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Lithium state diagram as a description of lithium deposit morphology 
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Abstract 

Lithium cycling behaviour on stainless steel has been investigated in several LiPF, and LiC104 organic electrolyte solutions. Complex 
dependence of cycling efficiency from a plated charge is found. In most LiPF, electrolyte solutions, cycling efficiency increases slightly with 
the amount of plated lithium at the lower end range of plated capacity. The critical point of the plated charge has been found for each electrolyte 
solution over which the cycling efficiency decreases and depends strongly on the plated charge. A 1 M LiClOJethylene carbonate electrolyte 
solution displays quite different behaviour. New parameters are established for the characterization of lithium cycleability. On the basis of 
this research, using new parameters, a diagram of the lithium state on the amount of plated lithium is proposed for a description of the lithium 
deposit morphology. This diagram consists of regions of electrochemically active lithium, corrosion and encapsulation losses. Encapsulation 
losses can consist of (i) a loss of simple shape dendrites, and (ii) a loss of dendrite overstructure. The diagram shows a sub-region of active 
lithium in the region of electrochemically active lithium instead of a region of dendrite overstructure losses in the case of formation of the 
electron-conductive SEI. 
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1. Introduction 

To date, cycling efficiency has usually been used to char- 
acterize lithium anode cycleability [ l-31. Cycling efficiency 
allows the capacity of electrochemically active lithium to be 
distinguished from lost capacity that is the result of corrosion 
and encapsulation processes. It is impossible to discern cor- 
rosion losses from encapsulation losses using only the cycling 
efficiency concept. Furthermore, cycling efficiency is not 
constant because it depends on assigned cycling conditions 
such as current density and plated charge. Therefore, it is very 
difficult to compare results that were obtained under different 
conditions by various authors. 

In order to obtain a clearer view, spectral studies are widely 
used for confirmation of the dendrite structure of lithium 
deposits and for finding correlations between dendrite mor- 
phology and cycling efficiency. At the same time, it is nec- 
essary to realize that scanning electron microscopy (SEM) 
allows the estimation of dendrite formation qualitatively 
rather than quantitatively. The problem of quantitative esti- 
mation of all losses during the charge/discharge process is 
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still not solved. Considering previous research [4,5], this 
work attempts to describe lithium cycling behaviour quanti- 
tatively using more accurate criteria than cycling efficiency. 
These criteria are independent of the cycling current and 
plated charge and reflect only electrolyte properties. It is 
believed that such an approach can provide a new insight into 
the characteristics of the lithium electrode/electrolyte 
interface. 

2. Experimental 

Solutions of 1 M LiPF, and LiC104 solutes in different 
solvents (Mitsubishi Chemical) were used mainly as 
received. Some of the solutions were prepared in the authors’ 
laboratory from LiPF, and LiClO, (Kishida Chemical) dis- 
solved in organic solvents (Mitsubishi Chemical). Water 
content was measured by a Mettler Toledo DL37 KF coulo- 
meter and was in the range 14 to 35 ppm in these solutions. 
Lithium metal (99.9%, Aldrich) in the form of a thin sheet 
was employed as a counter electrode. Solution preparation, 
cell assembly, etc., were carried out in a highly pure argon 
atmosphere in a Vacuum Atmospheres Company (VAC) 
glove box. 
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The experiments were carried out using two-electrode 
cells. A sealed 2016 coin cell was used as a cell testing 
vehicle. The coin cell casing material was stainless steel. The 
surface area of the working electrode (the empty can of the 
coin cell) was 2 cm*. The counter electrode was a lithium 
sheet (2 cm*) that was plated into the cover of the coin cell. 
A microporous membrane (3M Company) was used as a 
separator. 

The electrochemical cells were cycled galvanostatically at 
different currents at 50 “C using a battery charge/discharge 
testing unit ‘TOSCAT-3OOOU/31OOU’ (Toyo System). The 
charge and discharge currents were the same. The cut-off 
voltage for lithium stripping was 0.6 V. The plating time was 
the same at the different currents and was equal to 5 min. 
Each cell performed at one current only for four cycles. The 
average coulombic cycling efficiency from the second to the 
fourth cycle was calculated for each current. In order to over- 
come h-reproducibility, three identical experiments at each 
current were carried out. The best average cycling efficiency 
from the three attempts was used for further processing and 
plotting. 

The dependencies of capacity loss rate (ji) on the plated 
charge (Q,) were plotted for new cycling parameters’ deter- 
mination. The rate of capacity loss was calculated from 

j,=(Q,-Q,>~(~,+~,>=Q,(l~-E)~~,(1~+E) (1) 

where Qi, and r,, are the capacity (C cm-*) and time (s) of 
plating; Q, and t, are the capacity and time of stripping; 
E = Q,/Q, is the coulombic efficiency (%) . 

The method of least squares was used forj,-j,( Q,) depend- 
encies plotting at the restriction (j,)f”‘” I (j,),?“. The reason 
for using such a restriction was to find the level at which as 
much compact lithium deposit as possible, over several 
attempts, could be plated in certain electrolyte solutions. 

3. Results and discussion 

Investigations show that the cycling behaviour of lithium 
in different solutions with LiPFs solute is similar. By way of 
example, the experimental results in the j,-j,(Q,) and E- 
E( Q,) axis for the 1 M LiPFJEC + DEC ( 1:2.6) electrolyte 
solution are presented in Fig. 1. The dependence of E-E( Q,) 
has a complex form that consists of two parts, I and II. 

The corresponding graph of j,-j,( Q,) is more simple and 
consists of two lines. For the sake of simplicity, discussion is 
started from the j,-j,( Q,) graph explanation. Line I of the j,- 
j,( Q,,) graph at the lower end range of the charges is described 
by the equation 

.A =A + rQpltp (2) 

where j, is a segment on the capacity loss rate axis that is 
intersected by line I and y/fp is the incline of line I. At this 
end range of the plated charge, the lithium deposit is relatively 
smooth and the dendrites have a simple form. Beginning with 
a certain critical plated charge ( Qp”‘), the slope of j,-j,( Q,) 

dependence rises considerably. This can be explained as fol- 
lows. It is believed that at Qr > Qpti’, the dendrite overstructure 
can be formed during charge. This promotes additional losses 
during the entire charge/discharge procedure. The overstruc- 
ture can be represented as branch-form dendrites that grow 
on the surface of primary dendrites. During discharge, in the 
case of contact damage at the bottom of such complex branch- 
form dendrites, the encapsulated capacity loss will be higher 
than in the case of simple-shape dendrites. 

Line II of the graph j,-j,( Q,) at Q, > Qptit can be described 
as analogous to Eq. (2) 

j,=j,+~pl~p+P(Qp-Q~t)/~p 

= j, - PPpti’ltp + ( Y+ P> Q,lt, (3) 

where ( y+ p) lfp is an incline of line 11. 
Using the Eqs. ( 1) and (2), part I of the E= E( Q,) 

dependence (Fig. 1) can be represented by 

~=t~Q,~~-r>-~,~,1~~Q,<~+r~+~,~,1~~~~~ (4) 

In the same manner, using the Eqs. ( 1) and (3)) part II of 
the E = E( Q,) dependence can be described by 

E=([Q,(l-r-P>+P~“‘-j,f,l/ 

[Q,<l+r+P>-PQ~‘+j,t,l)xloo% (3 
The coefficients j,, y, p, @ in Eqs. (l)-(5) are the new 

parameters of lithium cycleability or the electrolyte testing 
parameters. Their physical meaning can be explained as 
follows: 
1. j, (jc r 0) : corrosion current density (the rate of decom- 

position of electrolyte solution components, that is, the 
measure of the passivating properties of the surface film) ; 

2. y (0 I y I 1) : encapsulation degree of simple-shape den- 
drites (the degree of the ‘dead’ dendriteability of the elec- 
trolyte solution, which means the ability of the electrolyte 
solution to create ‘dead’ dendrites of simple shape during 
the charge/discharge conditions). ‘Dead’ dendrites are 
dendrites that have lost electrical contact with the elec- 
trode bulk; 
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Fig. 1. Dependence of cycling efficiency and capacity loss rate of electro- 
deposited lithium on amount of plated lithium in 1 M LiPFJEC + DEC 
( 1:2:6) electrolyte solution. 
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Table 1 
Parameters of 1 M electrolyte solutions for lithium cycling on stainless-steel substrate at 50 “C 

Electrolyte solution 

salt Solvent Water content 
(wm) 

Electrochemical parameters 

j,x 104 Y 
(mA cm-*) 

P G” 
(C cm-*) 

LiPF, EC-DMC (1:l) 16 4.1 0.110 0.256 0.192 
EC-DEC (1:l) 20 20 0.121 0.017 0.150 
EC 23 2.3 0.053 0.145 0.099 
EC-DEC (1:2.6) 14 4.4 0.121 0.286 0.240 
DMC 15 1.1 0.107 0.095 0.071 
DEC 30 Strong interaction with lithium. Reduction products are solid and liquid of reddish- 

brown colour. It is impossible to find electrochemical parameters because of the 
very high resistance of the passive film. 

LiClO, EC 24 152 0.340 0.287 - 0.340 
PC 21 8.9 0.483 0.337 0.221 
EC-DEC (1:l) 35 3.9 0.333 0.299 0.090 

LiCIOd-LiPF, ( 1: 1) EC 26 21.9 0.161 0.132 0.184 

3. p: encapsulation degree of dendrite overstructure which 
means the ability of the electrolyte solution to create den- 
drite overstructure (at p > 0: ‘dead’ dendrite overstructure 
and at j3 < 0: electrochemically active dendrite overstruc- 
ture) , and 

4. Qr: critical plated charge (the charge value when char- 
acters of the deposit structure are changed qualitatively). 

It is clear from the results presented in Fig. 1 that the lithium 
cycling efficiency increases slightly with the plated charge at 
its lower end. It deals with the fact that the corrosion current 
is sufficiently small and the encapsulation process ( y) does 
not depend on the plated charge, only on the nature of the 
electrolyte solution. The cycling efficiency decreases 
strongly with the plated charge at Qp > Qr. 

Electrochemical parameters for eight electrolyte solutions 
are summarized in Table 1. Although the behaviour of all 
LiPF, electrolyte solutions is similar, the values of testing 
parameters are different. At the same time, it is necessary to 
emphasize that the behaviour of the 1 M LiClOJEC electro- 
lyte solution is completely different from that of the others 
(see Fig. 2). Overvoltage during charge/discharge proce- 
dure in this electrolyte is lower than in other electrolytes. The 
corrosion current is 7 to 60 times higher than in others, while 
the content of water is almost the same. The critical charge 
is also higher, but the main discrepancy is the absence of 
additional encapsulation after critical charge. Moreover, the 
cycling efficiency (Fig. 2) improves remarkably at 
Qt, > Qrfit and the slope of line II of the j,-j,( QJ graph is 
lower than that of line I ( p < 0). 

A complex of such unusual properties of this electrolyte 
can be explained as follows. As expected [ 6-101, interfacial 
properties are highly dependent on the combination of 
salt( s)-solvent( s)-additive( s) used, because the chemical 
composition of the produced film is heterogeneous, contain- 
ing different types of Li-ion and electron conductors. There- 
fore, the electronic properties of the surface films which they 
induced upon cycling and character of lithium morphology 
depends on their occasional chemical composition [ 111. In 

connection with this we hypothesize that the produced com- 
posite film in the 1 M LiClOJEC electrolyte solution pos- 
sesses sufficient electronic conductivity. The electronic 
conductivity of the film decreases the interfacial resistance 
(overvoltage becomes lower), promotes the corrosion via 
electron transfer through the film (large corrosion current), 
and causes an increase in the yield of capacity during dis- 
charge (cycling efficiency increasing) after critical capacity 
destination. Increase in cycling efficiency is due to the surface 
electric contact between the branches of the dendrite 
overstructure. 

From the practical point of view, those electrolytes that 
produce highly protective solid electrolyte interfaces (SEI) 
are preferable. This means that the corrosion current should 
be low. According to other parameters, the larger is the q 
and the lower are the y and /3 modulus, the better is the 
electrolyte. 

According to Eq. (2)) the capacity loss rate at Qr, < Qr” 
consists of two terms: the corrosion rate j, and the ‘dead’ 
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Fig. 2. Dependence of cycling efficiency and capacity loss rate of electro- 
deposited lithium on amount of plated lithium in 1 M LiClO,/EC electrolyte 
solution. 
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dendrite formation rate rQ,lf, for simple-shape dendrites. 
The additional ‘dead’ dendrite formation rate p( Q,-Q$t) lfp 
for dendrite overstructure is added too at Qp > Gt( see Eq. 
(3)). When the partial rates are known, it is possible to 
calculate the partial percentage capacity loss values. At 
Qp< @, the percentage corrosion losses are {j,(t,,+t,)l 
Q,}100%={jcfp(E+l)/Qp}100%={2jcfpl[Qp(l+~)+ 
j,t,] }lOO% and the encapsulation losses for simple-shape 
dendrites are {rQ,<~,+~,)/fpQpJ1~%=(y(E+l)}X 
100% = (2yQJ [ Q,( 1-t y) + j,f,] ) 100%. At Qp > pdi’, the 
percentage corrosion losses are [j,( rp + t,) /Q,] 100% 
=Cj,t,(E+l)/Q,}100%={2jctpl[Qp(1+~+/3)-pQT’ 
+j&] } lOO%, the losses for simple-shape dendrites are 
{yQ,(t,+t,)/r,Q,)lOO% =(y(E+l)}lOO% ={2rQ,/ 
[ Q,( 1 + y+ p) - pQT’+j&] } 100% and the dendrite 
overstructure losses are ( p( Q, - @*“) ($, + t,) ltpQp) X 

100%=(/3(Qp-Q~t)(E+1)/Q,)100%={2/3(Qp-~)/ 
[QJ 1+ Y+ P) - PQf +&,I 1100%. 

Using the percentage capacity loss values, as well as the 
values of the cycling efficiency at the different plated charges, 
the lithium state diagram can be plotted. Fig. 3 presents this 
kind of diagram as a result of the computer simulations at 
fi > 0 and with a sufficiently high level of corrosion current. 
An artificial case is used in order to show clearly all diagram 
regions, especially the corrosion region. In this diagram, three 
main regions can be seen. The region of the corrosion losses 
is separated from the region of the encapsulation losses by 
the curves II and V. The curve II is described by Yn= 
1 [Q,( I+ r> -&I / [Q,C 1+ r> +.&I 1100% and the 
curve V by the equation Y, = ( [ Q,( 1 + y + /3) - /3QFnt - 
j&] / [ Q,( 1 + y + p> - BQr + j&l ) 100%. The region of 
the encapsulation losses is divided into two parts by curve 
IV, which is described by Y,v = { [ Q,( 1 - y + p) - @QF - 
j&]/[Q,(l+-y+P)-/3Q~+j,f,])lOO%. One part is a 
sub-region of losses of simple-shape dendrites and another is 
a sub-region of losses of the dendrite overstructure. The last 
region is electrochemically active lithium. This region is sep- 
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Fig. 3. Diagram of the lithium state during cycling on the amount of plated 
lithium at p> 0. j. = 0.03 mA cm-*, y=O.15, Q$‘=O.5 C cm-‘, p=O.8, 
and r,= IO min. 
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Fig. 4. Diagram of lithium state during cycling on the amount of plated 
lithiumat~>0.j,=0.03mAcm-2,y=0.25,~=0.5Ccm-2,~= -0.3, 
and t,, = 10 min. 

arated from the region of encapsulation losses by the curves 
I and III that are described by the Eqs. (4) and (5)) respec- 
tively. The diagram clearly displays that corrosion takes away 
not only at the active lithium, but also at the encapsulated 
lithium. Dendrite overstructure losses engulf the part of the 
losses of simple-shape dendrites. 

At /3 < 0, the diagram of the lithium state has a quite dif- 
ferent construction, as presented in Fig. 4. It does not contain 
the sub-region of the losses of the dendrite overstructure. 
Instead, it contains the sub-region of active lithium in the 
region of electrochemically active lithium. Since dendrite 
overstructure is electrochemically active in this case, line IV 
loses its physical meaning and is absent from the diagram. 

All regions on the diagrams are interdependent. Changing 
of one parameter provokes changing all of regions. 

4. Conclusions 

Lithium cycling behaviour on stainless steel in different 
electrolyte solutions is complex and sometimes quite differ- 
ent. Lithium behaviour is similar in solutions with LiPF, 
solute. In most of them, cycling efficiency increases slightly 
with the amount of plated lithium at the lower end range of 
the plated charge. A critical point of the plated charge is found 
at which the lithium deposit behaviour is changed radically. 
After this point, the cycling efficiency decreases and depends 
strongly on the plated capacity. At the same time, quite dif- 
ferent lithium deposit behaviour is found in the 1 M LiC104/ 
EC electrolyte solution. It is hypothesized that the electronic 
conductivity of the produced surface film is responsible for 
this change in behaviour. 

In order to find a mathematical description for lithium 
cycling peculiarities, it is proposed to present experimental 
results in the j,--j,(Q,) axis and to use the combination of 
two equations: j, = j, + -yQ,lt, and j, = j, - PQFlf, + ( y + 
p) QJf. The coefficients j,, y, p, @Pet in these equations are 
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suitable criteria to characterize the electrolyte and the lithium 
deposit morphology. Values of these electrolytes testing par- 
ameters in eight electrolyte solutions with LiClO, and LiPFh 
solutes have been determined. 

Using the proposed criteria, the diagram of the lithium state 
on the amount of plated lithium is presented. This diagram 
describes the regions of the active lithium, corrosion and 
encapsulation losses. Encapsulation losses can consist of: (i) 
a loss of simple-shape dendrites, and (ii) a loss of dendrite 
overstructure. In the case of formation of the electron-con- 
ductive SEI, the diagram may contain a sub-region of active 
lithium in the region of electrochemically active lithium 
instead of a region of dendrite overstructure losses. 

The lithium state diagram is eminently suitable to describe 
quantitatively the lithium deposit morphology. 

5. List of symbols 

cycling efficiency, % 
capacity loss rate, A cm-’ 
experimental value of capacity loss rate 
at j current density, A cm-’ 
calculated value of capacity loss rate at j 
current density, A cm-’ 
corrosion current density, A cmp2 
plated charge, plated capacity, C cm-’ 
critical plated charge, critical plated 
capacity, C cmp2 
stripped charge, stripped capacity, C 
cmW2 
plating time, s 
stripping time, s 

Greek letters 

Y 

P 

Abbreviations 

SE1 
EC 
PC 
DMC 
DEC 
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