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a b s t r a c t 

A copper current collector is treated by electrolytic deposition of copper dendrites at the surface of the 

foil. This treatment results in a more structured surface leading to an improved contact between the 

electrode materials and the current collector. The contact to the electrode material particles of different 

sizes is investigated. Active materials of submicron size exhibit a drastically reduced internal resistance 

and a clearly improved C-rate capability. BET surface area measurement and calculation of roughness 

factor resulted in the finding of dendritic copper foil to provide an 8-fold larger surface area compared 

to the untreated foil. A comprehensive electrochemical impedance spectroscopy study is conducted for 

elucidation of electrochemical utilisation of the surface area increase. As a result, both fitting parame- 

ters for capacitance and surface resistance correspond to a similar normalization shift, indicating a clear 

improvement in the electro-active interface area. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 
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1

l

f

u

O

s

t  

o

i

p

d

p

m

t

t

h

T  

t

a

o

f  

t

L

h

s

r

a

L

t

i

[  

[

t

i

o

h

0

. Introduction 

The optimization of lithium-ion batteries (LIB) is a very chal- 

enging task, given that each battery component needs to be care- 

ully evaluated with regard to its way of working and an in-depth- 

nderstanding of optimization possibilities has to be generated. 

ur group has already evaluated the effect of lamination and the 

eparator-electrode interphase [ 1 , 2 ] as well as electrode formula- 

ion with different binders [ 3 , 4 ]. Graphite is the ancestor of an-

de materials for LIBs, and up to now is the most used one for 

ts good cycling performance. However, the solid electrolyte inter- 

hase (SEI) that is formed at the graphite/electrolyte interphase 

ue to the electrolyte reactivity, can break and reform during re- 

eated charge and discharge cycles [5] . Another possible anode 

aterial under investigation is silicon. By now, its commercializa- 

ion is hindered by a massive volume expansion during cycling, al- 

hough a proper combination of different strategies could enable 

igh performing anodes based on silicon in the near future [6] . 

his work focuses on spinel Li 4 Ti 5 O 12 (LTO) that is an attractive al-
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ernative to graphite. It displays high cycling stability, fast kinetics 

nd high rate capability. Its relatively high lithium insertion voltage 

f 1.55 V vs. Li/Li + avoids the electrochemical formation of a SEI 

rom ethylene carbonate reduction [ 7 , 8 ]. In contrast to the men-

ioned advantages, LTO has scarce electrical conductivity and low 

i-ion diffusion coefficient [ 8 , 9 ]. A number of different approaches 

as been attempted to overcome these drawbacks. Chou et al. have 

ynthesized LTO nanomaterials with a high surface area to improve 

ate capability [7] . Carvalho et al. showed that the use of mild 

cids as pH-modifier and different polysaccharide binders affect 

TO electrode morphology, adhesion and electrochemical proper- 

ies [5] . Many other binders have been evaluated for their usabil- 

ty in combination with LTO in recent years, e.g. sodium alginate 

 3 , 4 , 6 , 7 ], carboxymethyl cellulose (CMC) [8] , acrylic binder LA132

9] , PEG-based binder [10] or bio-derivative rosin [11] . 

Another promising approach to ameliorate LTO performance is 

he modification of the current collector in such a way that an 

mproved contact with the active material is established and the 

verall resistance is significantly reduced. Different ways of modi- 

cation have been under investigation, e.g. a thin layer of graphene 

pplied on the surface of the Cu foil [12] , carbon-coating on alu- 

inium current collector [13] , a laser structuring with various 

ypes of dot patterns [14] , laser-assisted processing to the active 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. SEM of dendritic foil covered with graphite particles. 

m

a

a

o

t

e

c

g

t

p

c

o

(

a

l  

a

i

t

L

2

a

d

p

t

d

i

p

(

0  

1

p

h

i

1

(

a

e

p

g

f

1

w

o

[

l

n

c

l

n

s

r

h

o  

1

c

m

i

(

A

h

s

L

e

i

μ

fi

t

L

m

t

T

t

i

b

s

t

m

t

w

G

p

aterial itself [15] , synthetization of a compact oxide layer upon 

luminium current collector [16] , different surface morphologies of 

luminium current collector [17] and so-called laser-induced peri- 

dic surface structures on steel and copper surfaces [18] . 

One type of modification derived from printed circuit board 

echnology is the so-called nodular treatment. This treatment was 

stablished in the 1960s for enhancing the bonding strength of 

opper foil versus substrates used for printed circuit boards. The 

oal is to form interlocking structures on the copper surface for 

he epoxy resin. This is achieved by electrolytic deposition of cop- 

er dendrites onto the surface of the foil. 

Here we report the effect of a galvanically structured copper 

urrent collector foil (SeCu58 with treatment) on the performance 

f LTO electrodes in comparison with a non-treated copper foil 

SeCu58 blanc). The recipes’ frame parameters (10% of conducting 

dditives, 7% of binder, low loading of 0.5 mAh/cm ², viscosity be- 

ow 20 0 0 mPa s) have been adopted to the question of whether

n improvement in general can be achieved. So it is likely to min- 

mize possible external influence factors like a limitation by elec- 

rical conductivity within the electrode coating or a limitation by 

i-ion-diffusion. 

. Experimental 

The galvanic structuring of the current collector Cu foil was 

chieved by a reel-to-reel plating line consisting of an electrolytic 

egreasing bath, an acidic activation bath containing diluted sul- 

huric acid (5 wt-%), a deposition tank and a chromate passiva- 

ion with intermediate rinsing steps. The copper deposition was 

one using an acidic copper-sulphate based electrolyte and apply- 

ng pulsed current at an average of 0.06 A/cm ² for 29 s. After wet 

rocessing the substrate was dried in-line in a hot air oven. 

LTO electrode formulation consisted of spherical Li 4 Ti 5 O 12 

83 wt-%, GN-LTO-1, GelonLIB, particle size D 10 0.1–0.5 μm, D 50 

.7–1.6 μm, tap density > = 0.65 g/cm ³, specific surface area < =
6.0 m ²/g), conductive carbon (10 wt-%, Super C65, Imerys) and 

olyvinylidene difluoride (PVDF, 7 wt-%, Solef 5130, Solvay) in a 

igh-speed dissolver. Graphite electrodes were prepared by mix- 

ng 93 wt-% of graphite (MAGE3, D 50 22.8 μm, Hitachi Chemical), 

.33 wt-% CMC (Sunrose-MAC200 HC, NPI Chem), 2.67 wt-% SBR 

SBR BM 451B, ZEON), 2 wt-% carbon black (Super C65, Imerys) 

nd 1 wt-% conducting additive graphite (SFG6L, Imerys) in a plan- 

tary mixer. 

Both graphite and LTO electrodes were casted in a roll-to-roll 

rocess coating machine on a standard Cu foil as well as on a 

alvanically structured Cu foil. The slurry was dried in-line in a 
2 
our-step drying tunnel at a temperature range of 90 °C – 110 °C –

30 °C – 150 °C. The average loading of the as-prepared LTO anodes 

as 0.35 mAh/cm ², compared to 2.1 mAh/cm ² for the graphite an- 

des, which is close to the standard capacity of 2.4 to 2.5 mAh/cm ²
 19 , 20 ] used to evaluate mass transport phenomena. The mass 

oading of LTO anodes was based on a scientific approach to elimi- 

ate limitations of mass transport which is known to affect C-rate 

apability. Least possible limitation of mass transport requires a 

ow coating thickness, whereas least possible electronic limitation 

eeds a high amount of Super C as conducting agent. Both of these 

teps are not standardly integrated in slurry and electrode prepa- 

ation. 

Three electrode cell preparation was made as follows: 

The LTO electrodes were punched into circular samples with a 

andheld punch (Nogamigiken Co., Ltd., Tokyo, Japan) with a size 

f 10 mm in diameter and dried in a drying chamber at 110 °C for

2 h under vacuum (Binder, APT.lineTM VDL 115 vacuum drying 

hamber with microprocessor-programme controller). 

Lithium counter electrode disks (12 mm) were cut from ele- 

ental lithium. A lithium disk was placed on the stamp located 

n the cell (see Fig. 1 in appendix). Two 12 mm separator disks 

glass microfiber filter, VWR) were placed on the lithium electrode. 

dditionally, lithium was punched with the smallest stamp of the 

alf-cell components, which was used as reference electrode. The 

eparators were filled with 100 μL of the electrolyte LP 572 (1 M 

iPF 6 in EC/EMC 3/7 plus 2% VC). The LTO electrode with a diam- 

ter of 10 mm, was placed on the separator. At the upper open- 

ng, a separator (10 mm diameter) was placed and wetted with 40 

L LP 572. The lithium reference was placed on the separator and 

xed with a sealed stamp and a screw cap. For all measurements 

hree cells were assembled with a similar weight loading of the 

TO working electrodes. 

A Zeiss Auriga 40 FIB/SEM electron microscope was used to take 

icrographs and the colour figures were prepared from a FIB/SEM 

omography using an energy selective backscatter detector (EsB). 

he stack of EsB images was then segmented and processed with 

he image processing software Dragonfly 4.1 to create the coloured 

mages and also a 3D tomography. A self-constructed pull-off test 

ench was selected in order to measure the adhesion and cohe- 

ion of the anodes. The vertical movement to approach the sample 

o be investigated was carried out by a linear axis (CKK-145-NN-1) 

anufactured by Bosch Rexroth AG (Lohr am Main, Germany) and 

he force measurement was performed by 2.0 kN load cell (F2210) 

ith a sampling rate of 50 0 0 Hz from Tecsis GmbH (Offenbach, 

ermany). For the adhesion measurements, round samples were 

unched out with a handheld punch (Ø 15 mm), placed between 
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Fig. 2. SEM images of untreated (a) and dendritic (b-d) copper foil. Colour map for false-colour images c) and d): orange = copper, blue = LTO, green = binder and 

conductive additive. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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wo sample holders and fixed with a polyacrylate double-sided ad- 

esive tape (tesafix 5696, extra strong from Tesa SE). At the end of 

he test procedure, an analysis of the failure mode was perfomed. 

he failure mode (either adhesive or cohesive) was determined us- 

ng the definition proposed by DIN EN ISO 4624 and DIN EN ISO 

0,365. More details regarding the measurement method used can 

e found in [21] . The fractions of cohesive and adhesive breaking 

ere calculated using an image-based MatLAB script. 

Brunauer-Emmett-Teller (BET) surface area measurements were 

aken with a Quantachrome Monosorb rapid surface area analyser. 

We calculated the roughness factor of the untreated and den- 

ritic copper current collector in order to estimate the degree of 

hysical surface enlargement by the following equations: 

 Cu −sample = 

ρCu 

A geometric · d Cu −foil 

(1) 

 true = BE T Cu −foil · m Cu −sample = BE T Cu −foil ·
ρCu 

A geometric · d Cu −sample 

(2) 

F = 

A true 

A geometric 

= 

BE T Cu −foil · ρCu 

d Cu −sample 

(3) 

 battery tester (CTS-LAB, BasyTec, Asselfingen, Germany) and a 

otentiostat (PGSTAT204, Metrohm, Fiderstadt, Germany) has been 

sed for electrochemical characterization. Charge and discharge cy- 

les were carried out with a constant current protocol between 
3 
.0 V and 2.2 V. C-rates were calculated using the specific LTO ca- 

acity of 175 mAh/g, given by the supplier. 

Formation was performed by applying two cycles at C/3. For 

ubsequent EIS analysis along SOC, cells were first delithiated to 

.2 V at C/3 rate after formation. Hence, the cells were lithiated up 

o each point of investigation by applying C/3 rate for 30 min. Final 

IS analysis was performed after reaching the lower voltage limit 

f 1.0 V. EIS measurements were carried out at 25 °C (INCU-Line IL 

8 R, VWR, Ismanning, Germany) after 2 h rest at 0 V OCV, in the

requency range of 100 kHz – 10 mHz (potentiostatic mode) using 

 mV rms . Equivalent circuit fit analysis of EIS data was performed 

sing the Z-fit protocol within a MatLAB environment. EIS mea- 

urements were performed in three-electrode mode, where volt- 

ge was measured at the reference electrode and current at the 

ounter electrode. 

Measurement of internal resistance R AC was performed as a 

easurement of IR-drop in a ten minute relaxation period between 

ach charging and discharging step. R ac describes the ohm part of 

he internal resistance and is calculated by the first measurement 

f the actual program step and the last measurement of the previ- 

us program step according to the following formula: 

 ac = 

�U 

�I 
= 

U 2 − U 1 

I 2 − I 1 
(4) 

To ensure reproducibility of the study, each test has been car- 

ied out in triplicate. 
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Fig. 3. Schematic illustration on connectivity of particles at different sizes; micrometre-scale flakes on plain (a) and treated (b) copper surface and sub-micron particles on 

plain (c) and treated (d) copper surface. Polymeric binder is pictured in light grey. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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. Results and discussion 

First results showed that platelet-shaped graphite with a parti- 

le size (D50) in the range of 22.8 μm is not the ideal material to

e applied upon this type of galvanically structured current col- 

ector. This finding is mainly based on the fact that the nodule 

tructure of the copper foil is taking place in a dimension of 200 

anometers which is clearly smaller than the particle size of 22.8 

m of the graphite. This fact is illustrated by Fig. 1 . Therefore we

ave carried out experiments with (nano-sized) LTO as anode ma- 

erial with a particle size D90 below 10 μm. 

The copper foils coated with the electrode slurry were exam- 

ned by FIB/SEM and the obtained images are shown in Fig. 2 . The

ntreated copper foil has a very smooth and clearly defined sur- 

ace, whereas the modified foil shows distinct copper dendrites. A 

ignificantly improved connection between the LTO particles and 

endritic copper foil is visible at first sight. The false colour image 

learly confirms and illustrates this fact. It appears that the small 

TO particles allow a higher amount of binder and carbon black to 

each the treated foil and thereby enable some sort of mechani- 

al anchoring. The particles marked in green represent binder and 

onductive additives and seem homogeneously dispersed within 

he composite electrode. The blue marked active material LTO is 

n good contact with binder/conductive additives and the copper 

ollector foil. 

To evaluate the effect of different morphology and dimensions, 

oth active material flakes of graphite and nano-sized LTO were 

sed and examined by FIB-SEM. Fig. 3 schematically shows how 

ifferent particle sizes are able to connect with the treated copper 
4 
oil. Obviously, the graphite active material in micrometre-range is 

oo large to fit into the dendritic structure, and therefore mainly 

he binder attaches the copper surface - the over-sized active ma- 

erial can only reach the tips of the dendrites. Thus, no increased 

ontact area between LTO particles and Cu foil is generated. Low- 

ring the particle size of the active material down to sub-micron 

ange results in highly improved contacts between both the active 

aterial and inactive materials like binder and conductive addi- 

ives with the structured collector foil. Due to this improved con- 

act, higher adhesion forces and a significantly reduced internal re- 

istance should be reached. 

BET measurement of dendritic copper foil resulted in a surface 

rea of 0.03 m 

2 /g. The calculation of roughness factor with equa- 

ions (1) - (3) ended up with the fact that the dendritic copper 

oil owns an 8-fold larger surface compared to the untreated foil 

assumption: roughness factor of 1 in the case of uniformity). 

Fig. 4 a) compares the different failure mechanisms – adhesive 

reaking at the interphase between active material and current 

ollector and cohesive breaking within the active material – for 

ntreated and dendritic current collector. The fraction% values in- 

icate the ratio between cohesive and adhesive breaking from all 

ested electrodes, evaluated according to DIN EN ISO 4624 and DIN 

N ISO 10,365. It can be clearly seen that the degree of adhe- 

ive breaking is shifted to higher values for the dendritic current 

ollector, meaning that a higher amount of adhesive breaking is 

aking place when using the dendritic one. Obviously, there is a 

isproportion between the particle size of the used LTO and the 

orphological structure of the dendritic current collector. Due to a 

ack of formation of a planar connection between the LTO particle 
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Fig. 4. Percentage of adhesive or cohesive failure mechanisms a) and internal resistance b) of LTO electrodes for untreated and dendritic copper foil as current collector. 
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M

nd the current collector, the weakest point of the bonding joint 

s thus located at the edge between the coating and the Cu collec- 

or, which further leads to a higher percentage of adhesive failure 

or the dendritic current collector compared to the untreated situ- 

tion. A possible solution to this problem would be to use the elec- 

rochemical benefit of the dendritic current collector by preparing 

 coating with even smaller LTO particles in order to enhance the 

nterlocking of the LTO in the pores of the Cu foil. With a smaller

TO particle size, the stresses applied to the electrode can be more 

idely distributed at the interface between the electrode material 

nd the current collector. This would enable more plastic energy 

issipation to occur and lead to an increase in adhesion strength 

hus decreasing the percentage of adhesive failure. In order to ex- 

loit the real benefit of the surface foil preparation the size ratio 

etween substrate pores and active material particle size should be 

onsidered. 

Fig. 4 b shows the internal resistance R AC which is measured in- 

perando during cycling. This value is considerably reduced by a 

actor of 4.5 if comparing the LTO electrodes behaviour with un- 

reated (blue) and galvanically structured (orange) copper foil. Al- 

hough not as precise as EIS measurements, these values already 

ndicate an enhanced interface of the dendritic copper foil in con- 

rast to the untreated one. Concerning the phenomenon of increas- 

ng resistance, we assume a conditioning reaction of the copper 

urface – as the dendrites are owning a higher surface, the effect 

s not that visible in the case of the dendritic foil. This is verified

y a significantly reduced spread width of the standard deviation. 

n contrast to the untreated foil, the dendritic one shows a clear 

tabilization of the interface and therefore its standard deviation 

s decreasing with increasing cycles. Furthermore, C-rate capability 

s clearly improved, which can be seen in Fig. 5 , whereas an en-

arged surface does not seem to show a significant difference for 

he ageing of electrodes during cycling test at 1C rate. A remark- 

ble difference arises at application of highest C-rates above 5C. 

his corresponds to our original target, namely to improve elec- 

rode transition by increasing the interfacial area of LTO and cop- 

er foil. 

T-cells consisting of a LTO working electrode, Li counter elec- 

rode and Li reference electrode were investigated in three- 

lectrode-mode via EIS comparing their behaviour if untreated 

r dendritic copper current collectors were used along different 

tates of charge. The EIS spectra were collected after three for- 

ation cycles (C/3 rate). Fig. 6 shows the respective impedance 

pectra. 

The Nyquist plots show a distorted flat semicircle and the War- 

urg behaviour at the lowest frequencies. For data analysis, we 

sed the equivalent circuit model shown in Fig. 7 . 
5 
The equivalent circuit model shown in Fig. 7 was used for data 

nalysis of the spectra in which two flat semicircles and a Warburg 

lement is considered [ 22 , 23 ]. At the highest frequencies, ohmic 

esistance arises both from electrolyte and environment setup. Sur- 

ace resistance phenomena are represented by the first semicircle, 

hile the second semicircle arises from the LTO charge transfer 

eaction. LTO is usually considered to form negligible passivation 

ayers [ 24 , 25 ] due to its relatively high potential, therefore main

nfluence on the surface resistance should come from the elec- 

rode current collector interface . Solid state diffusion phenomena 

re responsible for low frequency response [ 26 ]. While the resis- 

ance contribution due to SEI layer remains constant and indepen- 

ent from the SOC, the contribution related to the charge transfer 

ncrease with SOC. For some other active materials like NMC and 

raphite a similar SOC-dependency was already found; the charge- 

ransfer signal of graphite [2] and NMC [27] decreases with in- 

reasing SOC. Due to the fact that the charge-transfer signal repre- 

ents an intrinsic material parameter, a comparison between differ- 

nt materials might be questionable. Other groups have evaluated 

uite similar fitting parameters and a likewise impedance signal 

or LTO-based electrodes [ 7 , 22 ] 

In Fig. 6 the data point at 1 kHz (cyan highlighted) is close to 

he end of the semicircle in all the plots and its relative position 

eems not be affected by SOC for any of the cells. First, this be- 

aviour clearly excludes any changes in the system time constant 

hroughout the measurements and secondly, R surface originating the 

rst semicircle can be regarded as independent from SOC. Fig. 8 

hows the results from the data fitting in which the Warburg be- 

aviour was excluded. 

The values of Q CT , i.e. the double layer capacitance in par- 

llel with the charge transfer resistance, lie around 10 – 30 

F •s (a-1) •cm 

−2 
g eo for all cells with negligible dependence on SOC. 

 surface values show no significant correlation to the SOC and lie 

round 6 – 13 μF •s (a - 1) •cm 

−2 
g eo for cells coated on untreated cop- 

er current collector, while LTO electrodes coated on dendritic cur- 

ent collector reveal significantly increased capacitance fit parame- 

ers around 17 – 43 μF •s (a - 1) •cm 

−2 
g eo . Similarly, the surface resis- 

ance fit parameters have no significant correlation to SOC for any 

ell, though the introduction of a dendritic current collector in LTO 

lectrodes significantly lowers the surface resistance fit parameters 

rom 27 – 34 �•cm 

2 
geo to 4 – 15 �•cm 

2 
geo . 

Differently than surface resistance, the LTO charge-transfer re- 

istances increase linearly with SOC for all cells. Both phenomena 

o not indicate any dependence on the copper current collector 

eometry. It is more likely for the charge-transfer resistance to de- 

end on the used electrolyte, as discussed by De Giorgio et al. [7] .

a et al. showed comparable impedance parameters for a compa- 
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Fig. 5. Galvanostatic charge/discharge test a) and C-rate test b) of LTO electrodes with untreated and dendritic current collector. The error bars are also displayed. 

Fig. 6. Impedance measurements (100 kHz – 10 mHz) of LTO electrodes on untreated or dendritic current collectors; three-electrode (T-cell) geometry; fitting curves indi- 

cated as solid lines; the data points at 1 kHz highlighted in pale blue; frequencies of final datapoints indicated for partially visible datasets. 10 3 Hz indication as tracer for 

EIS time constant shifts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Equivalent circuit model used for EIS fit analysis. 
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able electrolyte, but a different dependency on SOC [22] proba- 

ly due to the different particle size. Kawade et al. though focus- 

ng on connection resistance of nanoparticles, reported in a similar 

rder of magnitude for charge-transfer resistance [23] . Our fit pa- 

ameters are also supported by several further publications with 

harge-transfer resistance values in likewise dimensions [ 2 , 24 , 25 ] 
6 
The decrease of the surface fit parameter of the electrode with 

endritic current collector indicates a normalization discrepancy. 

hile all fit parameters were normalized to the geometric elec- 

rode area, all surface resistance signals should truly depend on 

he electrochemically active interface area A true . So obviously, the 

tting parameters can be used as a measure for the electrochem- 

cally active interface area between LTO and copper foil. Further 

valuation requires a statistical analysis of the respective fit param- 

ters, which is shown in Fig. 9 . 

The analysis of the generated EIS fit parameters provides two 

ndependent signal shifts, one for R surface and one for Q surface , 

ound to the difference in true electrochemically active interface. 

he normalization shift factor f normalization results from the ratio 

etween A active-dendriti c and A active-reference , where A active-dendritic and 

 active-reference are the fit values at each SOC of R surface and Q surface 

eported in Fig. 9 . 

f normalization shi f t [ A acti v e ] = 

A acti v e −d end ritic 

A acti v e −re ference 

(5) 
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Fig. 8. EIS fitting parameters of LTO electrodes with untreated or dendritic current collectors, along 3rd cycle lithiation step; data normalized to geometric electrode area. 

Fig. 9. Averaged EIS fitting parameters of LTO electrodes with untreated or dendritic current collectors, along 3rd cycle lithiation step; data normalized to geometric electrode 

area. The point near 90% is the result of a single measurement. 

i
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r

e
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s

t

s

This normalization shift factor f normalization shift for electrochem- 

cally active interface area is also capable to compare the physical 

urface areas of dendritic and untreated copper foil by indicating a 

oughness factor RF. 

f normalization shi f t [ A true ] = 

A true −d end ritic 

A true −re ference 

= 

R F d end ritic 

R F re ference 

(6) 
7 
So finally, f normalization shift allows for a direct comparison of 

lectrochemically active interface area shift and physical surface 

ncrease, between dendritic and reference copper foil. This is vi- 

ualized in Fig. 10 . 

While the physical surface increase in interface area, given by 

he roughness factor shift, lies at ≈ 7.9, an electrochemically active 

hift of ≈ 3.8 or ≈ 3.3 is found for the surface capacitance shift 
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Fig. 10. Comparison of surface increase factors at the electrode-current collector in- 

terface, determined via roughness factor shift, surface capacitance shift and surface 

resistance shift; measured error bars indicated as solid lines, estimated error bars 

indicated as dashed lines. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Table 1 

Averaged EIS fit parameters of LTO electrodes. 

material surface capacitance 

[μF •s (a-1) •cm 

−2 
g eo 

] 

surface resistance 

[ �•cm 

2 
geo ] 

LTO@Cu dendritic 25 ± 7 15 ± 6 

LTO@Cu reference 8 ± 3 39 ± 4 
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[  
nd surface resistance shift, respectively. Consequently, 32 – 45% 

f the increased surface area of the dendritic current collector are 

lectrochemically active in the designed system. 

onclusions 

We successfully prepared LTO anodes for the use in lithium-ion 

atteries on dendritic copper current collectors. Evaluation of the 

urface modification was performed via mechanical analysis, FIB- 

EM and electrochemical measurements. The investigations veri- 

ed the existence of distinct copper dendrites leading to a phys- 

cally increased surface area of the current collector. Differences in 

erms of inner resistance, rate capability at high current and sur- 

ace resistance confirmed a clear difference in active area between 

ntreated and dendritic current collectors due to the modified sur- 

ace. Furthermore, a higher capacitance and a lowered surface re- 

istance were found for the electrodes with the dendritic current 

ollector in contrast to the ones with the copper reference. This in- 

icates an improved connection between the current collector and 

he anode material, thus also proving an increase in electrochemi- 

ally active surface area. Based on these findings, further research 

ill be carried out to gain new insights into structural improve- 

ents for an enhanced performance of LTO anodes. 

Fig. 1 , Table 1 
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