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ABSTRACT   Electrochemical quartz crystal microbalance (EQCM) is a powerful tool to study 
the mass change and charge transfer during electrochemical process. The mass change on the 
electrode surface can be monitored with high precision and high sensitivity, making it possible to 
analyze the in-depth mechanism of electrode reactions. The application of metal anodes has 
exhibited great potential for the future energy storage devices for the elevated capacity. Herein, we 
review the research progress utilizing EQCM for metal anodes, including the deposition/dissolu- 
tion process, the side reactions, the effect of additives, etc. Furthermore, we also put forward a 
perspective on research of the mechanism and performance improvement of metal anodes.  
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1  INTRODUCTION  
 

Electrochemical quartz crystal microbalance 
(EQCM) is a gravimetric analysis tool based on the 
piezoelectric effect of quartz crystal. A shear wave is 
generated across the thickness of the crystal when it 
is electrically vibrated into resonance. The depen- 
dence of mass change and resonance frequency 
change of the quartz electrode can be estimated by 
the Sauerbrey equation (eq. (1))[1]: 

௥ ଶ௙೜మ∆௠஺ඥఘ೜ఓ೜   (1) 

where fq is the fundamental resonance frequency of 
quart, A is the piezo-electrically active area of quartz 
crystal, ρq and μq are the shear modulus and density 
of quartz respectively, and ∆m is the mass change of 
the electrode. Note that this Sauerbrey equation is 

only valid for a rigid and thin deposit on a quartz, 
and eq. (1) can be simplified as follows:  ௙    (2) 

where ∆f is the frequency change, and Cf is the 
sensitivity factor of the quartz crystal. Due to the 
rigorous correspondence of the oscillation frequency 
and the mechanical pressure of the quartz crystal, the 
EQCM has incomparable advantage in weighing 
tiny mass change with high stability and sensibility, 
even in the level of 10-9 g[2]. Besides, it can also be 
connected with various electrochemical systems, 
showing broad adaptability and compatibility[3]. This 
technique has been widely used in the fields of 
corrosion[4], catalysis[5, 6], energy storage[7], etc. As 
an in situ testing technique, EQCM is quite suitable 
for the battery research to build the connection  
between the mass change and charge transfer of the 
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electrodes. The high precision of weight measure- 
ment makes it possible for some in-depth me- 
chanism research for both cathodes and anodes. For 
example, the activation pathway of Li-rich Li2MnO3 
cathodes was clarified[8], and the SEI formation 
process on the graphite anodes was identified by 
EQCM[7]. Recently, the metal anodes based on 
deposition/dissolution mechanisms have attracted 
tremendous interests in electrochemical energy 
storage systems. Especially, the Li anode is expected 
to replace the carbon-based anode for elevated 
capacity, and Zn anode presents great potential for 
large-scale energy storage devices owning to the 
higher capacity[9]. Some advances have been made 
utilizing EQCM on the metal anodes. Herein, we 
focus on the application of EQCM in research of 
metal anodes. The in-depth mechanisms of the 
electrodeposition/dissolution of Li and Zn anodes 
are summarized, and an outlook of the further 
development on the metal anodes is also proposed.  
 
2  PROGRESS OF RESEARCH 
 
2. 1  EQCM study for Li anode 

Li anode is highly promising for revolutionizing 
current rechargeable batteries due to its ultrahigh 
energy density (3680mAh  ·g−1). Because of the high 
reactivity of Li metal, the side reactions between 
electrolytes, anions and Li metal are almost inevita- 
ble. The passivation of electrode surface with the 
solid electrolyte interphase (SEI) makes it possible 
to utilize the Li metal anode in the rechargeable Li 
metal batteries. Thus, the research on SEI becomes a 
critical component of battery research[10].  

EQCM has been extensively applied to investigate 
the formation of stable SEI by tuning the inorganic 
salts component in various organic electrolytes. 
Firstly, the SEI formation and Li under-potential 
deposition on Au electrode in a LiAsF6-PC elec- 
trolyte were investigated by EQCM. The mass 
change associated with Li striping peak is ~23 
ng·cm-2, which is larger than mass change obtained 
from coulometric analysis (~16 ng·cm-2), indicating 

the reduction of solvent and the formation of SEI 
films accompanied with Li deposition/dissolution 
process[11]. Naoi et al. studied the SEI formation 
during deposition/dissolution processes of Li in the 
electrolytes of LiClO4/LiSO3CF3/LiPF6 in propylene 
carbonate (PC) and diethyl carbonate (DEC), 
respectively[12]. In the LiPF6 system, an increase of 
mass was observed even during the discharge 
process for the first three cycles. The less irreversi- 
ble mass change Δm and smaller resistance change 
ΔR, which were related to surface roughness, 
indicated the formation of smooth and uniform 
LiF-based SEI in LiPF6-containing electrolyte. The 
obtained SEI was physically stable and self-healing 
during discharge process, leading to the relatively 
high columbic efficiency of Li deposition/dissolu- 
tion in LiPF6 system. On the contrary, the mor- 
phology of SEI in LiClO4-containing electrolyte was 
rough, and the dissolution of Li might cause the 
destruction of dendritic shape of SEI, making the 
surface smoother again (Fig. 1a to 1c). Furthermore, 
Aurbach et al. compared the stability and electroche- 
mical performance of SEI formed during Li depo- 
sition/dissolution in LiAsF6/EC-DMC, LiPF6/EC- 
DME, LiAsF6/EC-THF and LiAsF6/1,3-dioxalone 
electrolytes, respectively[13]. The actual mass per 
electron (mpe) value, the columbic efficiency and 
the mass residual per cycle could be obtained by 
EQCM calculation, and the results indicated that the 
LiAsF6/1,3-dioxalone showed best performance 
among all these systems. Based on EQCM analysis, 
the LiAsF6/1,3-dioxalone electrolyte shows the best 
performance among all these systems in the 
following aspects: (i) the actual mass per electron 
(mpe) value close to theoretical molar mass of Li, (ii) 
the high columbic efficiency, and (iii) the little mass 
residual per cycle. Besides, they also observed that 
the mpe values calculated by EQCM-CV measure- 
ments are smaller than that of the equivalent weight 
of the surface species, such as (CH2OCO2Li)2, 
indicating the possible dissolution of SEI and/or 
parts of charge injection into the electrolyte before 
stable SEI formed[14].  
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Recently, Smaran et al. have employed EQCM to 
study the initial SEI formation behavior of the Li 
anode. The SEI formation process could be identi- 
fied into three stages: in stage i, the native-SEI 
formed by potential pre-scan from OCP to 0.35 V; in 
stage ii, the pre-SEI formed by additional potential 
cycling between 0.35 and 0 V; and in stage iii, the 
add-SEI formed during the subsequent Li deposi- 
tion/deposition process. All these processes can be 
in situ observed and quantificationally measured 
with EQCM. In LiTFSI and LiFSI-tetraethylene 
glycol dimethyl ether (TEGDME) systems, the 
add-SEI was not formed with the presence of 
pre-SEI and only Li deposition and dissolution were 

observed based on mpe analysis. These results 
demonstrated the stabilization effect of pre-SEI for 
electrode surface (Fig. 1d to 1f)[15]. Besides, Zeng et 
al. studied the Li metal anode for Li-S batteries with 
EQCM. With the addition of transition metal cations 
such as Zn2+, the mass change was larger for the first 
5 cycles and less for subsequent cycles compared 
with electrolyte with no salts. The mass accumula- 
tion after 25 cycles was ~1.9 μg with Zn2+ additives, 
as compared to ~3.3 μg without the addition of salts. 
This could be explained that the Zn2+ involved in the 
SEI formation to create a more uniform and denser 
passivation layer, leading to the inhibited dendrite 
growth and electrolyte decomposition[16]. 

 

 
 

Fig. 1.  Effect of inorganic salts on SEI formation for Li anode. (a) Frequency shift vs. charge in LiClO4/PC, LiSO3CF3 
and LiPF6/PC; (b) Resistance change vs. potential in LiClO4/PC, LiSO3CF3 and LiPF6/PC; (c) Model of morphology 

changes of electrodes surface during Li deposition and dissolution[11]. Copyright of Elsevier; (d~f) anodic (blue lines) and 
cathodic (red lines) charge dependence of Δm value in LiPF6-G4 (d), LiTFSI-G4 (e), LiFSI-G4 (f) with/without pre-SEI[15]. 

Copyright of ACS 
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EQCM was also utilized to reveal the Li depo- 
sition/dissolution behavior on different metal 
substrates, such as Pt, Au, Sn, Al, and so on. Park et 
al. conducted a comparative study of Li deposi- 
tion/dissolution behavior on Pt, Al, and Hg subs- 
trates. The chemical reactions involving elemental 
Li and the low reduction-oxidation reversibility of Li 
in the Li-Pt alloys resulted in the low coulombic 
efficiencies for Li on the Pt substrate (Fig. 2a). The 
self-discharge rate of Li on the Al substrate was very 
low (~0.3 mA·cm-2), mainly attributing to the forma- 
tion of protective films on the surface of Li-Al alloys 
(Fig. 2b). Besides, the electrochemical reduc- tion of 
Li on Hg substrates occurring at the least negative 
potential was mainly due to the amalgam formation 

(Fig. 2c)[17]. Tavassol et al. also compared the mass 
change of Li deposition on Au and Sn substrates. 
The mass change on Sn substrate during deposition 
was smaller than that of Au substrate, and the SEI is 
stable for Sn substrate in the initial cycle, while it 
takes 3 to 4 cycles for Au to be stabilized (Fig. 2d 
and 2e)[18]. Furtherly, they used the matrix assisted 
laser desorption ionization time of flight mass 
spectrometry measurements (MALDI-MS) to mo- 
nitor the formation of SEI. MALDI-MS on that 
emersed electrodes showed that long-chain oligo- 
merized species were present on Au surface in both 
PC and EC/DMC solvents, where the oligomerized 
species formed in PC solutions showed higher mass 
ratios (Fig. 2f).

  

 
 

Fig. 2.  Deposition/dissolution of Li in different metal substrates. (a) CVs of Al and Pt in LiTFSI-EMSF; (b) 
Self-discharge rate of Li on Al substrate; (c) CV of Hg electrode in LiTFSI-EMSF[17]. Copyright of Electrochemical 

Society, Inc. (d) Mass changes as a function of time and (e) Mass of SEI at the end of each cycle for Au and Sn in 
EC/DMC and PC electrolytes; (f) MALDI-TOF mass spectrometry analysis of textured Au electrodes emersed from 1 M 

LiClO4/PC after cycling between potentials of 2. 0 to 0.1 V (vs. Li/Li+)[18].  Copyright of Electrochemical Society, Inc. 
 

Efforts have also been made to improve the 
performance of Li anode by organic additives. Naoi 
et al tried to stabilize the surface film of Li metal 
with poly(ethylene glycol) dimethyl ether 
(PEGDME). They made a microelectrode voltam- 
metry (MEV) analysis, which showed that the 
activation energy ΔG* increases from 11 to 60 
kJ·mol-1 as the molecular weight (Mw) was increa- 

sed from 90 to 400 (Fig. 3a). The enlarged ΔG* 
indicated that Li ions were preferentially coor- 
dinated with ethylene oxide (EO) chains, and were 
incorporated into the helix structures of EO chains 
when PEGDME with repeated EO units (Mw about 
180~2000) was added to the electrolytic solution. 
The addition of PEGDME promoted the formation 
of improved SEI, thus facilitating the uniform 
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diffusion of Li+ in SEI and the subsequent depo- 
sition of Li (Fig. 3b). Based on EQCM measurement, 
the addition of PEGDME decreased the inactive 
mass of Li during deposition-dissolution cycles on 

Ni electrode (Fig. 3c and 3d). The least extent of 
inactivation of Li was achieved when the molecular 
weight of PEGDME was ~400[19].  △m / μg cm-2 

 
Fig. 3.  Modification of the Li metal surface by nonionic polyether surfactants. (a) Postulated model of the electron 

transfer for Li/Li(I) couples under various solvated conditions; (b) Postulated model for Li ion diffusion in the PEGDME- 
added systems; (c) Qina/Qc and (b) Dfirr vs. cycle number plots for the deposition and dissolution processes of Li on Ni 

obtained from CV/QCM. (○) LiClO4/PC, (△) LiClO4/PC + Mw 90, (◆) LiClO4/PC + Mw 180, (▼) LiClO4/PC + Mw 250, 
(●) LiClO4/PC + Mw 400, (■) LiClO4/PC + Mw 1000, and (▲) LiClO4/PC + Mw 2000[19]. Copyright of Electrochemical 

Society, Inc. 

 
EQCM was also employed to study the complica- 

ted electrolyte systems. Serizawa et al. and Matsu- 
moto et al. have applied EQCM in molten electrolyte 
and ionic liquids, respectively. Due to the influence 
of concentration on viscosity of the electrolyte and 
the correlation between viscosity and frequency of 
EQCM, the mass change deviates from the linear 
relationship of Sauerbrey eq. (1). Therefore, the 
impedance technique EQCM was employed to 
simultaneously monitor the resonance resistance Rres, 
which could be related to the product of viscosity ηL 
and density ρL of media in contact with the electrode. 
The change of ηLρL value reflected the concentration 
change near the electrode during Li deposition and 
dissolution. In the potentiostatic experiment, a sharp 
increase in ηLρL during Li dissolution was observed, 
which caused a decrease in anodic peak and affected 
the diffusion of Li+ from electrode surface to bulk 

phase. The ηLρL value decreased after Li dissolution, 
which could be attributed to the relaxation of Li+ 
concentration near the electrode[20]. In ionic liquids, 
however, very complicated results were obtained by 
EQCM due to complex viscosity change in the 
systems. More work needs to be done in the future to 
understand the Li deposition and dissolution in ionic 
liquids[21].  
2. 2  EQCM study for Zn anode 

Due to the merits of high theoretical capacity (820 
mAh·g−1), low electrochemical potential (−0.76 V vs. 
SHE), and high natural abundance, the Zn anodes 
have been extensively studied in various battery 
systems, including alkaline primary Zn batteries, 
rechargeable Zn ion batteries, Zn-air batteries, etc[22, 23]. 
Most of these battery systems employ aqueous elec- 
trolytes, showing lower toxicity and higher safety 
than that of the non-aqueous electrolyte systems of 
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the Li ion batteries. Therefore, the Zn-based bat- 
teries have been considered as a more affordable 
option for price-conscious scopes, e.g. the large- 
scale energy storage applications.  

EQCM was utilized to study the 2-electron 
occupied deposition/solution reactions of Zn anodes 
in aqueous electrolyte. Agrisuela et al. conducted a 
series of EQCM experiments in ZnSO4 solution[24]. 
The electro-deposition voltammetry diagram toge- 
ther with the mass/electrical charge ratio at specific 
potential (F(dm/dQ) function) is shown in Fig. 4a. 
The average mass/electrical charge ratio is ~34 
g·mol-1, which is close to the theoretic value of the 
divalent Zn reduction reaction (–32.7 g·mol-1): 

Zn2+ + 2e → Zn   (3) 
However, this value varied in each zone during 

the potential scan. This indicated that the reduction 
of Zn2+ might take place via two consecutive 
single-electron transfer steps: 

Zn2+ + e → Zn+   (4) 
Zn+ + e → Zn      (5) 

where one showed 0 g·mol−1 for a homogeneous 
process, and another showed −65.4 g·mol−1 for a 
heterogeneous process. When the scan rate increased, 
the F(dm/dQ) function in zone 1 (the initial stage of 
the potential scan in Fig. 4b) tended to be zero, 
which indicated the value of the F(dm/dQ) function 
for the first transfer step is 0 g·mol−1. Besides, the 
formed Zn+ ions might neither absorb on the 
electrode, nor diffuse into the bulk electrolyte, but 
stay in a special layer between them. Only in this 
way, the mass/electrical charge ratio of the global 
process and each detailed zone could make sense. 
Upon deposition, the two reaction steps overlapped 
during the voltammetry measurement. Additionally, 
the motional resistance Rm was calculated and 
provided another evidence in Fig. 4c.  In the dia- 
gram of current-motional resistance response, the Rm 
remained constant in zone 1, indicating that the 
faradaic processes of the first step did not change the 
rigidity of the electrode, which was coincident with 
the mass change results. Therefore, the author 
proposed the Zn deposition mechanism in Fig. 4d. 
The Zn2+ ions were first reduced into the interme- 
diate Zn+ ions in a viscoelastic layer, then the Zn+ 
ions were deposited on the electrode. Likewise, the 

electro-dissolution of Zn metal is also reported to 
take two steps, and the intermediates Zn+ ions are 
also demonstrated in EQCM studies[25]. In this way, 
the EQCM shows unique and precise identification 
of the reaction path in the multi-electron reactions.  

As an amphoteric metal, Zn could get corroded in 
the aqueous electrolyte, which leads to the self- 
discharge and capacity loss in battery systems. The 
impedance and polarization techniques are widely 
used to observe the corrosion[27]. However, only 
static information could be acquired via indirect 
calculations. Wang et al. employed the EQCM to 
monitor the corrosion of Zn anode in acidic solu- 
tions[4]. The frequency of the quartz crystal under 
open-circuit potential increased linearly with time. 
Following Eq. 5, the slop of the frequency curve 
made it possible to evaluate the real-time corrosion 
rate, indicating a continuous and homogenous 
corrosion in Fig. 4e:  ∆ெ∆௧·஺ ∆௙∆௧·ௌ  (6) 

where V is the corrosion rate, Δt the experiment time, 
A the surface area of electrode, and S a constant 
factor related to the cell. Interestingly, similar ex- 
periment was conducted by Hwang et al. in alkaline 
solutions[26], but the results are quite different (Fig. 
4f). The frequency increased initially then reached 
plateau after 500 s, which was attributed to the block 
of the electrode surface by corrosion products. The 
electrode then got passivated after the initial 
corrosion. As mentioned above, this transformation 
procedure could not be identified by the traditional 
methods. The passivation of Zn anodes in alkaline 
electrolyte was further studied by Wittman and 
co-workers[28]. The EQCM data provided key 
assistance on the determination of the passivation, 
which was caused by electrochemical etching, 
leading to a build-up of solid ZnO and Zn(OH)2 
layer. It is clear that the corrosion mechanism of Zn 
anodes varies in different electrolytes, and EQCM 
exhibits advantages in monitoring the real-time and 
dynamic corrosion/pas- sivation process. 

Generally, the short-circuit failure of the Zn anode 
in aqueous batteries often results from the severe 
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dendrite issues[29, 30]. Using additives is an effective 
way to suppress the dendrite and to achieve the 
uniform surface deposition. Miyazaki et al. studied 
the influence of cetyltrimethylammonium bromide 
(CTAB) on Zn electrodeposition[31]. As shown in the 
CV and EQCM diagrams in Fig. 5a, the reduction 
potentials shifted negatively both for the current and 
frequency after adding CTAB. Besides, small 
spherical deposits rather than the sharp dendrite 
were observed for the SEM morphology of Zn anode 
after cycling (Fig. 5b, 5c). Therefore, the author 
supposed the adsorption of CTAB on the electrodes 
effectively decelerates the growth of Zn deposition 
and hinders the dendrite formation.  

The adsorption of additives was confirmed by 
Ballesteros et al. via a negative potential scan in a 
Zn2+-free electrolyte[32]. The EQCM results showed 
the partial desorption/adsorption of polyethylene 
glycol (PEG) in the interval of −1.3 to −1.1 V (vs. 
SCE), and a substantial desorption in the interval 
−1.4 to −1.7 V (vs. SCE). It was proposed that the 
adsorption of PEG blocked some active sites on the 
electrode, then the reduction of Zn2+ ions occurred 
only at the rest of the active sites. The mechanism 
was further studied and vividly depicted by Mitha et 
al., as shown in Fig. 5d[33]. The 2D diffusion of Zn2+

 
Fig. 4.  (a) F(dm/dQ) function during the cathodic scan in electrolyte of ZnSO4 10 mM, Na2SO4 1.32 M, H3BO3 0.32 M 

and NH4Cl 0.26 M, pH 4.80, scan rate 10 mV/s; (b) F(dm/dQ) function during the cathodic scan in electrolyte of ZnSO4 10 
mM, Na2SO4 1.32 M, H3BO3 0.32 M and NH4Cl 0.26 M, pH 4.80, scan rate 80 mV/s; (c) Current-motional resistance 

response during the voltammetric scan between −0.20 and −1.25 V; (d) Schematic representation of mechanism proposed 
for the Zn electrodeposition process[24]; (e) Typical frequency shift-time curves measured of Zn electrode in dilute H2SO4 

aqueous solutions[4]; (f) Typical frequency-time curves of Zn electrode in KOH solutions[26]. Copyright of Elsevier. 
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ions was effectively constrained by the physical 
barriers of the adsorbed PEG polymers on the 
electrode surface. Thus, the Zn2+ ions were forced to 
deposit in a very limited area nearby where the 
initial adsorption occurred, leading to more nuclea- 

tion sites of Zn deposition. Therefore, the addition of 
PEG resulted in a 2D instantaneous nucleation rather 
than the 3D diffusion-controlled nucleation process, 
making a smoother and more compact Zn surface.  

 

 
Fig. 5.  Effect of additives on Zn deposition. (a) Cyclic voltammograms and frequency-potential curves with and 

without CTAB in the first cycle; SEM images of Zn deposits formed by applying current densities of 20 mA·cm-2 for 1 h 
with (b) and without CTAB (c)[31], (d) Schematics of the step-by-step Zn reduction and deposition processes in control and 

PEG200 electrolytes under negative potential on the Zn electrode[33]. Copyright of Wiley. 

 
In the same way, the influence of other additives 

has also been discussed using EQCM, including 
boric acid[34], benzylideneacetone[35], thiourea, 
gelatin[36], nicotinic acid, benzoquinone[37], etc. The 
species and concentrations of the additives were 
optimized in different electrolytes. However, the Zn 
deposition gets different morphologies with different 
additives, which may indicate the crystal orientation 
of Zn was affected by the selected molecules. The 
function of additives in microscale crystallography 
needs further study.  
 
3  CONCLUSION AND OUTLOOK  

With the ability of in situ weighing tiny mass 
changes, EQCM has been well known as a powerful 

tool for the research on the electrochemical process 
of metal anodes in battery systems, especially for 
quantitative mass measurement and reaction path 
identification. For Li anodes, the Li deposition and 
dissolution are unavoidably accompanied with SEI 
formation. The morphology, reversibility and stabi- 
lity of SEI have been comparatively studied in a 
large variety of solvents, salts and additives. This in 
situ characterization is helpful for better understan- 
ding the protection of Li metal anode by SEI. For Zn 
anodes, the intermediates of Zn+ ions were found in 
a viscoelastic layer, and the corresponding 2-steps 
model of dissolution/deposition has been proposed. 
The effect of various additives for dendrite suppres- 
sion was estimated and illustrated.  
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Although great progress has been achieved, the 
EQCM is supposed to service more on in-depth 
electrochemical mechanism. First, the collapse of Li 
dendrite structure is considered as one of the reasons 
of irreversible mass change during cycles. However, 
EQCM can’t determine the influence of this effect 
solely, and the combination of other analytical 
techniques is necessary. With the development of 
new methods such as 3D composite electrode, more 
improvements are needed for EQCM to adapt to 
these new systems. Furthermore, since the Zn+ ions 

play an important role in deposition, they might 
make an impact on the dendrite formation. However, 
this issue was less discussed in the literature, and 
such mechanism remains unrevealed. Thus, the 
connection between the dendrite and the ions, as 
well as the viscoelastic layer, should share more 
attention. In the end, the additives show strong 
control effect on the Zn morphology, but the simple 
adsorption model seems not suitable for all kinds of 
additives. More work needs to be conducted to 
understand the detailed principle of each additive.  
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