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Evidence for Reversible Formation of Metallic Cu in Cu0.1V2O5
Xerogel Cathodes during Intercalation Cycling of Li¿ Ions
as Detected by X-Ray Absorption Spectroscopy
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Vanadium pentoxide materials prepared through sol-gel processes~xerogel, aerogel, and aerogel-like! act as excellent intercalation
hosts for lithium as well as polyvalent cations. The large lithium insertion capacity of these materials makes them attractive for use
as cathodes in high-capacity lithium batteries. Copper-doped V2O5-based cathodes have excellent properties in terms of high
intercalation rate and very good reversibility upon cycling with no capacity fading after more than 450 cycles. This paper reports
in situ X-ray absorption spectroscopy~XAS! investigations of copper-doped V2O5 xerogel. The K-edge X-ray absorption thresh-
olds of V and Cu were studied. The local structure around copper is found to change dramatically during individual insertion/
release cycles for Li1 ions. The XAS analysis indicates that the lithiation of the Cu0.1V2O5 xerogel cathode proceeds with
concurrent formation of copper metal. However, the starting compound is regenerated upon releasing the inserted lithium~charg-
ing the cathode!, thus revealing the foundation for excellent structural and electronic reversibility of the material.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1379029# All rights reserved.
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Many vanadium pentoxide gels have been synthesized during
last two decades via facile sol-gel chemistry1 or hydrothermal
methods.2 A common characteristic of the materials is the layer
structure that may accommodate various chemical species. The
terials serve as hosts into which guests are inserted and, succes
and reversibly, released. The rate at which such reactions takes
in these materials and the associated change of Gibbs free en
are of fundamental importance because they permit the use o
materials in intercalation batteries.

Our research group at the University of Minnesota is involved
the development of gel-based V2O5 compounds as cathodes fo
lithium batteries. Previous results indicated that large lithium ins
tion capacities can be achieved in several vanadium oxide
materials.3-5 By using composite structures of V2O5 xerogel material
~XRG!, lithium cells have been successfully studied with liquid a
polymer electrolytes.5,6 The characterization of the intercalatio
properties of V2O5 aerogels~ARG! has been extended to polyvale
cations such as Al31, Zn21, and Mg21, therein showing the versa
tility of the host.7 The electrochemical performance of~aerogel-like!
V2O5 synthesized under subcritical conditions has also b
reported.8

In recent work, it was found that vanadium oxide could be ea
doped with a metal in the hydrogel form by a simple reaction wit
known amount of the doping metal~copper, silver, zinc, nickel, and
aluminum!. The characterization of gel-based, copper-doped V2O5
materials has been reported earlier.9,10 The materials maintain the
layered structure typical of V2O5 but with enhanced performance
Cathodes based on these materials have a potential of around
~vs. Li! in the pristine state and are able to reversibly intercalat
large number of lithium ions (x . 2). This leads to experimenta
specific capacities exceeding 300 mAh/g at the C/100 rate and
cific energies exceeding 750 Wh/kg.9 Cyclic voltammetry and gal-
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vanostatic insertion of doped V2O5 materials indicate the possibl
reduction of the doping ion~silver or copper!to the metallic state
during lithium insertion.

In the present contribution, we focus on the effects produced
lithium insertion in copper-doped V2O5 XRG cathodes by usingin
situ X-ray absorption spectroscopy~XAS! as a local structural tool.
The technique is sensitive to short-range order~a few angstroms
around the selected atom! and can be applied to disordered, amo
phous, and crystalline materials. Previous reports based onin situ
XAS studies have given details on various topics including elec
chemical interfaces,11 electrode surface,12,13 Pt/C catalysts,14

batteries,15 and biology.16 In our application, the vanadium and th
copper local structural arrangement could be monitored during
intercalation process, revealing the modification that occurred u
lithium insertion and release.

Previous studies by the XAS technique on the V2O5-based com-
pounds have allowed us to determine fundamental structural in
mation on a wide variety of native and intercalated V2O5

compounds.17-23 In particular, a study based on polarized XA
measurements22 on the native XRG has definitively demonstrate
that V2O5 XRG compound has a bilayer structure. Also, the char
terization of a zinc-intercalated V2O5 ARG has shown18 a new and
unconventional site for the guest ion. The Zn21 ions are located
within a single V2O5 layer, leaving the interlayer space available f
further ion insertion.18 Further, in situ extended X-ray absorption
fine structure~EXAFS! and X-ray absorption near-edge structu
~XANES! results on the V2O5 XRG cathode21 have demonstrated
that the amorphous nature of the material allows for facile latt
expansions and contractions upon lithium intercalation without
major disruption of the V2O5 layer structure.

In this work, we show that the analysis of the Cu K-edge spec
indicates that metallic Cu is formed concurrently upon the lithiu
insertion. However, upon removal of lithium ions the Cu me
formed is oxidized again and reinserted into its original site. Ther
no loss of Cu12 ions to the electrolyte. The results demonstrate
complete structural and electronic reversibility of the cathodic m
terial investigated.
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Experimental

Synthesis.—Vanadium pentoxide hydrogels were synthesize
an ion-exchange process with sodium metavanadate.1,6 The copper-
doped V2O5 was prepared as described earlier by Coustieret al.10

Briefly, the doping was performed by mixing the selected stoich
metric amount of copper powder~Alfa 99.997% purity! with the
V2O5 hydrogel. X-ray diffraction~XRD! spectra were taken on th
dry, doped material in order to verify the completion of the reacti
i.e., no peaks associated with metallic copper were found.

Electrochemical tests.—Cu0.1V2O5 xerogel electrodes were pre
pared by spray coating a mixture of the active material with car
~Ketjen black, Akzonobel! and binder~Kynar, ELF-Atochem! in
cyclopentanone~Fluka!, onto 25mm thick aluminum foils. The final
weight ratio of the three components in the dry cathode w
80:10:10, respectively. The active material mass loading ran
from 3 to 4 mg cm22.

The electrochemical tests were performed in a classical bu
cell where a lithium disk was used as the negative electrode and
electrolyte was 1 M LiClO4 in propylene carbonate~PC! supported
on porous polypropylene~Celgard!. The lithium intercalation
deintercalation reaction was driven by an Arbin battery cycler.

XAS experiments.—To perform in situ XAS measurements
Cu0.1V2O5 xerogel cathodes were placed in a special spectroelec
chemical cell. The details of the cell are given elsewhere.24

The in situ X-ray absorption experiments were performed at
National Synchrotron Light Source~NSLS!at Brookhaven Nationa
Laboratory using the beam line X11 A, operating at 2.5 GeV an
typical current of 310 mA. The details pertaining to the design of
monochromator, the resolution, and the detune procedure are g
elsewhere.25 Internal references for energy calibration were used
both vanadium and copper.

Harmonics were rejected by detuning~50%!. Data were acquired
in transmission mode at the vanadium K-edge and in fluoresce
mode at the copper K-edge. XANES spectra were taken every
eV up to 50 eV after the edge with an integration time of 1
EXAFS spectra were collected up tok 5 13 every 0.05k with a 3
s integration time.

XAS data analysis.—XANES spectra were normalized to
edge jump of unity. A prior removal of the background absorpt
was done by subtraction of a linear function extrapolated from
pre-edge region.

Figure 1. Typical discharge behavior of spray-coated Cu0.1V2O5 electrodes
in coin cell assembly with 1 M LiClO4-PC as electrolyte and lithium anod
at room temperature. The discharge current and time are indicated in
legend.
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The EXAFS analysis has been performed by using the GNX
package26,27 that takes into account multiple scattering~MS! theory.
The method is based on the decomposition of the EXAFS sig
into a sum of several contributions, then-body terms. It allows for
the direct comparison of the raw experimental data with a mo
theoretical signal. The procedure avoids any filtering of the data
allows for a statistical analysis of the results. The theoretical sig
is calculatedab initio and contains the relevant two-bodyg (2) and
the three-bodyg (3) multiple scattering~MS! terms. The two-body
terms are associated with pairs of atoms and probe their dista
and variances. The three-body terms allow distances and angl
be probed. If useful, a single effective MS signalh (3) that includes
both g (2) and theg (3) contributions can be used for the shells b
yond the second one by using the same three-atom coordinates
for the two-atom and the three-atom combinations. Phase shifts
the photoabsorber and backscatterer atoms were calculated ac
ing to the muffin-tin approximation. The Hedin-Lundvquist compl
potential28 was used for the exchange-correlation potential of
excited state. The core hole lifetime,Gc , was kept fixed to the
tabulated value29 and was included in the phase shift calculatio

e

Figure 2. Series ofin situ XANES spectra of spray-coated Cu0.1V2O5 elec-
trode as recorded~no background subtracted or normalized! in sequence
during discharge~V K-edge, absorption! and charge~Cu K-edge, fluores-
cence yield!.
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Figure 3. Normalized XANES spectra of pristine and lithiated (x 5 1.5) Cu0.1V2O5 XRG cathode~fluorescence mode! taken at the V and Cu K-edge. The V
K-edge was recorded during the cathodic scan, the Cu K-edge during the subsequent anodic scan.
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The experimental resolution used in the fitting analysis was abo
eV, in agreement with the stated value for the beamline used
order to evaluate the effect of the structural disorder, the simula
was done by considering a non-Gaussian type of pair distribu
functions. In fact, because of the amorphous nature of the c
pound, a more flexible model that replaces the simple Gaus
function might be expected to be required. The gamma-like~G!
distribution has been used here30,31 and proved to be very useful in
previous studies systems.32,33 The full definition of the function is
described in Ref. 30 and 31.

Results and Discussion

Copper-doped V2O5 cathodes have excellent properties in ter
of electronic conductivity and high intercalation rate.9,10 Typical
discharge performance of a spray-coated Cu0.1V2O5 electrode as a
function of the discharge current is shown in Fig. 1. The materia
able to reversibly intercalate more than 2 equiv Li in about 22
Even at a very high insertion rate~1.65 mA cm22! more than 1
equiv Li/mol of active material is intercalated. This result is exce
tional, considering that the complete intercalation process ta
slightly more than 15 min. In addition, the material shows very go
reversibility of the lithium insertion-release process with no capa
fading after more than 450 cycles.9,10 There is also no loss of Cu to
the electrolyte after the 450 cycles.

In situ XAS measurements of the Cu0.1V2O5 xerogel were per-
formed to investigate the lithium insertion mechanism and the st
tural modifications that occur in the material upon lithium insertio
The lithium insertion into the electrode was driven by applying
constant current of 0.2 mA for 40 h. The total amount of lithiu
inserted was 1.5 equiv/mol Cu0.1V2O5, which corresponds to a de
livered capacity of about 200 mAh/g. Two series of XANES spec
were taken at the V and Cu K-edges, respectively, during the lith
insertion. Figure 2A and B shows the raw data at the V and
K-edges, respectively. The evolution of the spectra upon increa
the amount of inserted lithium is indicated by the arrows. Howev
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the background profile, due to both ‘‘atomic’’ absorption and to t
absorption by the electrochemical cell, is rather similar for the en
sequence of XAS curves for a single cell. This similarity indica
there were no secondary processes~such as dissolution of cathodi
material nor electrolyte leakage! during the electrochemical cycles
The stable background also indicates that the changes of XAS
tures accompanying lithium insertion are only due to structu
modifications and not to experimental artifacts. In addition, a f
isosbestic points11,16 are shown in the XAS sequences, demonstr
ing the progressive conversion of the copper species in the pris
Cu0.1V2O5 to a different copper state in the lithiated compound, a
hence the intermediate spectra are a linear combination of the
copper species. They appear at about 5492 and 5503 eV in th
K-edge spectra and at about 8990, 9002, and 9036 eV in the
K-edge spectra.

In order to better evaluate the evolution of the XANES featu
upon lithium insertion, the XANES spectra of the pristin
(Li/V 250) and the lithium-intercalated (Li/V251.5) compounds
were normalized at both vanadium and copper K-edges~Fig. 3!. The
normalized spectra show modifications of the V and Cu atoms u
lithium insertion. In particular, the charge~and thus the effective
oxidation state!of both vanadium and copper decreased, as in
cated by the relative shift toward lower energy of the pre-edge
ture in the V K-edge~peak A!and of the peak B in the Cu K-edge
Peak A in the V K-edge spectrum is due to a formally forbidd
1s-3d electronic transition21,34 that becomes allowed when there is
distortion of the local symmetry. Peak B in the Cu K-edge spectr
is a well-studied fingerprint and it has been assigned to
1s-4p1 shakedown transition.35,36 Because the photoelectron fina
state is in both cases related to bound states, the two peaks pr
a good indication of the formal oxidation state of the two species~V
and Cu!. We conclude that the negative charge provided during
reduction process goes onto both metal sites.

Other modifications induced in the XANES spectra by t
lithium insertion are ascribed to structural changes of the envir
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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ment of the metals. In the case of vanadium, the modification of
XANES curve shape fully agrees with a previous XAS character
tion of electrochemically lithiated xerogels.21 The position of the
feature B, that is called edge resonance, moves toward lower en
Also, feature B changes shape from two well-defined peaks

Figure 4. Comparison of the XANES curves~Cu K-edge!for Cu0.1V2O5
XRG: ~s! pristine and~n! after one discharge-charge cycle.
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single one. Feature C gives information about the first-shell ato
surrounding the vanadium21 and moves to lower energy as wel
Overall, the XANES spectrum of the native Cu0.1V2O5 at the V
K-edge is rather similar to that of Zn0.14V2O5.

18 On the other hand,
the copper environment undergoes a very interesting modifica
upon lithiation of the cathode material. The chemical shift of t
XANES curves indicated a sharp reduction of the oxidation state
copper. In addition, a close inspection of the shape of
Li1.5Cu0.1V2O5 curve shows a close similarity to the XANES spe
trum of pure Cu.37 Both pieces of evidence point to the formation
metallic copper upon lithiation. Even more interesting, the mod
cation taking place on the copper atoms is fully reversible as in
cated by the full reversibility of the XANES spectrum after fu
delithiation of the material~see Fig. 4!. This verifies the reversibilit
of the electrochemical process and validates the experime
approach.21,24,25

In order to verify this hypothesis, we have analyzed EXAF
spectra recorded during the electrochemical insertion and rel
processes. Figure 5 shows the EXAFS spectra of pristine and l
ated Cu0.1V2O5 xerogel and the corresponding Fourier transfo
~FT!. From the extracted EXAFS signals shown in the left frame
is clear that the local structure around Cu changes dramatically.
worth noting that the maximum moves toward higherk values, in-
dicating a dramatic change in the backscatterer atomic number
light to heavy atom. This could be made possible, for instance, b
first shell change from Cu-O to a Cu-Cu. In fact, it appears that th
is a possible Cu-Cu or Cu-V dominant interaction in the spectrum
Li1.5Cu0.1V2O5. The relative FT in the right panel is characterized
a shift of the main peak from 1.6 to 2.2 Å and shows contributio
up to about 4 Å. In addition, the reduction of Cu21 ion to Cu2O can
be excluded because the latter compound would have a Cu-O
shell at about 1.84 Å.37

In order to definitively determine the structure surrounding
copper site in the lithiated cathode, we considered different st
tural models, which involve the above-mentioned Cu-Cu, Cu
first-shell interactions, and a possible Cu-O interaction where
oxygen belongs to the host structure. Then we compared it with
experimental EXAFS spectrum of the Li1.5Cu0.1V2O5. The fit out-
come indicates that the signal originating from the Cu-Cu inter
tion was the only one showing an amplitude shape comparabl
the experimental spectrum. Therefore, the structural model for
reduced state was chosen to be that of copper metal.
Figure 5. K2-weighted EXAFS and corresponding FT curve at the copper K-edge of pristine and lithiated (x 5 1.5) Cu0.1V2O5 XRG cathode, spectra takenin
situ and in fluorescence mode. FT conditions:Dk 5 3.4-13.5, k2 weighted.
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Table I. Atomic distances and bond lengths of copper metal as seen from the copper atom.

Two body
Distance

~Å!
Number of atoms

~Degeneracy! Type

1 2.556 12 Cu
2 3.615 6 Cu
3 4.427 24 Cu
4 5.112 12 Cu

Three body
r1
~Å!

r2
~Å!

Theta
~°! Degeneracy Types

Half-distance
~Å!

1 2.556 2.556 60 24 Cu-Cu-Cu 3.834
2 2.556 2.556 90 36 Cu-Cu-Cu 4.363
3 2.556 2.556 120 72 Cu-Cu-Cu 4.769
4 2.556 2.556 180 18 Cu-Cu-Cu 2.112
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With the MS formalism, the atomic arrangement around the c
per atom is described by a few important contributions. Tabl
indicates the most relevant two- and three-body contributions
metallic copper reported in the literature.37 All the two-body contri-
butions were included in the fitting procedure and only the thr
body contribution, noted no. 4 in Table I, was included. The rea
for this choice resides in the presence of a 180° angle in that ato
configuration that generates the ‘‘focusing effect’’38,39and in turn a
signal of non-negligible intensity. Refining the calculations and t
ing Table I as reference, the following two-atom contribution
l1

(2) Cu-Cu with degeneracy of 12,g1
(2) Cu-Cu with degeneracy of 6

g3
(2) Cu-Cu with degeneracy of 24, corresponding to the first, sec

Figure 6. Interpretation and fit analysis of the Cu K-edge EXAFS spectrum
recorded of the lithiated (x 5 1.5) Cu0.1V2O5 XRG cathode. The plot shows
the various contributions to the total theoretical signal, and shows a compa
son between the theoretical and the experimental ones.
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and third shell, respectively, and the three-atom contribution,i.e.,
the Cu-Cu-Cu triplet termg4

(3) , where theh4
(3) notation includes

bothg4
(3) Cu-Cu-Cu~degeneracy of 18! andg4

(2) Cu-Cu~degeneracy
of 12!, were included in the fitting procedure. The overall number
structural parameters included in the fitting procedure was eigh

The results of the fit are illustrated in Fig. 6. The figure sho
the theoretical contribution of each MS contribution~upper curves!
and the comparison of the total theoretical signalkx(k) with the
experimental one~bottom curve!. From the lower plot it is seen th
the theoretical curve matches well with the experimental one
addition, it is clearly seen that although the first-shell contribut
dominates the total signal~signal g1

(2) Cu-Cu!, the inclusion of the
other signals was needed to account for the high-frequency pa
of the EXAFSx(k) spectra.

The interatomic distances, and the corresponding EXA
Debye-Waller factors of the Li1.5Cu0.1V2O5 obtained from the bes
fit, are shown in Table II. The nonstructural parametersE0 andS0

2

have been found to be 8984~4! eV and 0.88~5!, respectively. Th
errors associated with the parameters obtained with the EXA
analysis are indicated as well. The latter were determined by co
lation maps~contour plots!for each pair of parameters. Figure
shows the contour plot for the Cu-Cu first shell and the highly c
relatedE0 variable. The estimated statistical error is associated w
a 95% confidence interval.40

The results of the present work, reported in Table II, agree w
literature data on metallic copper~Table I!. This certainly means
that the copper environment in lithiated copper-doped V2O5 XRG
(Li1.5Cu0.1V2O5) is close to that of Cu metal. However, the grow
of metallic copper clusters upon lithiation is strongly constrained
the internal structure of the host,i.e., the V2O5 bilayered structure.21

This also causes structural disorder, as evidenced by the use
non-Gaussian model for the bond length distribution. The particu
configuration of the copper atoms is indicated by the actual coo
nation number~CN! obtained from the fit of the experimental dat
In fact, the best fit was obtained by multiplying the multiplicity o

Table II. EXAFS best-fitting results. The estimated parameter
errors are indicated in parentheses.

1st shell
Cu-Cu

2nd shell
Cu-Cu

3rd shell
Cu-Cu

Cu-Cu-Cu
angle

Distance~Å! 2.54 ~2! 3.57 ~4! 4.44 ~4! 180a

s2/(Å 2) 0.008~3! 0.008~4! 0.017~10! 60b

CNc 4 2 8

a The angle was kept fixed at the crystallographic value.
b Angle variance in deg2.
c CN as it appears in Table I and considering the multiplicity factor 0.34 from

fitting procedure.
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each MS contribution by a factor of 0.34.10 Taking account of
this factor, the number of first-neighbors of Cu in lithiate
Cu0.1V2O5 is (12 3 0.34), i.e., about 4. The relative CNs for th
other shells are reported in Table II. The amplitude reduction
served in the EXAFS spectra could be interpreted as due to
existence of a large density of structural defects in the metallic c
per in the lithiated material. Therefore, our experimental findings
explained on the basis of a simple model which takes into acco
the presence of atomic defects and vacancies that lead to ma
reduction of the coordination numbers and of the three-a
multiplicities.41

In the Li1.5Cu0.1V2O5, the copper aggregates as small domains
metal that are sandwiched between the bilayers of V2O5.

Conclusions

The present work has characterized the modification of the st
ture taking place in copper-doped V2O5 XRG upon lithium inser-
tion. Cathodes of such a material have shown excellent elec
chemical properties in terms of lithium insertion capacity both in
form of aerogels and xerogels. The materials reversibly insert u
2.2 mol Li per mole of doped V2O5 over a few hundred cycles
~.450! with no capacity fading.

The work was based on the use of a synchrotron radiation so
to acquirein situ XAS spectra. The experiments were performed
the National Synchrotron Light Source, Brookhaven National La
ratory, an experimental setup which allowed real-time data rec
ing. Data analysis was performed by using the MS formali
~GNXAS!.

The results have shown that the lithium insertion in copp
doped V2O5 XRG causes reduction of both copper and vanadi
atoms. While the vanadium site is modified by lithium insertion
in other XRGs, the copper ions are reduced to the metallic s
Under the constraint of the bilayered structure of the host, the
tallic copper domains have many defects and atomic vacancies.
conclusion confirms the electrochemical result that showed met
copper formation reported previously for Cu- and Ag-doped V2O5
XRGs. In that previous work, the formation of metallic copper~or
silver! was indicated as the cause of the excellent lithium inser
performance of the doped materials, which was caused by the

Figure 7. Two-dimensional section of the parameter space referring to th
Cu-Cu ~first shell! and E0 . The inner elliptical contour corresponds to th
95% confidence level.
 address. Redistribution subject to ECS te129.10.247.223nloaded on 2017-02-26 to IP 
-
e
-
e
t

ed

f

-

-

o

e

-
-

-

e.
-
is

ic

-

crease of electronic conductivity upon lithiation. Of further impo
tance, the present work has shown that the process is compl
reversible at the atomic level.

In order to understand the role of Cu in the native catho
(Cu0.1V2O5), an exhaustive XAFS analysis on solid-state sample
in progress and will be presented in a forthcoming paper.42
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