deposition of Mg. The adsorption of TPP on the Mg metal 
can not only protect Mg anode from exposure to passivation-inducing 
factors, but also create a locally high concentration of TPP near the 
surface. 

The improvement of plating process brought by TPP is analyzed by 
studying Mg2+ solvated structures in TPP-containing electrolyte. The 
speculated Mg2+ solvated geometric structures are illustrated in Fig. 2a 
and 2b. To verify the rationality of speculated structures, a classical 
molecular dynamic (CMD) simulation is carried out and displayed in 
Fig. 2c, 2d and S3. The results show that compared to the [Mg 
(DME)3+]2+ formed in the blank electrolyte, the new solvated structure 
[MgTPP(DME)2] is formed by the substitution of TPP for DME due to the 
introduction of the highly electronegative N in the TPP. The simulation 
results are perfectly agreed with the speculated Mg2+ solvated struc
tures. UV/Vis spectra of TPP solutions are also measured to demonstrate 
the coordination of TPP to Mg2+ (Fig. S4). The obvious hyperchromic 
effect can be observed in TPP solution after the introduction of Mg2+, 
which implies the enhancement of conjugative effect of porphyrin ring 
and the formation of [MgTPP(DME)2]. Despite the low concentration of 
TPP, the TPP molecules adsorbed near the Mg metal creates a locally 
high concentrations of [MgTPP(DME)2], which is sufficient to optimize 
the Mg plating process. 

Subsequently, according to previous work in our group [15], the 
desolvation energy barriers [Mg(DME)3]2+ and [MgTPP(DME)2] are 
calculated from the energy value differences between their solvated 
structure and desolvated structure. The Gibbs activation free energy 
change during desolvation process is split into two steps: difference 
between the state before and after the electron transition (ΔG∕=

1 ), and 
between the state before and after the solvent dissociation (ΔG∕=

2 ). The 
Gibbs free energy curves of the interfacial electrochemical deposition 

reaction process for [Mg(DME)3]2+ and [MgTPP(DME)2] clusters are 
exhibited in Fig. 2e. For the [Mg(DME)3]2+ cluster, the C − O bond of 
the DME molecule is lengthen and weaken dramatically during the 
electron transition process, implying that the DME molecule is prone to 
decompose via a C − O bond cleavage. In this case, another undecom
posed DME molecule is dissociated from the cluster to calculate the ΔG∕=

2 . 
By contrast, [MgTPP(DME)2] cluster shows high stability during the 
electron transition process, preventing the manufacture of by-product 
during Mg plating. In general (Fig. 2f), compared with [Mg(DME)3]2+

(69.68 kJ mol− 1), the Gibbs activation free energy of [MgTPP(DME)2] 
during the whole interfacial electrochemical reaction process (52.52 kJ 
mol− 1) is reduced, further clarifying the decrease of Mg plating 
overpotential. 

According to the experimental and computational analysis above, 
the mechanism of Mg stripping/plating in blank and TPP-containing 
electrolytes is illustrated in Fig. 3. In the blank electrolyte, Mg metal 
reacts with TFSI-, DME and H2O etc. and forms passivation film on the 
interphase. Due to high charge density of Mg2+, it has stronger inter
action with the lattice during the solid diffusion, thus the transport of 
Mg2+ from Mg substrate to electrolyte is seriously hampered and the 
overpotential of Mg stripping process is extremely high. As for the Mg 
plating process, electrons can get through the passivation film more 
easily than Mg2+, so Mg is plated on the passivation film rather than 
beneath it. Besides, DME coordinated with Mg2+ tends to decompose 
during charge transfer process, further exacerbating the passivation 
degree of Mg surface. The plated Mg would continue to be passivated, 
leading to uneven deposition and eventually penetrating separator. 
While the TPP molecules in electrolyte adsorbed strongly on Mg surface 
and prevent TFSI-, DME and H2O etc. from contacting with the Mg anode 
directly. The decomposition of electrolyte is alleviated, and passivation 
is inhibited, thus the Mg stripping overpotential falls to near 0 V. The 
adsorption of TPP also created a locally high concentration of TPP near 

Fig. 4. (a) The galvanostatic voltage profiles of Mg symmetric cells with 0.3 M Mg(TFSI)2/DME and 0.3 M Mg(TFSI)2/DME + 0.02 M TPP at 0.01 mA cm− 2. (b) EIS 
spectra of fresh and cycled Mg symmetric cells with different electrolytes. (c) Fitting curves of interfacial resistance’s Napierian logarithm versus reciprocal tem
perature for Mg symmetric cells with different electrolytes. (d) Tafel plot of Mg symmetric cells with different electrolytes. 
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the Mg surface, forming massive [Mg(TPP)(DME)2] structures. The ex
istence of [Mg(TPP)(DME)2] structures not only replaces the unstable 
[Mg(DME)3]2+ for deposition, but also lowers the energy barrier during 
desolvation process. After the desolvation of Mg2+ is completed, the 
uncoordinated TPP will be adsorbed on the Mg metal surface to prevent 
passivation. 

The effect of TPP additive in Mg(TFSI)2/DME electrolyte is estimated 
by the electrochemical test of Mg symmetric cells. As shown in Fig. 4a, 
Mg symmetric cell with blank Mg(TFSI)2/DME electrolyte possesses a 
large voltage hysteresis of nearly 2 V, which is caused by the passivation 
of anode-electrolyte interphase. After less than 200 h of cycling, there is 
a short circuit inside the Mg symmetric cell due to the uneven deposition 
triggered by passivation. In addition, several suddenly dropped in the 
polarization voltage can be seen on the voltage profiles of the blank 
electrolyte, implying the instability of the anode-electrolyte interphase. 
After adding a small amount of TPP into Mg(TFSI)2/DME, the polari
zation voltage of symmetric cells reduce significantly to a stable level of 
around 0.6 V and lifespan is extended to over 500 h. Fig. 4b is the EIS 
spectra of fresh and cycled Mg symmetric cells with different electro
lytes. The local enlarged EIS spectra shown in Fig. S5a exhibit a char
acteristic “small semicircle”, which represents the resistance of Mg2+

through the SEI, in the high frequency region of Nyquist plots for the 
electrolyte with TPP, implying that TPP forms a stable and efficient 
interphase between the anode and electrolyte. Based on the inference 
above, the Nyquist plots of different electrolytes are fitted as the 
equivalent circuit model in Fig. S5b and S5c respectively. In blank 
electrolyte, the charge transfer resistance (Rct) of fresh Mg symmetric 
cell is as large as 551 kΩ and it even reaches to 1689 kΩ after 50 cycles. 
In contrast, TPP reduced the Rct of fresh cell to 40 kΩ and that for cycled 
cell to 152 kΩ. The activation energy of charge transport was calculated 

from the fitting parameters of Rct (Tab. S2) by the Arrhenius formula. As 
shown in Fig. 4c, compared with the high energy barrier (43.6 kJ mol− 1) 
brought by the passivation film in the blank electrolyte, TPP diminishes 
charge transport activation energy to 16.6 kJ mol− 1, indicating that 
Mg2+ have more favorable charge transfer process with the addition of 
TPP [43]. The better charge transfer kinetics can also be verified by the 
increase of exchange current density. The Tafel plot of different elec
trolytes in Fig. 4d reveals a higher exchange current density of the 
electrolyte with TPP, responding a facilitated Mg2+ transport improved 
by TPP. Based on the electrochemical results above, the introduction of 
TPP accelerated the charge transfer process and made a significant 
improvement on anode-electrolyte interphase. 

The improvement of the morphology of Mg deposition can also 
reflect the facilitated Mg2+ desolvation process. Fig. 5a-b are the scan
ning electron microscope (SEM) images of cycled Mg electrodes in 
different electrolytes. The difference in deposition morphology between 
the two electrolytes demonstrates the discrepancy in symmetric battery 
lifespan. In blank electrolyte, the passivation of interphase hampers the 
deposition of Mg and makes the current unevenly distributed. On this 
occasion, the plated Mg tends to form spheroidal deposits on the anode 
and penetrates separators eventually. With the addition of TPP, by 
contrast, the passivation of anode-electrolyte interphase is alleviated 
and the current on Mg surface is distributed evenly, smoothing the 
morphology of Mg deposition and conserves battery life. 

To inspect the effect of TPP adsorption on inhibiting side reaction, 
energy dispersive spectrometer (EDS) analysis of Mg electrode after 
cycled in different electrolytes are shown in Fig. S6. The Mg electrode 
cycled in blank electrolyte contains much higher decompose element (C, 
N, O, F) than the one cycled in TPP-containing electrolyte. The X-ray 
photoelectron spectroscopy (XPS) was also performed on the cycled Mg 

Fig. 5. Surface SEM images of Mg electrode after cycled in (a) 0.3 M Mg(TFSI)2/DME and (b) 0.3 M Mg(TFSI)2/DME + 0.02 M TPP. High-resolution XPS (c) O 1s, (d) 
F 1s, (e) S 2p spectra of Mg electrodes after cycled in different electrolytes. 
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electrodes to investigate the decomposition components, and the results 
are presented in Fig. 5c-e and Fig. S7. Both decomposition products 
(MgO, Mg(OH)2, MgF2, SOx and MgSx) and residual electrolytes can be 
detected on the surface of cycled Mg. The presence of decomposition 
products not only implies side reductions on Mg surface, but also causes 
thicker passivation film to block Mg stripping/plating. In the high- 
resolution XPS O 1 s spectra in Fig. 5c, the peak at 530.2, 532.0 and 
533.0 eV can be assigned to MgO, Mg(OH)2 and O = S = O, respectively. 
Among these, O = S = O can be considered as derived from TFSI-. The 
proportion of MgO and Mg(OH)2 on cycled Mg in the electrolyte with 
TPP is lower than that for the blank electrolyte, suggesting the allevia
tion of passivation. Due to oxidation during sample transfer, the 
reduction in the proportion of MgO and is Mg(OH)2 is not very signifi
cant. The peaks at 685.7 and 688.6 eV in Fig. 5d are attributed to MgF2 
in decomposition products and -CF3 from TFSI-, respectively. The pro
portion of decomposition product MgF2 is greatly reduced after TPP is 
added to the electrolyte. Regarding the S 2p spectra (Fig. 5e), in contrast 
to the blank sample, the peaks of MgSx (162.2 eV) and SOx (167.7 eV) 
exhibit much lower contents in TPP-containing electrolyte. The decrease 
of decomposition product content on metal surface demonstrates that 
TPP molecules hinder the decomposition of electrolyte and the forma
tion of passivation film. 

The practicability of the TPP additive in Mg metal batteries is 

investigated by applying it to a classic Mg||V2O5 battery system, as 
illustrated in Fig. 6a. To facilitate the Mg2+ diffusion in V2O5, it is a 
common method to expand the interlayer distance by intercalating other 
substances [44–46]. The polyaniline (PANI) is chosen to intercalate 
within V2O5 by using a previous reported method [47]. For blank 
electrolyte, high overpotential of Mg stripping/plating causes the low 
discharge plateau and high charge plateau of Mg||V2O5 batteries 
(Fig. 6b). In Fig. 6c, with the deterioration of anode/electrolyte inter
facial passivation, the specific capacity of Mg||V2O5 battery quickly 
drops to negligible level. In comparation, the addition of TPP renders 
Mg||V2O5 batteries with Mg(TFSI)2/DME electrolyte cycle smoothly. 
Mg||V2O5 battery shows an initial specific capacity of 186.5 mAh g− 1 

and remains 79.4 mAh g− 1 after 50 cycles, verifying the practicability of 
the TPP additive in Mg metal batteries. The Mg||V2O5 battery in this 
work is far superior to previously reported Mg metal interfacial opti
mization based on the Mg(TFSI)2/DME electrolytes and even competi
tive with that based on the Mg(TFSI)2/PC electrolytes (Table S3). 

3. Conclusion 

In summary, a Cl-free electrolyte additive, TPP, for the Mg(TFSI)2/ 
DME electrolyte has been developed. With only a small amount of TPP 
was added to the electrolyte, the polarization voltage of the symmetrical 

Fig. 6. (a) Schematic illustration of the Mg||V2O5 battery charge/discharge process. (b) Charge/discharge profiles and (c) cycling performance of the Mg||V2O5 
batteries with different electrolytes. 
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batteries is reduced to 0.6 V and the lifespan of the symmetrical batteries 
is extended to more than 500 h. The adsorption of TPP on Mg metal 
plays a crucial role in diminishing polarization voltage. TPP molecules 
adsorbed on Mg metal can not only block the direct contact between Mg 
and passivation-inducing factors, but also create a locally high concen
tration of TPP. XPS analysis showed that decomposition products on Mg 
metal were eliminated, verifying the passivation prevention effect of 
adsorbed TPP molecules and explaining the extremely low stripping 
overpotential. While the lower plating overpotential is demonstrated by 
calculating the Gibbs free energy change during desolvation process. It 
turns out that the [Mg(DME)3]2+ in blank electrolyte is likely to 
decompose while [MgTPP(DME)2] presenting on the near surface of Mg 
in TPP-containing electrolyte has higher stability and lower energy 
barrier during desolvation. Mg||V2O5 battery with TPP additive exhibits 
an initial capacity of 186.5 mAh g− 1 and remains 79.4 mAh g− 1 after 50 
cycles. Our study provides a facile and effective strategy for the appli
cation of Cl-free conventional electrolyte in Mg metal batteries and re
veals the mechanism of how TPP promotes Mg stripping/plating, which 
would enlighten the modification of Mg conventional electrolyte in the 
future. 
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