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Electrodeposition of Cu,O: An Excellent Method for Obtaining
Films of Controlled Morphology and Good Performance
in Li-lon Batteries
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Highly uniform films of pure electrodeposited £ in variable particle sizémicronic and submicronj¢c morphology, and
thickness(0.3-13 um) depending on the applied potential and the amount of electrical charge transferred were examined as
working electrodes in lithium cells to check their suitability as anodes for Li-ion cells. The thinnest film studied delivered a
specific capacity close to the theoretical value; such a capacity decreased with increasing film thickness and particle size. All films
except the thickest exhibited excellent capacity retention upon extensive cycling irrespective of particle size. On similar thickness,
the discharge capacity increased with decreasing particle size.
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Oxides of 3d transition metal§e, Co, Ni, and Clureact revers-  Cu,0O films were electrodeposited in the potentiostatic mode on ti-
ibly with lithium in a lithium cell below 1.5 \t As shown by a tanium substrate@lates 1 criin surface aregthat were previously
number of studies, such a singular property makes them potentigholished with emery paper, rinsed with deionized water, immersed
candidates for use as negative electrodes in Li-ion batt€fi@0p-  in 24% HF for 20 s, and rinsed with water. A platinum sheet was
per oxides perform especially well in lithium cefisalso, they are  ysed as counter-electrode and saturated calomel eledB&#® as
nontoxic, abundant and hence inexpensive. However, most studiégference electrode. GD was electrodeposited by reduction of an
in this context have focused on bulk materials and few have deal|kaline aqueous solution of cupric lactate according to the reaction
with the performance of these oxides in thin film electrot®3he 502+ & 26 + 20H — CWLO + H,O, which was previously

inpregsing interest aroused by thin Li-ion battgries for potgntial aP-reported by Zhou and Switz&t The electrolytic bath contained cop-
plications such as smart cards, CMOS-based integrated circuits an r(Il) sulphate(0.4 M), and 3 M lactic acid as chelating agent; its

microdevices has opened up promising prospects for these novejy yas adjusted to 9 with sodium hydroxide. The bath temperature
material-based electrodes. Recently, our group reported on the elegyag 30°C. Variable applied potentials were tested with a view to

Lrochemlcal p(Trf_or(rjnancgtpf n?nocrystalllne C‘f[ot th'nlf'l&%sreparedobtain CyO films of diverse microstructure and morphology. De-
Yy Spray pyrolyls deposition from copper acetate solu ese posits were air-dried at 100°C for further characterization.

electrodes exhibit a good electrochemical response in lithium cells. Films were deposited by using an AMEL 2053 potentiostat. The
However, this preparation methodology is confronted with a SEMOUSstrcture and phase composition of the electrochemically deposited
films were identified by X-ray diffractionfXRD) on a Siemens

X e . $D5000 diffractometer using Cudradiation. The chemical compo-
for_ _the synthesis of thin f||m_s. It provides advantages such as .thesition of the films was examined by XPS. Spectra were recorded on
ability to use a low synthesis temperature, low costs, and a highy ppysical Electronics PHI 5700 spectrometer using nonmonochro-
purity in the products. Also, electrodeposition allows the stoichiom- mated Mg Ka radiation fiv = 1253.6 eV.. Binding energies were

etry, thickness, and microstructure of the films to be controlled by ., o te 4" with the binding energy values fof16 of adventitious
adjusting the deposition parameters. A variety of materials can be

A 11 - - ~tarbon fixed at 284.6 eV. Spectra were processed by using PHI-
ipnrepe?éi?rc;getzlfo\r/vliﬁurr;”l;gt'?esr?;gl:?seZIssc?wgllﬁ d@gltjmgnft%rdde?g;uﬁccess V.6 and Multipak software, both from Physical Electronics.
9 X 10713 : P High-resolution spectra were fitted after Shirley background correc-
larly for tin alloy-based materiaf$:*® In this work, the electro-

. 2. . . tion and satellite subtraction. The surface morphology of the films
chemical deposition method was used to prepargddilms, which P oy

; i was examined in a JEOL JSM-5410 SEM.
were recently shown to react reversibly with'LiBecause the com- Electrochemical measurements were made in a two-electrode

position and microstructure of the films thus obtained is strongly co “ysing lithium as counter-electrode. The electrolyte used was
affected by deposition variables, the primary aim of this work was toMer'ck battery electrolyte LP 40, which consists oM LiPFg in
explore the possibility of obtaining G@ films of variable morphol- ethylene carbonaté&C) and dimet,hyl carbonat®EC) ina 1:1 (\SN/W

ogy over the same substrate simply by adjusting the deposition p ratio. Rectangular 8 9 mm pieces of titanium coated with the
rameters. The structural and textural properties of the films Wereactiv.e material were used as working electrodes. The amount of
determined from X-ray diffraction(XRD), X-ray photoelectron '

spectroscopyXPS), and scanning electron microscof§EM) mea- oxide attached to the substrate was determined by weighing the
p .p e 1ing LT substrate before and after electrodeposition on a Sartorius microbal-
surements; also, their reactivity towards Li in lithium cells was

. o . .~ ance sensitive to withint1l pg. Cells were galvanostatically
tested. The films were found to exhibit excellent capacity retent'oncharged and discharged at a C/12 cycling rate, C being defined as 1
upon extended cycling. - . .
Li™ exchanged in 1 h. All electrochemical measurements were con-
Experimental trolled via a MacPile Il potentiostat-galvanostat.

Cuw,0O electrodeposition was accomplished by using a conven- . .
tional three-electrode single-compartment electrochemical cell. Results and Discussion
The electrodeposition potential required for a synthesis in the

potentiostatic mode is usually unknown. In this situation, linear

* Electrochemical Society Active Member. sweep voltammetric measurements help one identify oxidation-

2 E-mail: luis-sanchez@uco.es reduction processes potentially undergone by the system of interest
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. ) . Figure 2. XRD patterns for CyO films electrochemically deposited under
Figure 1. Linear sweep voltammogram for an aqueous solution ¢"Cu g P 4O y Cop

different experimental conditions. Ti peaks are marked with an asterisk.

and choose an appropriate potential. Figure 1 shows a typical caSwitzer® namely: regular, well-faceted, polyhedral crystallitEiy.
thodic scan performed betweenl00 and—900 mV at a scan rate 33 the agglomeration degree of which increased with increasing
of 10 mV:s *. The peak at-350 mV corresponds to the reduction deposition time. The length of the largest polyhedral edges ranged
of Cl?" to Cu' and the subsequent formation of £Lu On the other ~ from 1 to 2um. By contrast, the films deposited at the more nega-
hand, the peak ata. —700 mV is due to the reduction of @0 to tive potentials(—575 mV) exhibited a granular morphology and the
Cu. Therefore, the potential for the formation of stable@uanges ~ 9rain agglomerates a cauliflower-like appearaftdg. 3b irrespec-
from —150 to —600 mV. Once the deposition conditions were es- tive of the deposition time used, and hence of the film thickness. It
tablished, CyO films of variable morphology were obtained by Should be noted that the grains were always smaller tham1ca.
changing the electrodeposition potential. Of the many deposits ob450-300 nm. Thus, the SEMs revealed that particle morphology and
tained, we selected fiSamples A, B, C, D, and)Bhe deposition ~ Siz€ in the films deposited at an applied potentiat-&i75 mV were
conditions, amount deposited and coating thickness of which ardather different from those of the films deposited-at50 mV. This
shown in Table 1. is consistent with the XRD patterns, where the films deposited at the

The XRD patterns obtained over the applied potential rangeMore negative potential exhibited broader diffraction peaks. The
~150 to—575 mV (Fig. 2) exhibited the Ti peaks for the substrate, electrochemical performance tests of ,Qufilm electrodes were
but none suggesting the presence of phases other thg®. Qthe ~ conducted on these two groups of samples on account of their highly
amount of material deposited, and hence that of electrical chargélisparate morphologies. _ _
transferred, had no influence on film composition, only on peak _The chemical composition of the films was studied from XPS
intensity. No preferred orientation was detected, the relative intensinéasurements by varying the emission angle to shift the effective
fies of diffracted lines were consistent with those tabulated in the€/ectron escape deptfAlternative methods for assessing changes
corresponding JCPDS card. However, the potential used affectedl! ©Xygen stoichiometry such as those based on the variation of the
X-ray line broadening, which suggests differences in the degree ofoncentration with depth proved unsuitable for these films owing to
crystallinity between films. The signal-to-noise ratio was much bet-the ease with which Ctl is reduced by Af bombardment’ Figure
ter for the films deposited at the less negative potentials and diffrac# shows the Cu 2p XPS spectra for sample E as recorded with the
tion peaks were appreciably broader for the films deposited at arfnalyzer at an angle of 15°, 45° and 75°, which correspond to
applied potential of-575 mV. The full width at half-maximum different depths in the film. All spectra were identical, with an fwhm
(fwhm) for the two strongest reflections are shown in Table I. The of 1.35 eV for the Cu2g, peak; this testifies to the high homoge-
lower crystallinity of Samples C, D, and E precluded accurate evalu-neity of the films. The absence of “shake up” satellites excludes the
ation of the width of thg200) peak. presence of Cu and the binding energy for Cu 2p, 932.7 eV,

The morphology the films deposited at an applied potential oftogether with the modified Auger parameter, 1849.5 eV, indicate that
—150 mV was similar to that reported by La#k al'*and Zhou and  the sole oxidation state in these deposits is"@lThis is clearly

Table I. Preparation conditions and selected properties of CyO thin films.

Electrical Mass

Potential charge transfer deposited Thicknes$ fwhmP fwhmP
Film V) (©) (mg cm?) (pm) (111 (200
Sample A —150 0.53 0.18 0.3 0.2 0.3
Sample B —150 1.68 0.6 11 0.2 0.2
Sample C -575 1.00 0.92 1.3 0.6 -
Sample D —575 2.68 1.19 35 0.5 -
Sample E —575 10.11 4.6 13.3 0.4 -

@Values estimated from SEM images.

® Angle 2.
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Figure 4. High-resolution XPS spectra for Cu 2p corresponding to sample E
as recorded at different angles between the analyzer and the film surface. 15°
(O); 45° (X); and 75°(@).

ferent(Fig. 5b. For samples C and D, the lithium uptake up to 0.7
V wasca. 1.7 per formula unit; for Sample E, it was barely 0.4. By
contrast, the additional capacity of this latter sample was equivalent
to the uptake of 1 Li per formula unit, which is similar to that for
Sample A. Of the two main differences between the depdsis
particle morphology and film thicknesshe latter seems to be the
more influential. CyO is known to be a poor semiconductor. Thus,
an increased thickness, and hence an increased amount of material
deposited, restricts the mobility of charge carriers, the cell becoming
strongly polarized as a result. One must bear in mind the absence of
conducting additives such as carbon black from these electrodes.
i _ _ _ Thus, in Sample Hviz. that with thickest film, Reaction 1 took
Figure 3. SEM images for C4O deposits(a) and (b) Top view c-g cross-  place to a very small extent and most of the current was used to
sectional view. reduce the electrolyte. The absence of a slope change between 2.5

and 2.0V, ascribed to CuO reductid®’is consistent with the XRD

and XPS data and excludes the presence of impurities of divalent
consistent with the XRD results, from which a single,,Oucrys- copper.
talline phase can be inferred. No other signals for the substrate or The charge curves exhibited strong polarization the intensity of
other atoms potentially involved in the electrodeposition processwhich was also dependent on film thickness. At best, the cell made
such as sodium or sulphur were detected. Only adventitious C, thérom Sample A removed about 1.5'Lions per formula unit at a
presence of which was mainly due to specimen handling and theut-off voltage of 3.0 V, which is below the theoretical value for the
signal for which disappeared after few seconds of Atching, was ~ Cu — Cu,O oxidation process. However, the removal of up to 2
detected. Therefore, our films possess a clean surface in addittion 10 * has been reported for electrodeposited@d* Theoretical cal-

high homogeneity and purity. o culations provided a film thickness of 210 nm, which is smaller than
Figure 5 shows the first galvanostatic discharge-charge curveshose in Table I. These results confirm the prominent role of layer
for Li/Cu,O cells. The discharge curves for Samples A antFB). thickness in the electrochemical response of these films. This was

5a) are similar and exhibit an abrupt drop in potential up to 1.25 V, further confirmed for Sample E, which scraped from the substrate
followed by a smooth decrease up to 0.7 V. The Faradaic yield atand the resulting powder mixed with polytetrafluoroethyléP€FE)

such a potential is consistent with the following reaction (5 wt %), and acetylene blacklO wt %). The electrode was pre-
_ 4 . pared by pressing the active material in an stainless steel grid. The
ChO + 26 + 2Li" — 2Cu+ Li,0 (1] corresponding discharge and charge curves, not shown here, exhib-

ited a different capacity. Thus, 2.0 faradmol ! was calculated for

Below 0.7 V, the potential drop was more pronounced; an addi-the oxidation process, consistent with a completely reversible char-
tional capacity ofca. 1 Li* per formula unit was obtained at 0.0 V. acter for Reaction 1.
This is only one-third of the value reported by Laét all* for Figure 5c shows the electrochemical response of the different
electrodeposited GO of similar particle morphology and has been samples on cycling over the 3.0-0.0 V range. Four of the five elec-
ascribed to reduction of the electrolyte. It is likely that the trodes successfully preserved the capacity values delivered at the
Swagelok-type cell used in this work was the origin of the discrep-initial stages over 100 cycles. The best performing cell was that
ancy as the amount of electrolyte was smaller than that employed imade from sample A. Its initial capacity, 275 Aty ™%, slowly in-
Ref. 14, an electrochemical quartz crystal microbalance. The discreased over the first ten cycles and then to a mean valca. 860
charge profiles for Samples C, D, and especially, E, are rather difAh-kg™?, close to the theroretical one for Reactiof3¥5 Ah-kg ™)
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Figure 5. First discharge-charge curvés and B and cycling properties for
Cu,O depositdc) [Sample A(®), Sample B(O), Sample QJ), Sample D
(), Sample E(0),].
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facts. First, although films B and C possessed a similar thickness,
the latter, consisting of smaller particles, delivered a higher capacity.
Second, the cycling properties of Samples B and D were similar in
spite of their differences in thickness, which were small relative to
other films(see Table)l Notwithstanding the greater film thickness
of Sample D, the deposit was more porous and its grains were
smaller and less crystalline, all of which can increase the reactivity
of Cu,O particles towards lithium. These two cells delivered a
nearly constant capacity afa. 210 Ah-kg™! upon successive cy-
cling. Our results depart from those reported by Grugebal.®

who found capacity retention on cycling to be strongly dependent on
particle size and obtained their best results with micronic particles.
We have no irrefutable explanation at present for the little influence
of particle size on capacity retention in these films. In any case, our
films unarguably exhibit good contact between electrodeposited par-
ticles and the substrate.

In summary, the electrodeposition technique is an excellent tool
for preparing homogeneous cuprous oxide films with a controlled
oxidation state and clean surface. The morphology and thickness of
the film can be modulated by adjusting the synthesis conditions.
Films thus prepared, particularly those of small or intermediate
thicknesses, exhibit a good electrochemical response in lithium cells
and excellent coulombic efficiency over repeated charge and dis-
charge cycles.
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