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Semi-solid flow batteries
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The new role of the electrically insulating solid electrolyte interphase (SEl) in semi-solid flow batteries
hinders the use of classic negative electrode materials forcing the search for active materials operating
within the ranges of 1.2 V—0.8 V vs. Li/Li"
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The formation of the alkyl carbonate-derived solidelectrolyte their way from the current collector to the activaterial and vice
interphase (SEI) enables the use of active matermbperating Versa.

at very cathodic potentials in Li-ion batteries. Havever, the U\TicOp + 3¢ +3Li* <> LTicOy,  LiCOO, <> LigoCoO, + 0.5" + 0.5Li*

SEIl in semi-solid flow batteries results in a hindeed electron

transfer between a fluid electrode and the currentcollector (a)
restricting the operating potentials toca. 0.8 V vs. Li/Li * for

EC-based electrolytes.

Active Active
material material

The semi-solid flow battery (SSFB) is a promisimeegy storage
technology that combines the high energy densitiiéén battery

(LIB) materials with the independent scalabilityesfergy and power
capabilities of redox flow batteries (RFBSJ! The operational
principle of SSFB is based on RFB, but employingpsmsions
containing LIB materials instead of dissolved eleattive species

v
(Figure 1a). Despite the fact that the chemistr8FB relies on the ! separaor |
chemistry of well-investigated Li-ion battery masgs, the fluid pump pump

solid electrode fluid electrode

electrodes cannot be assumed to behave as the cudisl The
formation of a stable solid electrolyte interph4S&l) at the nega-
tive electrode of classic LIBs can be considered bigssing since
its electrically insulating character hinders thecwon transfer at the
surface of the electrode and prevents further decsition of the
electrolyte solution. Only through the formation afstable SEI,
active materials operating at very cathodic possitare suitable for
LIBs, e.g. graphite at 0.1 V vs. Li/LiAlthough the properties of the
SEl in SSFBs may be very similar to those of SEtlessic LIBs
when using the same electrolyte solution, theensajor difference
between the SEI in LIBs and SSFBs (Figure 1b): mathe location
of the SEI. In classic LIBs, the SEI is formed arduhe “static”
solid electrodes, allowing many contact points leetwparticle/par-
ticle and particle/current collector to remain niyp&tincovered” for
facile electron transport across the entire soléitteode. Thus, the \ Current collector 7
SEl in LIBs is mostly located at the interface betw electrode and Figure 1. (a) Scheme of a semi-solid flow battery (SSFB).Repre-
electrolyte. On the other hand, in SSFBs the agiasicles are in sentations of the SEI of a classic Li-ion battegysus that of a SSFB.
continuous motion. The contacts for electron trandbetween
current collector and particles are severed ancestablished Fast electron transfer kinetics between the curcetiector and the
continuously, which allows the SEI to cover theirentcurrent fluid electrode are necessary for high-performa®8€&Bs. Scanning
collector. Thus, the SEI in SSFBs is mostly locabeiween the electrochemical microscopy (SECM) in the feedbaddenprovides
current collector and the fluid electrode. Once $f# is formed in this type of information, which was previously uged the study of
SSFBs, the electrons must cross this electricaiylating barrier on the properties of the SEI in classic Li-ion batsli? Figure 2a
shows the current recorded at the copper curreliéctor (black
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line) together with the feedback current simultarstp recorded at gative electrode material because potentials bdl®wW vs. Li/Li*
the tip (red line) during the first cyclic voltamgram at 0.2 mV'$  are not required. Nevertheless, a SEI can be inteity formed du-
in 1 M LiPF; in EC:DEC. During the experiment the SECM tip wasng lithiation of LTO when a potentiostatic cathogulse below 1.0
polarized at a constant potential of 3.6 V vs. Llifand at a constant V is applied. In a half-cell configuration SSFB (aiéic lithium as
position at 12 um from the Cu surface (see supppitiformation counter- and reference electrode), a suspensidaioorg 16 wt% of
for more details on SECM). The current at the curreollector LTO and 1.4 wt% of carbon black in 1 M Lipkh EC:DMC was
(black line) shows a small peak at 2.3 V vs. Li/ldttributed to the evaluated at a constant flow rate of 3 mL ifThe LTO in the
reduction of copper oxide, and a small increaseaitmodic current suspension was fully lithiated potentiostaticaltylsd V vs. Li/Li".
below 0.5 V vs. Li/Lf. The signal at the tip (red line) providesAfter that, a galvanostatic anodic pulse for 30 mir+2 mA (0.66
information regarding the charge transfer kinetitthe surface of mA cm?) was applied, followed by 10 min at open circuitential.
the current collector. In a simplistic view, valugfd/l,,above uni- The same procedure was applied several times, drdnging the
ty reveal the occurrence of fast charge transféhetcurrent collec- potential of the lithiation, which was sequentidibyvered from 1.0
tor (Figure 2b), while values below unity indicatiee hindered to 0.01 V vs. Li/Li in intervals of 0.2 V. The SEI formed during the
charge transfer (Figure 2c). Initially, the valuel/b,,x wasca. 1.3 cathodic lithiation acts as electron transfer learfor (de-) lithiation
and it increased in the cathodic scan due to thee@sed driving of the active material, resulting in higher ovegmiials in the
force at the current collector for the regeneratidrthe mediator. galvanostatic de-lithiation. The electric resiseumtroduced by the
I/pui at the tip reached a value cd. 1.8 at 1.5 V vs. Li/l'i and SEI can be evaluated by comparing the overpotentiating the
remained stable. The value was expected to renmistant, but it galvanostatic anodic pulses. Figure3a shows the diano
drastically dropped when potentials more cathodentl.0 V vs. potential/time transients obtained for different tepaiostatic
Li/Li* were applied to the current collector. pJf! continued lithiation conditions. According to Figure 2, thbarge transfer at
decreasing until the end of the cathodic scan @t & vs. Li/Li*. the surface of the current collector starts to ineléred at 0.9 V vs.
During the entire anodic scan, the value of }//remained ata. 0.6. Li/Li *. Therefore, one could expect an increased overfiatén the
In short, I/, values above unity were recorded during the initi@nodic E-t transient for the lithiation at 0.8 V. vki/Li™.
cathodic scan at potentials more anodic than 1.0vNile I/l Surprisingly, no significant change in the overptitd was observed
values below unity were obtained for the rest @& theasurement. until a cathodic lithiation potential of 0.4 V visi/Li * was applied.
This indicates that the formation of the SEI, poexgly reported in On the opposite, with respect to the anodic déaliihn potential
Li-ion batteries to occur ata. 1.0 — 0.8 V vs. Li/Li in the first recorded at 1.0 V vs. Li/lj an additional overpotential of 40 mV,
cathodic scan mainf%** turned the surface of the Cu currenft00 mV and 260 mV were required when the cathdtlimtion was
collector from kinetically active to inactive char¢ransfer ata. 0.8 carried out at 0.4 V, 0.2 V and 0.01 V vs. LilLrespectively. .
V vs. Li/Li*. In classic LIBs, this loss of activity towardseeron Although electron transfer occurs at all cathoditdtion potential,
transfer at the electrode surface prevents contisiuatecomposition the anodic overpotential of the de-lithiation ireses when lithiation
of the electrolyte solution, which is truly bendédic However, is carried out at potentials below 0.6 V vs. LijLivhich is attributed
SSFBs require the electron transfer at the surtdcthe current to the formation of a SEl. From SECM measuremehtgher
collector to occur since the active materials arspended in the overpotentials could be expected when the lithiaisocarried out at
fluid electrode. As a consequence, the Li-ion (dsértion in active potentials below 0.8 V vs. Li/li There are two possible
materials operating below 1.0 V vs. LilLis expected to be explanations for this apparent discrepancy. At afireg potentials
challenging in SSFBs. Therefore, the hindrancehefdharge trans- above 0.4 V vs. Li/Lli the SEI 1) is not thick and/or stable enough tr
fer at the surface of the current collector shduddconsidered as abe the limiting factor or Il) is partially erode sidering the fact that
limitation for SSFBs, instead of an advantage. a fluid electrode consisting of a slurry of soliérficles flows
through the electrode’s channel. In any case, relgtd

i e e decomposition starts to occur at ca. 0.9 V vs. ili/Therefore,
(@ so ] 2.0 (b) operating potentials below 0.8 V vs. LifLshould be avoided in
SSFBs when using ethylene carbonate based eldetsmiutions.
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Figure 2. (a) Cyclic voltammogram at a Cu current colleqt®00 — w 175
0.01 V vs. Li/Li" at 0.2 mV3) in 1 M LiPR in 1:1 EC:DEC, and the :
normalized feedback current recorded at the 25 ptip Positioned at
12 um above the Cu substrate. Potential appliedetdt tip: 3.6 V vs.

Li/Li*. (b) and (c) Schematic representations of posfiaesiback and 1.50 4, T T T

negative feedback modes of SECM, respectively 0.0 02 04 0.6
time/h

Lithium titaniate (LTO) operates within the eleath@mical stability

window of carbonate-based electrolyte solutionscesithe (de-) Figure 3. (a) Anodic potential/time transients of 30 mintatmA (0.66
intercalation potential of LTO iea. 1.55 V vs. Li/Li" 1> Therefore, MA cm’) followed by open circuit potential, for LTO potestatically

a SEI is not formed (or only a very thin one) whaing LTO as ne- lithiated at 1.0 V, 0.8 V, 0.6 V, 0.4 V, 0.2 V a@id1 V vs. Li/Li".
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The increased charge transfer resistance at tiie électrode
due to the SEI leads to an increased overpotedhtichg (de-)
lithiation. Despite the erosion of the SEI, the mpagential ap-
pears to be critical when operating below 0.4 VIi&.i*. As a
consequence, the lithiation of active materialsratieg below
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The classic schemes (Figure 4) employed to reptabe
energy density of a LIB active material in EC-based
electrolytes (operating potential vs. specific gershould be
reconsidered for SSFBs. For LIBs, negative eleenodterials
located at the right bottom corner of the scheme tEghly

0.4 V vs. Li/Li* appears to be challenging. For example, the tesired (Figure 4a), which is possilthanks to the electrically

thiation of graphite occurs at ca. 0.1 V vs. LI/Lif a potential

insulating character of the SEIl. However, the rigfuttom

of 0.01 V vs. Li/Li" is applied to drive the lithiation process, agorner appears to be inaccessible for SSFBs sirecéthiation

overpotential of 260 mV will be induced by the SBE a re-
sult, the fluid electrode will be polarized only @27 V vs.
Li/Li *, which is not sufficient for the lithiation to aacat gra-
phite. On the other hand, the use of active mdsedperating

of materials below 0.4 V vs. Li/Liis very challenging.
Potentials between 0.8 V — 0.4 V vs. Li/ldre not sustainable
for long term operation either. Instead, materiajserating
between 1.2 V and 0.8 V vs. Li/Lishould be targeted for

between 0.8 V and 0.4 V vs. Li/Liappears to be possibleSSFBs. Progress on high energy SSFBs will requtrerel)

because of the erosion of the SEI by the slurnyflaaving
conditions. Although lithiation of active materidls the range

the search and development of novel high energyeniads
operating above 0.8 V vs. Li/Lior 2) the implementation of

0.8 — 0.4 V vs. Li/Li is possible, operating in this potentiaklectrolyte solvents with a higher cathodic stapilhat enables

range will probably lead to the consumption of &ectrolyte
solution over time.
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Figure 4. Schemes representing the energy density (opgrptitential versus the specific charge) of thevacthaterials. (a) Graph for classic
LIBs (solid electrode) where the areas in greentarglioise indicate the absence and occurrencieci@yte decomposition, respectively. The
accessibility to the turquoise area is only possthbnks to the SEI. (b) New representation forEB&énsidering that the formation of the SEI
hinders the electron transfer between current colieand fluid electrode. The area in turquoisedaigs now potentials which are accessible
despite the presence of SEI, while the area inllkesirates inaccessible potentials because oélbetrically insulating character of the SEI. Note

that these two representations are for ethylert@ocate (EC) — based electrolyte solution and EGrel@ISEI.

Conclusions

The surface of a copper current collector turngnftanetically

induced by the electrically insulating SEI, thehilttion of
active materials operating below 0.4 V vs. Li/becomes very
challenging. A stable SEI formed on the currentlembr,

active toward charge transfer to inactive whes ipaolarized at which is necessary for long-lasting SSFB, will irdpethe use
cathodic potentials to 0.8 V vs. Li/Lin ethylene carbonate of materials operating at very cathodic potentials.

(EC)-based solution. Because the EC-derived SEkrsothe
current collector due to the dynamic nature of fihad
electrode, the SEI acts as an electron transfeiebdyetween
the current collector and the fluid electrode in F8S.
Surprisingly, no significant additional overpotesi are
observed when lithiating the active material {liiO,, in this

The electrically insulating character of the SEtntifrom a
beneficial feature in classic LIBs to a detrimemaé in SSFBs.
Although our results were obtained in EC-based teibge,
they revealed an important dilemma. The SEI must be
electrically insulating to electrically passivateetsurface and
avoid further decomposition. Without this featumperating

case) above 0.4 V vs. Li/Li Since the SECM measurementbeyond the stability window will not be possibla.the case of
indicate that the hindrance of charge transfethatgurface of SSFBs, an electrically insulating SEI will hindéretelectron

the Cu current collector already starts at 0.8 VLVA.i*, either
1) the SEI is too thin and/or unstable or Il) th@sion of the
soft SEI film by the flowing particles occurs. Ohet other
hand, an increase in the overpotentials of 100 m& 260 mV
is observed when polarizing the electrode at 0.2nd 0.01 V

transfer between current collector and active nedteA non-
electrically insulating SEI will not prevent the eetrolyte
decomposition and the potentials beyond the SEh&vion will
not be accessible. Either way, operating outside stability
window of the electrolyte solutions seems not tgbesible in

vs. Li/Li*, respectively. As a consequence of the overpatisntiSSFBs. Therefore, the enhancement of the energgitdein

This journal is © The Royal Society of Chemistry 2012
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SSFBs requires either the search and developmempweél 2
active materials operating at 1.2 — 0.8 V vs. Li/lar the
replacement of carbonate-based electrolyte solubiprothers
which are more stable at very cathodic potentiathsas some 3
ionic liquids. Until now, materials operating a1 0.8 V vs.
Li/Li * were of little interest for the battery communitye to 4
their lower energy density. Now, materials suchSas ZnSb,
Bi, back phosphorous or metal phosphides (e.g.)NiP5
operating above 0.5 V vs. Li/Li*"! may regain the attention of
the battery community for the next generation oFBS

Acknowledgements

The research leading to these results has recéiveting from the
European Union Seventh Framework Programme (FP7/20Q3)
under grant agreement n° 608621. European Regideatlopment
Funds (ERDFFEDER Programa Competitivitat de Catalunya
2007-2013) are also acknowledged 9
Notes and references 1
& Catalonia Institute for Energy Research, Jardanged Dones de Negre,
€1,08930 Sant Adria de Besos, Barcelona, Spain 1
PAnalytical Chemistry — Center for Electrochemicatie®ices (CES),
Ruhr-University Bochum, Universitatsstr. 150, 44Bichum, Germany.
¢ Departament d’Electronica, Facultat de Fisicaversitat de Barcelona,
Marti i Franques 1,08028 Barcelona, Spain.

¢ Energiespeicher- und Energiewandlersysteme, Usitéer Bremen,
Wiener Str. 12, 28359 Bremen, Germany

12

13

S. Hamelet, T. Tzedakis, J.-B. Leriche, S. Saillz Larcher, P.-L.
Taberna, P. Simon, J.-M. TarascarElectrochem. Soc., 2012,159,

A1360 — A1367.

Y. Yang, G. Zheng, Y. CuiEnergy Environ. i, 2013,6,1552 —
1558.

S. Hamelet, D. Larcher, L. Dupont, J.-M. TarascbrElectrochem.

Soc., 2013,160, A516 — A520.

F. Y. Fan, W. H. Woodford, Z. Li, N. Baram, K. 8mith, A. Helal,
G. H. McKinley, W. C. Carter and Y.-M. Chianfjano Letters,

2014,14, 2210-2218

E. Ventosa, M. Skoumal, F. J. Vazquez, C. FloxArbiol, J. R.
Morante, ChemSusChem, 2015, DOI: 10.1002/cssc. BYD

E. Ventosa, D. Buchholz, S. Klink, C. Flox, L. @hagas, C.
Vaalma, W. Schuhmann, S. Passerini, J. R. Moradiesm.

Commun., 2015,51, 7298—7301

G. Zampardi, E. Ventosa, F. La Mantia, and W.uBahann,Chem.

Commun., 2013,49, 9347

H. Bllter, F. Peters, J. Schwenzel, and G. WittstAngew. Chem.

Int. Ed., 201453, 10531

0 G. Zampardi, E. Ventosa, F. La Mantia, and WhuBmann,

Electroanalysis, 2015,27, 1017

1 G. Zampardi, S. Klink, V. Kuznetsov, T. Erichsén Maljusch, F.

La Mantia, W. Schuhmann, and E. VentoshemElectroChem,
2015, DOI: 10.1002/celc.201500085

G. Zampardi, F. La Mantia, and W. Schuhma&®8C Adv., 2015,5,
31166

F. La Mantia and P. Novak]ectrochem. Solid-State Lett. 2008,11,
A84.

4 P. Novak, F. Joho, R. Imhof, J. C. Panitz, Cad;lh Power Sources,

Electronic Supplementary Information (ESI) avai@b|details of any
supplementary information available should be idetl here]. See
DOI: 10.1039/c000000x/

15

16
1 M. Duduta, B.Y. Ho, V.C. Wood, P. Limthongkul, B/. Brunini,

W.C. Carter, Y.-M. Chiangddv. Energy Mater., 2011,1, 511 — 516.;

4 | Chem. Comm., 2015, 00, 1-3

1999,81, 121.

Z. Chen, |. Belharouak, Y.-K. Sun, K. Amingglv. Funct. Mater.
2013,23, 959.

M Fehse, E Ventos&€hemPlusChem, 2015,80, 785.

7 C.-M. Park, J.-H. Kim, H. Kim, H.-J. Soh@hem. Soc. Rev., 2010,

39, 3115.

This journal is © The Royal Society of Chemistry 2015





