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Influence of Diffusion Plane Orientation on Electrochemical
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Submicrometer LiCo®films have been prepared on silicon substrates with RF sputtering and pulsed laser de(Risib)oiT he
electrochemical activity of both types of thin film electrodes is compared using scanning cyclic voltammetry, galvanostatic and
potentiostatic intermittent titration, and electrochemical impedance spectroscopy. The RF filmsaakibiorientation and have

an accessible diffusion plane alignment, unlike ¢tais oriented PLD films. The preferential orientation of the host crystal lattice
toward the electrolyte solution is critical for the intercalation rate and cycling efficiency. The RF films show superior electro-
chemical performance and faster relaxation characteristics than the PLD films. Based on the analysis of the time and frequency
domain measurements a model for the electrode response is proposed. Apparently, the intercalation rate of the RF films is not
diffusion-limited, but hindered by the large charge-transfer resistance, the phase boundary movement, and the hindrance by the
solid electrolyte interface.
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The key to the rechargeable lithium battery is the reversiblediffusion planes to the electrolyte solution are influenced by the film
lithium intercalation mechanism. In the lithium-ion cell it exists in morphology. Using substrates with a large surface roughness results
both the anode and cathode. The positive electrode of such a rockingn nonuniform films containing irregularities, which are not neces-
chair cell consists of a transition metal oxide, the negative electrodesarily detrimental for the intercalation process. Particularly PLD
usually has a carbonaceous composition. The power of the cell defilm properties have been observed to improve with the application
pends on the rate capability of the electrodes and, hence, the kinetiasf polished stainless sté&l and aluminum sheet substrafedue to
of the lithium intercalation. The exchange current of typical com- significant surface roughness. To demonstrate the influence of the
mercial LiG and LiCoQ, composite electrodes differ by approxi- host lattice orientation on the intercalation behavior without inter-
mately two orders of magnitudeThe positive LiCoQ electrode is ~ ference of substrate morphology, only silicon wafer substrates are
expected to be rate-limiting during intercalation. The solid-state dif- Used for the RF and PLD films in this publication.
fusion of lithium within the host intercalation structure is regarded
as one of the slower processes involved.

The transition oxide materials can roughly be divided into rock-  Silicon wafers(110 orientation, n-typeserved as substrate ma-
salt related and spinel structuresg, LiCoO, and LiMn,O,, re- terial for film deposition with PLD and RF sputtering. The wafer
spectively. The first type is layered with lithium in octahedral sites was laser cut into 15 mi@ disks. The rear and sides of these disks
between O-Co-O sheets. Hence, it exhibits two-dimensional pathwere covered with 200 nm aluminum using RF sputtering. This
ways for lithium diffusion via neighboring vacanciéghe second  metallic film served as back-side contact for electrochemical mea-
type has a three-dimensional lithium network and allows stablesurements connecting the probe with the conducting silicon. Prior to
lithium occupation of octahedral as well as tetrahedral sites, thughe deposition of the LiCo©an additional aluminum filng200 nm
enabling 3D diffusion. In commercial composite powder electrodeswas sputtered as current collectoptiona) together with an adhe-
the intercalation host grains are embedded in a porous carbon/bindsion layer of 50 A titanium applied between the aluminum and the
mixture to allow maximum exposure toward the electrolyte solution. LiCoO, film. The LiCoO, films are grown on heated substrates
The characteristic diffusion length is determined by the particle  (300°Q under a low oxygen background pressyfe02 to 0.2
size distribution. For a randomly oriented polycrystalline thin film mba). For the exact deposition parameters for PLD films as well as
electrode a virtual 3D diffusion is obtained. Hence, the characteristicRF films we refer to published workAll films discussed in this
length,L, is of the order of the film thickness. paper have been annealed at 550°C for 30 min. High temperature

This contribution deals with submicrometer LiCofiims, which ~ XRD was used to optimize the annealing procedure to produce
can be prepared with contrasting preferential orientations. The polyhighly oriented, polycrystalline films. The film composition was
crystalline film structure has been characterized in a previousanalyzed with inductively coupled plasni&CP) emission spectros-
publication® The films deposited with RF sputterif&F films) re- copy.
veal a preferentia{110) plane orientation, indicating that the diffu- The electrochemical analysis was performed using a PGstat20
sion planes are aligned vertically to the substrate surface, toward th&utolab PotentiostafECO-Chemig with integrated frequency re-
electrolyte solution. Due to this favorable orientation a high interca-sponse analyser. The electrochemical cell is constructed from Kel-F,
lation rate is expectetiThe films prepared with pulsed laser depo- & polymer, which is highly resistant to organic electrolytes. The
sition (PLD films) reveal a preferential (0P (c axis) orientation and ~ Working electrode sample is glued in a rotating disk elect(@&ieE)
have the diffusion planes parallel to the substrate surface. As a resuft"d positioned above the lithium counter electrode. Commercial bat-
of this adverse alignment the diffusion lengthis large and the tery grade liquid electrolyt¢l M LiCIO,, ethylene carbonate: di-
transport of lithium is expected to be sldw. ethyl carbonat€dEC:DEQ 1:1, MercK is used. In a three-electrode

The electrode interface area and the exposure of the host latticeonfiguration a Luggin capillary containing a strip of metallic

lithium, is used as reference electrode. The counter electrode is a
piece of 2X 2 cm lithium foil (thickness 1 mmpressed onto the

* Electronical Society Student Member. grooved surface of the nickel-plated coppgéottom plate. This

** Electrochemical Society Active Member. plate also seals the bottom of the electrolyte compartment. The top

? E-mail:bouman@ct.utwente.nl of the electrolyte compartment is closed off by a slip-ring envelop-
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Figure 1. XRD spectra of an RF film
exhibiting [104] preferential orientation,
recordedin situ during annealing treat-
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diffraction peaks as a function of tem-
perature.
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ing the RDE tip. This construction minimizes evaporation of the while the potential is increased with a rate of 0.1 mV o the first
volatile organic solvents and thus reduces crystallization of the salvertex potential of 4.2 V and subsequently decreased down to the
at the circumference. The cell is operated inside a helium glove boxsecond vertex potential of 3.3 §8.5 V for the RF films. In Fig. 2

The copper bottom plate of the electrochemical cell also con-the first and second scan of an RF and a PLD Lige{@ctrode are
ducts heat produced or extracted by the two underlying 36 W Peltieshown. The first scan is irreproducible. In subsequent scans the elec-
elements. These devices allow accurate temperature control of thochemical capacity and faradaic yield of the RF film are close to
electrochemical cell. The temperature is recorded automatically withtheir theoretical values. The cathodic peak potential of the RF film is
an AD590 linear temperature sensor, which is in contact with thelocated at 3.72 V in the first scan and decreases slightly in the
electrolyte solution and connected to the data acquisition computersecond scan. No distinct anodic peak is observed, even when the
scan range was temporarily increased to 4.4 V. The PLD electrode
exhibits low capacity and poor faradaic yield. At this scan rate only

Upon deposition of the RF and PLD films the preferential orien- low currents are observed with no specific anodic or cathodic peaks,
tation of the polycrystalline LiCo®film is directly perceptible from  except for the small cathodic peak at 3.72 V in the first scan.
the specific broad diffraction peaks of the lattice planes aligned par- Figure 3a shows the actual potential response of a RQIMSRF
allel to the substrate surface. Figure 1 shows the evolution of thefilm to multiple 200 s current pulses of 50A and Fig. 3b of a 0.2
crystal structure with annealing treatment, as measured with highom PLD film to 400 s pulses of 2.uA. Each current pulse is
temperature XRD on a preferentid04] RF film, for this purpose  followed by a period of zero current relaxation to allow the system
directly deposited on a silicon substrate. The inset shows a decreage reach equilibrium before the next pulse is applied. The PLD film
of the integral width(=width of a fitted rectangle exhibiting equal is charged with smaller current pulses to avoid excessive overpoten-
height and area as the diffraction peak the major LiCoQ diffrac- tials and consequential electrolyte decomposition. Note that during
tion peaks. This integral width stabilizes above 550°C. Annealingthe first charging pulses of the RF film the voltage drops as a result
treatment at higher temperatures or for long periods of time leads t®f a large decrease in overpotential with progressing lithium
lithium deficiency, formation of CgD,, and other by-products and ~deintercalation. _ _ _
outgrowth of crystals, all of which are detrimental to the structural ~ The extent of potential relaxation of the RF film upon current
uniformity of the LiCoQ, film.3 The as-deposited films maintain t€rmination is orders of magnitude smaller than that of the PLD film.
their stoichiometric composition within the limit of accuracy of the The voltage at the end of the relaxation peridch and 3 h for the
analysis method<3%) when the standard annealing procedure RF and PLD film, respectivelyis assumed to represent the open
(550°C, 30 min is used. After electrochemical cycling, excess oxy- Circuit potential(OCP), although the potential of the PLD film still
gen is detected at the surface. Fourier transform infrared spectrosthows a gradual decay. These values are plotted in Fig. 4 for both
copy (FTIR) reveals strong €=O vibration absorbance and indi- yPes of films: the RF film OCP0) as function of in Li,CoO, on

cates the presence of carbonate compounds, most likely fronihe bottomxaxis and the PLD film OCKHl) as function of absolute
decomposition of the electrolyte solvents. capacity on the top axis. Note that the scale of the top axis is inter-

A liquid electrolyte is chosen to guarantee good ionic contactfupted and stretched to show a similarity between both curve trends

between the electrodes and to enable the use of a rotating disk elefcapacity= 0.75 C corresponds to a fully deintercalated PLD film

trode (RDE) to study interface-related phenomena. No clear depen{x = 0)]. ]

dency of the electrochemical behavior of the thin film LiGoec- As the assumed OCP of the PLD film depends strongly on the

trode on the rotation velocity is observed. Hence, in order to reducechosen equilibration time, mutual comparison of the OCP curves is

noise the measurements have been performed with a stationarjot realistic, unless mathematical correction is applied. The potential

RDE. relaxation of both films can be described accurately with an empiri-
Upon cell assembly the open circuit potent@CP vs lithium  cal, double exponential function

varies with time between 3.0 and 3.5 V. After passing a small

amount of chargédeintercalationa stable OCP is obtained. Using )

slow scanning cyclic voltammet§&SC\) the current is monitored, E(t) = E®9+ aexp —t/ty) + bexp — t/t,) — E%® [1]

Results
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Figure 2. Cyclic voltammogram of a 0.7fm RF film and a 0.2.m PLD

film recorded at 0.1 mV/s scan rate against metallic lithium plotted on dif-
ferent vertical scales. The charge introduced during oxidati@n)( ex-
tracted during reduction ), and the efficiency%) of the first and second
scan are noted in the inset table.

where E®% is the new OCP potentiah and b the pre-exponential
factors of the two inverse exponential functions with time constants

T, andTy,, respectively, ande%**¥'t the product of potential decay
(assumed constgnand time. This last term represents the continu-
ous self-discharge of the cell, while the other parameters character
ize the potential relaxation process, stabilizinge&t Typical sets of

fit parameters are listed in Table |. The calculai&d values repre-
sent the true OCR), corrected for self-discharge. These values have
also been plotted in Fig. 4 for the RR>) and the PLD film(CJ). For

the RF film the correction is insignificant, while for the PLD film the
discrepancy between the experimental and the corrected OCP i
quite large.

Figure 5a shows the fit of an RF and PLD film potential relax-
ation curve to Eq. 1 and the relative deviation from the experimental
data @V < 0.01%). The accuracy of the fit is limited by the bit
noise of the measurement equipment. Both curves shown in Fig. 5¢
exhibitE®? = 3.99 V. Here, the ratio between time constantsnd I

. . T T T 1 T T T T
Tp IS commonly a factor of ten. Both values are slightly lower for
the RF film. The dissimilarity in relaxation behavior of both films is 0 100 200 300 400 2500 5000 7500 10000
mainly reflected by the tenfold difference in the pre-exponential (p)
factors. Note that the parameters enable mutual comparison, bu.

have not yet been ge'l’;” physical interpretation. 9 Figure 3. Potential response of the RF filta) and the PLD film(b) to a

The parameteE is in fact[d(OCP)/dt] in units [V s™] positive current pulse of 12A/200 s and JuA/400 s, respectively. Both the
(for an open ce)l This value can be translated into an apparent pulse width and the subsequent zero current relaxation period are shown. The
leakage current defined in amperes by correcting for the voltagemarkers indicate the beginning and end of each curve and the arrows indicate

intercalation profile using the calculated paramé&&t their sequence.

Potential [V]

relaxation period

Time [s]
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Capacity PLD-film [C] capacity retention of the RF films is even maintained under larger
0.75 0.05 0.04 0.03 0.02 0.01 0.00 loads. Due to the competitive effect of the apparent leakage current,
4.2 H L L L L very low charge and discharge currents do not enhance the revers-
ible capacity of PLD films. The irreversible capaci;,, is indi-
L cated for the 0.51A curve at the bottom of the PLD film graph.
To obtain complementary data on the underlying intercalation

%, mechanism, potential steps have also been applied to change the

»
o
|

equilibrium composition of the electrode. The subsequent electric
current may be analyzed according to the potentiostatic intermittent
titration technique (PITT) to evaluate a chemical diffusion
coefficient'® The potential of the cell is increased in steps of 50 mV
from 3.80 to 4.20 V, while the current is measured with a sampling
—&— RF film rate of 100 Hz for the first second, 10 Hz for the next 10 s and at 1
" —m— PLD film 4 Hz for the next hour. Both films show an extremely fast current
decay in the first 0.05 s (18 to 10°° A). This part is disregarded
3.6 " r . ; . r " | ' in the graph as well as in the discussion, as it is assumed to be a
0.0 0.2 0.4 06 0.8 1.0 capacitive artifact induced by the measurement equipment. The sub_-
o sequent part of the current response is generally an order of magni-
xin Li,CoO, tude larger for the RF film than for the PLD filtapproximately 1-9
rA vs.0.1-0.3uA, respectively, although the residual current at the
Figure 4. OCP of the RF film(¢) and the PLD film([) as a function of the  end of the relaxation period is generally larger for the PLD film.
degree of lithium intercalation. The open markéfs and [, respectively Figure 7 shows the current relaxation of the 0% RF film in a
indicate the calculatefi®3for both films. The top axis, scaling the PLD film  ,q_g|ectrode setup. It is remarkable that after stepping the potential
capacity, is stretched to match the potential curve of the RF (e text to 4.00 V the resulting current remains constant for almost an hour.
In the plateau region of the OCP profile the intercalation process
appears rate limited by a kinetic process other than single-phase
d(OCP) _ d(OCP) dQ _ d(Eeq)i _ decay [p)  diffusion. The next potential step to 4.05 V shows an increase in
dt dQ dt dQ leakage current density and with the following steps the trend of
exponential-like current decay is regained. The PLD film shows ex-
where Q stands for the stored charge in coulombs. The apparenponential current decay at all potential steps.

Potential [V]

w
(o]
|

leakage currefitieaageis plotted in Fig. 5b for the RF and PLD film. Figure 8 shows the Nyquist plot of an RF film recorded at several
In case of the RF film the current is approximately O)0%up to 4 SOC in the frequency range 1@ 10 ? Hz. The impedance of the
V and then shows a linear increase to O0®at 4.15 V. Since little  |ithium counter electrode proved insignificant in a lithium-lithium

charge is lost during relaxation, thevalue of the RF film data in_ test configuration. Hence, it is assumed that the lithium electrode
Fig. 4 needs no correction. The apparent leakage current of the PLjoes not contribute to the overall impedance. The initial spectrum
film shows a dramatic increase toward L& above 4 V. At some  recorded directly after cell constructiéopen circlesis transformed
point the leakage current fully consumes the intercalated charge dufgjith the cycling of the cell. The impedance spectrum of the cycled
ing the open-circuit relaxation period and no higher OCP can begp fjjm resembles the cycled PLD film spectrum, although in the
attained using pulsed charging with this specific pulse width/ latter case the absolute values BrandZ” are an order of magni-

relaxation time rate. Note that the capacity values of the PLD filrntude larger. Both spectra show a decrease in the impedance with
curve in Fig. 4 have not been corr_ecte_d for this current_leakage, a%harging of the celldeintercalation of lithium In the discussion
the large error would make an estimation of the actual lithium con- e model is proposed, describing both types of electrodes. In Fig.

tent highly unreliable. k . A .
. o : .13 the parameters of this equivalent circuit are plotted as function of
In Fig. 6 the cell potential is plotted as a function of the relative OCP for a 0.50m RF film.

extracted capacityalso called state of chargg'SOQ during gal- ) .
vanostatic cycling of the RF and PLD films. lithium using differ- ~ Phase transformations are known to occur fQdO, powders

ent current loads. The lower cutoff voltage is set at 3.0 V for both in the range 1< x < 0.45:" To investigate structural changes in
films. The upper cutoff voltage is set at 4.3 V for the RF film and 4.5 these thin films, the temperature of the electrochemical cell is con-
V for the PLD film, as this film shows significantly higher overpo- trolled accurately between 10 and 40°C at a specific SOC. It is
tentials at the same current density. At equal current densities, reassumed that the moderate temperature cycling itself does not in-
lated to the macroscopic surface area, the RF films are able to sugluce phase transformation nor inflicts damage to the cell. The mea-
ply a larger percentage of their theoretical capacity than the PLDsured OCRX) is plotted in Fig. 9a as a function of absolute tempera-
films do between the limits of their cutoff voltage specifications. The ture. It is related to the Gibbs free energyx) as follows

Table I. Parameters of empirical Eq. 1 and 2 describing the potential relaxation of the RF and PLD film electrodes during pulsed current
charging. The data sets are listed according to the amount of intercalated charge.

Capacity Eed a Ta b Ty i leak
© (V) V) (s (V) (s (A)
RF film 0.01 3.811 9.2x 10° 50 17X 107 334 3.1x% 10
0.06 3.892 1.6 X 10° 50 9.5x 10* 632 45x%x 10
0.12 3.920 8.9x 10 60 1.8x 10° 554 4.4 % 10
0.18 4.009 2.1x 10° 53 9.6 x 10* 1057 4.1 % 10
0.24 4.147 2.0 10° 48 1.8 10° 767 6.0x 10
PLD film 0.001 3.951 8.7x 10° 63 2.6X 107 577 1.4x 10°
0.006 3.994 1.0x 10° 143 3.0x 107 1388 3.0x 10°

0.012 4.006 9.8x 10° 150 3.3x 10 1640 9.5x 10°



Journal of The Electrochemical Society49 (6) A699-A709(2002 A703

RF-film
4.5 charge
0.01 >
dV (%)
-0.01 - s 407
405 - 3
C
>
< 4.00 | . 7 3.5
'-% RF film discharge — 5pA
© 3.95 PLD film 10 pA
a v — 25 A
3.0—l..lllllllllllll‘.l...‘
3.90 ety T 0 20 40 60 80 100
0 2000 4000 6000 State of Charge [%]
Ti
ime [5] PLD-film
b charge | 4.5
T T ' T 12.0 s ‘j
- 4 10.
u 0.0 / 1o
O / =
a 180 — / ®
< 2
' 6.0 = — 05pA ] g
i 177 g T 25A l35 &
PLD film 8 discharge — 5uA
- [ 14.0 S — 75A
— 10 |
! RF film 1 2.0 LS T
‘“‘M 40 0 20 40 60 80 100
37 38 39 40 41 42 State:orCharge (4]
Calculated Potential E0 V] Figure 6. Constant current charge and discharge of the RFE(fityp) and the

PLD film (bottom plotted as function of SOC. Note that the charging cur-
Figure 5. (a) Shows the potential relaxation of both film types according to rents of the RF film are larger than those applied to the PLD film.
Eq. 1. The inset graph shows the relative deviation between the raw data and
the fit. (b) The apparent leakage curréyaq.is plotted for the RF filn{ )

and the PLD film(CJ) as a function of potential. Li,CoCO, i[9S} (aG o1 (OOCP) 5
S P e e T A L
AG(x,T) = —nF - OCP(x,T) [3] o _ [PH)_ [AG00IT]
, L co Lo Clax ) [ aaamy
dG(x,T) = 2 widx = (pf — p°®)dx )
i B 1 d(OCP(X)/T)) 6]
— —nFdOCRX,T) [4] nF\~ a(um

The chemical potential of lithium ;) in either electrode is The results for the RF film are plotted in Fig. 9b, where the partial
defined by its partial molar entropy() and partial molar enthalpy ~molar enthalpy(gray squaresis scaled on the left and the partial
(hy). Both contributions are derived from the temperature depen-molar entropy(open circlegis scaled on the right. The slope of both
dence of the open cell potential using the modified Gibbs-HelmholtzCurves changes simultaneously, suggesting that a phase transforma-
equation with tion occurs at those specific compositiofgertical dotted lines

drawn as a guide to the eyeThe inset reveals a phase diagram
i = hy — Tsy reported by Dahret al? No discrepancy is observed between ex-
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Figure 8. Nyquist plot of the RF film impedance directly after cell construc-
tion (O), in charged staté[]), and at intermediate SOCO). Simulated
responses, according to the inset equivalent circuit, are presentét)by
The OCP of the measurement and the summit frequency of the semicircles
are indicated.

LiCIO,4 (1 M)/LiCoO, cell. The thin film performance depends
heavily on the preferential orientation of the intercalation host struc-
ture. For example, almost the full theoretical capacity can be ex-
tracted from the RF film with 100% faradic yield using cyclic vol-
tammetry at a scan rate of 0.1 mV’s while at this rate the PLD
Time [s] film releases merely 0.1% of its theoretical capacity with a yield of
only 6%. The absence of a distinct anodic peak is attributed to a
Figure 7. Current response of a 0.75m RF film to sequential 50 mV  high overpotential during cycling, which lowers the cathodic peak to
potential steps from 3.80 to 4.20 V as function of time. potentials 0.2 V below the measured OCP platéég. 4) and the
anodic peak is shifted above the cutoff potential.
The strong dependence on the host lattice orientation is caused
periments performed with increasing or decreasing SOC. This indiLY the exposure of the lithium diffusion planes toward the electro-

cates a lack of hysteresis and a good reproducibility of the measurdyteé solution. Theoretically, the RF film is fully open for intercala-
ment results. tion. Hence, the entire film is directly involved in the intercalation

After electrochemical characterization the electrode is discon-Process and, due to the fast inward diffusion of lithium, equilibration
nected and analyzed with atomic force microsca@FM) and is quickly achle_ved. The diffusion plan_es in the PLD film are ;Iosed
X-ray diffraction (XRD) to assess cycling-induced changes. Figure off and accessible only through openings provided by film irregu-
10 shows the XRD spectrum of an RF film in discharged state ( la7itiés and surface roughness. . s o
~ 1), recorded before and after extensive electrochemical cycling, , S has been reported aiso by Iriyaredal” only material in
For this analysis the sample has been tilted a few degrees to suﬁ- ’ . . :
press the monocrystalline silicon diffraction peaks. The baseline inPYOC€ss. The intercalation rate and capacity of our PLD films have
tensity of the before situation has been vertically displaced for (:Iar-Indeed _been obsgrv_ed to improve with the_ etc_hlng of a gauze-like
ity. Besides the increase of the baseline naise, a slight increase of tHaattern into the existing PLD film or the application of stainless steel

. A ; SubstrateS§.
Co,0, content is observed. The preferential orientation of the host Figure 12 shows a schematic representation of the intercalation
lattice is preserved.

The surface of the RF film is visualized in Fig. 11 using AFM Process in LiCoQ; in the case of RRa) and PLD films(b), where
tapping mode. The left AFM image Fig. 11a shows the electrodeC ! Stands for charge transfelieacge the leakage current due to
surface before electrochemical cycling, and the right imégjg. electrolyte decompositio), the in-plane lithium diffusionD, the
11b) shows the situation afterward. In order to clearly show the slow cross plane lithium diffusion, and Tr indicates the direction of
surface structure and roughness, the shading is greatly exaggerateipSt-phase transformation. These elements are addressed and corre-
The impression is given that during electrochemical cycling an ad-/ated to the observed phenomena in the following discussion.

ditional surface layer covers up the original microstructure. Image Leakage current—As the intercalation into the PLD film is re-
analysis reveals that the actual surface area of the RF film decreasgﬁicted to the surface region of the Li-CoQrelatively little charge
from 152% before cycling to 122% after cycling, relative to the 5, ingyce a potential far from the equilibrium value of the elec-
geometric surface area of 0.f#n". The PLD films show a decrease ,4e Evidence is the high overpotentials and the (osversiblé
from 119 to 108%. The difference is directly related to the surface . n4ity ohserved with galvanostatic cycling. A high surface poten-
roughness of the samples, which is largest for the RF films. Furthegjy| of the intercalation electrode will also accelerate the oxidation of
specifications are listed in Table II. the electrolyte(and simultaneous electrode reducjiocausing in-
creased self-discharge and irreversible capacity loss. The apparent
leakage current, estimated from pulsed current chargjadvano-

Both LiCoG; films show electrochemical lithium deintercalation static intermittent titration technique, GIT;Tis indeed particularly
activity as the positive electrode in a lithium/EC:DEC- strong above 4 \(Fig. 5b.

0 500 1000 1500 2000 2500 3000

Discussion
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The mechanism of the electrolyte decomposition is expected tavhereV, is the molar volumel, is the pulse curreng the number of
be similar for RF and PLD films. As the RF film also exhibits the electrons ¢ = 1), F the faradaic constar§the surface area, aril

largest surface area, the large difference in the apparent leakagge chemical diffusion coefficient. This equation does not provide a
current is unexpected. The residual currents measured with poteriqyincing fit for the experimental RF and PLD film data over ex-
tiostatic intermittent titration techniqu@ITT) can be interpreted as tended time periods. Confining our data to the first 50 s yields an

the actual leakage current and show a similar trend as the apparellkective chemical diffusion coefficient of approximately fcand
leakage current shown in Fig. 5b. The actual leakage current in

creases from 0.0BA at 3.9 V to 0.18uA at 4.20 V for the PLD film 10 CM*s ™, respectively(plotted in Fig. 13. The first value is

and exceeds the residual current values of the RF film by a factorOrders of magnltu_de above chemical dlﬁuspn coefﬂuents reported
two, which is more plausible. Comparable currents are recorde Ve“_ff” composne_ electrodesBased on_thls chemical d'fféjs'on
with cyclic voltammetry to maintain a steady cell potential. The COefficient the maximum measurement time would be B ° s,
difference between the apparent and actual leakage current of thwhich is an order of magnitude smaller than the 50 s used for the
PLD film indicates that the linear part of the potential decay underCalculation. This discrepancy indicates, that the observed potential

open-circuit conditions cannot be attributed solely to electrolyte de-rélaxation is not related to a true diffusion process and the diffusion
composition. coefficient calculated with thigr any othey semi-infinite diffusion

model must be regarded as an effective one. The PLD film does

Lithium diffusion—The intercalated charge at the surface of the reveal an effective chemical diffusion coefficient of the expected

electrode is equilibrated through inward diffusion of the lithium con- order of magnitude. Even though the extracted quantities are indica-

centration gradient. If this intercalation process is diffusion-limited tive, the absolute difference is remarkable and agrees with the
we can assume semi-infinite conditions for short times ( strongly anisotropic lithium diffusion.

< L2/D) and define an effective diffusion coefficient from the A diffusion coefficient can also be deduced from the current

pulsed current charging experiment according to the GiTT relaxation following a potential step according to the PHThe
current response of the PLD film confirms the low diffusion coeffi-
dE dE 2] cient value found previously with GITT, while the RF film response
— = Vo o — = [7] does not match this model; the current becomes virtually constant
dt dx zFgwD)M2 after stepping to 4.0 MFig. 7), suggesting a kinetically limited

intercalation reaction. This potential lies just above the OColt-

age plateau and corresponds to the end of the two-phase intercala-
tion region. With this particular 50 mV step a large amount of
lithium is deintercalated, which induces a phase transformation.
Here the phase boundary movement is expected to be the rate-
determining process, as the next potential step shows a further in-
crease in the initial current response and subsequent decay.

108

Si

105

LiCoO, (110)

104 4
Phase transformatior-Phase transformation of the RF films is
revealed by resolving the OCP at a specific SOC into a the
temperature-dependent compongaartial molar entropy differenge
and temperature independent comporipattial molar enthalpy dif-
ference which both are plotted in Fig. 9b. The potential of the
lithium counter electrode is assumed constant, and thus all features
are attributed to the working electrodie other words,s;} andht!
are assumed to be constant
o % P " p P 70 0 The changes in the partial molar entropy and enthalpy as func-
Angle () tions of I|.th|ulm concentration correspond well with the inset phase
diagram in Fig. 9b. The absolute valuesxadould be slightly over-
Figure 10. XRD spectra of the 0.7&:m RF film recorded before and after €Stimated due to the slowly receding intercalation capageity, x

electrochemical analysis. The reflections of the silicon substrate are marked= 0.55 is in factx = 0.50. Phase | and Il denote two rhombohedral
with Si. structures with different lithium concentrations and both exist in the

Co,0, (220)

109 4 before

Intensity (counts)

10"
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Figure 11. AFM amplitude plot of the 0.7/wm RF film obtained in tapping
mode before exposure to electrolyte solutianand after extensive electro-
chemical cycling(b). Note the coloring does not represent absolute height.

Table Il. Image analysis results calculated from AFM surface
scans of RF and PLD film before and after electrochemical cy-
cling in liquid electrolyte (EC:DEC 1:1, 1 M LiCIO ,).

RF film PLD film
Before After Before  After
Z range(nm) 114.62 64.87 31.56 25.81
RMS roughnesgnm) 17.36 10.66 5.63 4.35
Image surface aregum?) 0.243 0.196 0.190 0.173
Image surface area difference 51.8% 22.3% 18.7%

Figure 12. Schematic model representing the host structure of the RF film
(a) and the PLD film(b). The arrows represent the direction of the processes
involved in lithium intercalation and are denoted in the legend below the
schematic: charge transfé€T), current leakagel(saragd lithium diffusion
parallel O,), and perpendicular{,) to the diffusion planes and phase
boundary movemen(Tr).

two-phase region in the range 0.#5x < 0.93. The left region
specified adMonoindicates the monoclinic kisCoO, stability range
and corresponds to compositian< 0.57. In the two-phase region
the applied GITT and PITT diffusion equations are not applicable
and thus only an effective diffusion coefficient, correlated to the
phase boundary diffusion, is calculated in the range 3.87-3.98.V
lithium.

For LiCoO, powders the phase transformation from phase | to Il
is accompanied with aaxis increasé€14.09 to 14.26 Aand a small
a axis decreas¢2.816 to 2.812 A of the unit cell, resulting in a
volumetric expansion of approximately 1%.n case of the RF
films the c axis lies parallel to the surface and might suffer some
constraint due to the substrate confinement. However, no cracking or
peeling of the 0.75.m film is observed with cycling of the cell.

7.9% During this process the preferential orientation of the host lattice is
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The model that describes the frequency-dependent behavior of
both types of electrodes successfully is drawn as an equivalent cir-
cuit in the inset in Fig. 8. This basic model has been applied suc-
cessfully for numerous intercalation materi&isk, stands for the
electrolyte resistanc&g and Qg represent the interface with a sur-
face layer(signifies the SEI layer The charge-transfer resistance,

10° 1 —@— GITT RF-film (fresh)
—@— GITT RF-film (2 cycles)
10® 1 —O— GITT RF-film (10 cycles) /
—A— EIS RF-film

K
5
& 1971t @ GITT PLD-film A 1 double-layer capacitance and diffusion are described with a Randles
g . +  PITT PLD-film circuit using the element®qr, Cy4, and W, respectively. The
LC’ 10° 1 3 equivalent circuit is fitted to the impedance spectra using Equivalent
2 oo ] Circuit.*® The pseudg® value ranges from 10 to 107 indicating
£ acceptable fits. Figure 12 shows the values of the equivalent circuit
O 4o 3 parameters for a 0.pum RF film as a function of potentials.
S lithium in 10 mV steps. The electrolyte resistance is not presented,
£ 1074 3 since it remains constant at I¥.
S 1042 ] The dominant semicircle in the Nyquist plot of the RFg. 8
+ and the PLD film scales inversely with increasing SOC and is asso-
1013 HH++ + 3 ciated with theR-1Cy network. The summit frequency changes
0”0”00...” from 20 to 110 Hz for RF film and from 0.5 to 0.8 Hz for PLD film.
107 0 ? ; i ' g " " " The double-layer capacity, assumed equal to the constant phase el-
00 01 02 03 04 05 06 07 08 09 10

ement,Qq, asny approximates unity, appears almost equal for the
RF film and the PLD fim(0.9- 10°® and 1.4- 10 ® F, respec-
Figure 13. The apparent chemical diffus_ion coefficient calculated with :Ir\]/ee l)F/,)LIBd]!i(l:r?]tl?egnfla?r:?I(l:%rng?;r:?(gtv‘ghhstgecelEﬁir?:])geh-;-@fﬁh:o\zalue
GITT, PITT, and EIS for the RF and PLD film electrodes plotted as a func- C o .
tion of x. shows a decrease at 3.72 and 3.88 V suggesting a correlation to the
phase transformation-+ | + Il — Il. The small variations in the
value of the constant phase element show a similar, but inversed
trend.
The charge transfer resistan&g is related to the exchange
also maintained. Apparently, the phase transformation is well feacurrent densityi,, by the equation
sible, unhindered by the bonding to the substrate.
The partial molar entropy shows a strong increase upon lithium
deintercalation from LiCo®, due to the introduction of lithium va- - RT 8]
cancies and electronic charge carriers. In the two-phase region the 0" ZFRct
partial molar entropy and enthalpy are approximately stable, as the
Gibbs free energysum ofh;; andTs;) designates the plateau po- ) ) o ]
tential. Upon further lithium extraction the JGoO, enters the In the dlscharg_ed state the (_:harge-transfer resstgn{:?e is high, but it
single-phase region Il and the partial molar enthalpy increases witflécreases rapidly and stabilizes at 3.90 V. Levial."" reported
the charging of the electrode, while the partial molar entropy de-Similar behavior for porous LiCoQelectrodes. The calculated ex-
creases due to clustering of vacancies to the point where a longchange current density of the 0.50m RF film is initially
range ordered structure remaiid.ithium deintercalation from this 10°> Acm™? and increases to 310> Acm™2. Again the trend
monoclinic phase leads to a strong increase in both partial molaseems to follow the phase transformations, as observed above with
enthalpy and entropy. No further deintercalation was attempted. Qg . In the case of the PLD film the exchange current density shows
Phase transformation is also expected to occur in the PLD film,a slight increase from 10 to 1.7- 107" Acm 2 at 4.14 V. Al-
but it could not be analyzed as a function of temperature due to thehough the PLD film kinetics are clearly inferior, the charge-transfer
unstable OCP. However, the estimated equilibrium pote&iabb- resistance of both films is high compared to composite electrodes
tained from pulsed charging, predicts that the PLD film electrodeand is responsible for the high overpotentials.
has initially a potential around 4 V, which coincides with the phase  After subtraction of the charge-transfer related semicircle from
Il region of the RF film. It is possible that with each charge pulse, the Nyquist plot, a smaller semicircle with lower summit frequency
phase transformation is induced at the surface of the PLD film electemains, which can be described by the surface layer network con-
trode. Lattice expansion upon lithium deintercalation is unhinderedsisting of a parallel resistand®, and the constant phase element
by bonding to the substrate due to tbexis orientation. Lithium Q. The impedance of these elements also appears dependent on
extraction from the exposed diffusion planes is expected to be as faghe cell potential and increases gradually with aging of the sample.
as observed for the RF films and results in a layer-by-layer deinter{ ithijum deintercalation from stoichiometric LiCoQrauses an im-
calation plus transformation of the host structure. The simultaneousnediate decrease & and a simultaneous responseQf; both
phase bgoundary movement would restrain {le-)intercalation  stapilize beyond 3.75 V. This trend appears related to the increase in
process: electronic conductivity as the LiCohanges from semiconducting
Equivalent circuit—Analysis of the intercalation process in the to conducting. I_n case of the PLD film the impedanc_e characteristics
frequency domain is suitable for providing physical interpretation of of the surface film are small compared to the large influende.of
the electrochemical behavior. The empirical Eq. 1 describing theand could not be resolved accurately.
time-dependent potential relaxation can be converted to the fre- The Warburg coefficient in Fig. 14 also shows a strong phase
quency domain using a Laplace transformation. However, the highilependency. It remains stable at low potentials and shows a steady
frequency end>1 Hz) of the Li-transformed data is rather inaccu- increase toward the maximum obtained at the plateau potential at
rate due to the sampling rate limitation. There are some analogies:9 V. This peak corresponds to a minimum in the chemical diffu-
with the impedance spectra data such as the similarity in the relaxsion coefficien{see Eq. § which is expected in a two-phase region
ation time constants of the RF and PLD films is reflected by theand confirmed by the measurements in time domain. The linear de-
mutual resemblance of the impedance spectra and the ratio of therease in the Warburg coefficient upon further charging suggests that
pre-exponential factors corresponds to the tenfold higher impedance
of the PLD films. 9 The modulus weighted, mean variance between experimental data &hd fit.

xin Li CoO,
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Figure 14. The values of the equivalent circuit parameters used to fit the impedance spectra ofparOF0 film plotted as function of potential.

the diffusion rate increases with increasing lithium deficiency in the (hence accessibl@nd a paralle(thus inaccessibjealignment of the
single-phase Il region. lithium diffusion plane towards the electrolyte solution, respectively.
Assuming semi-infinite conditions, the chemical diffusion coef- In the first case the full film capacity is involved, while in the second
ficient of the RF film can be estimated from the Warburg impedancecase only the surface of the electrode contributes to the electro-
Zw™° chemical intercalation process and low capacities are observed. The
favorable orientation of the RF films enables fast inward diffusion
i . ap and thus a quick response to current pulses. The lithium intercalation
(1I-PDo*=W1-jo [9]  process in PLD films is difficult and the potential relaxation slow.
The apparent chemical diffusion coefficient estimated for the RF
films is many orders of magnitude larger than that of the PLD film.
whereW is the Warburg coefficientyy, the molar volume of the  Solid-state diffusion is not necessarily the rate-limiting process.
host structured E/dx the slope of th&d CP(x) plot, zthe number of Phase transformation of the LiCg@hin film electrode is ob-
the electrons involved in the charge-transfer<{ 1), andw the served at specific lithium concentrations and appears unhindered by
radial frequency. The chemical diffusion coefficient calculated for the bonding to the substrate. These structural transformations affect
the 0.75um RF film is plotted together with the other corresponding the electrochemical characteristics of the intercalation electrode. The
semi-infinite diffusion coefficient estimates in Fig. 14. The Warburg intercalation process is generally restrained by the large charge-
impedance indicates high chemical diffusion coefficients. Thesetransfer resistance and in some cases by phase boundary movement.
show good similarity to the values calculated from the second GITTCycling does not lead to reorientation or permanent transformation
experiment, which was performed just before the impedance meaef the host structure. The observed deterioration of intercalation rate
surement. The upward deviation, observek approaches unity, is and capacity is attributed to the growth of a SEI layer, which de-
the result of fitting inaccuracy in the low frequency domain. As there creases the electrode surface area and poses an additional barrier for
is no evidence of a transition of semi-infinite to finite space diffusion lithium intercalation.
at a specific frequency, the value calculated with Eq. 9 from the For two-dimensional intercalation materials the accessible align-
Warburg impedance must also be regarded as an effective chemicatent of the lithium diffusion planes is essential for optimal elec-
diffusion coefficient for the lithium{de-)intercalation process. trode performance.
The outstanding performance of the RF film is subject to dete-
rioration. The GITT estimate of the chemical diffusion coefficient
after ten cycles clearly shows a decrease in intercalation rate and The authors are indebted to Philips Research Laboratory for all
capacity, but the shape of the curve remains the same. This suggedischnical support in sample preparation and characterization and
that the host material itself does not degrade upon cycling, butFOM for financial support. Special thanks are due to J. F. M. Cil-
merely that less material is involved in the intercalation process.lessen for operation and assistance on the PLD equipment, L. H. G.
Due to the continuous increase of the surface film impedance, thd. Segeren for the AFM measurements, and the Philips CFT depart-
aging effect is mainly attributed to the growth of a SEI layer on the ment for the XRD measurements.
electrode surface caused by electrolyte decompositidwoiding
contact with liquid electrolyte by applying @hin) solid-state elec-
trolyte layer could be the key to controlling the SEI and thus mini-
mizing the capacity fade, provided that a passivation film with con- References
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