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CONS P EC TU S

S tudies of the intrinsic electrochemical, structural, and electronic properties
of microparticles of energy storage materials can provide much needed

insight into the factors that control various aspects of the performance of
technical electrodes for battery applications. This Account summarizes efforts
made in our laboratories toward the development and implementation of
methods for the in situ electrical, optical, and spectroscopic characterization of
microparticles of a variety of such materials, including Ni hydroxide, Zn, carbon,
and lithiated Mn and Co oxides. In the case of Ni hydroxide, the much darker
appearance of NiOOH compared to the virtually translucent character of virgin
Ni(OH)2 allowed for the spatial and temporal evolution of charge flow within
spherical microparticles of Ni(OH)2 to be monitored in real time during the first
scan toward positive potentials using computer-controlled video imaging. In situ
Raman scattering measurements involving single microparticles of Zn harvested
from a commercial Zn|MnO2 battery revealed that passive films formed in
strongly alkaline solutions by stepping the potential from 1.55 V to either 0.7 or
0.8 V vs SCE displayed a largely enhanced feature at ca. 565 cm�1 ascribed to a
longitudinal optical phonon mode of ZnO, an effect associated with the presence
of interstitial Zn and oxygen deficiencies in the lattice. In addition, significant
amounts of crystalline ZnO could be detected only for passive films formed at the
same two potentials after the electrodes had been roughened by a single
passivation�reduction step. Quantitative correlations were found in the case of LiMn2O4 and KS-44 graphite between the Raman
spectral properties and the state of charge. In the case of KS-44, a chemometrics analysis of the spectroscopic data in the potential
region in which the transition between dilute phase 1 and phase 4 of lithiated graphite is known to occur made it possible to
determine independently the fraction of each of the two phases present as a function of potential without relying on the
coulometric information. Also featured in this Account are methods we developed for the assembly and electrochemical
characterization of Zn|MnO2 and nickel|metal-hydride Ni|MH alkaline batteries incorporating single microparticles of the active
materials. As evidenced from the data collected, the voltage�time profiles for constant current operation for both types of devices
were found to be similar to those of commercially available batteries involving the same chemistries. The ability to monitor the
state of charge of individual particles based strictly on spectroscopic data is expected to open exciting new prospects for visualizing
the flow of charge within electrodes in Li-ion batteries, an area that is being vigorously pursued in our laboratories.

Introduction
Over the last two to three decades, batteries have become

among the most ubiquitous devices ever invented. Power-

ing this explosive growth is the increasing popularity of

novel and ever more sophisticated hand-held cellular

phones, personal computers, and entertainment electro-

nics. Electrodes in portable rechargeable batteries are

composed mainly of particles of micrometer dimensions

responsible for the interconversion of electrical and chemi-

cal energy through changes in the oxidation state of one or
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more of its constituent elements.1 Technical electrodes

usually incorporate other components, such as conductivity

enhancers, for example, high area carbon, and organic

binders, to form a mechanically robust, electrically contin-

uous pastelike material that can be applied to the current

collector. Although essential to achieving high performance,

the presence of these additives and the resulting complex

electrode architectures make it very difficult to extract in-

formation regarding the intrinsic properties of the charge

storage materials themselves. This Account reviews efforts

in our laboratories, aimed at the development and imple-

mentation of techniques for monitoring in situ the optical,

spectroscopic, and electrical properties of individual charge

storage microparticles and single microparticle batteries

under conditions that approximate those found in commer-

cial devices, and represent an extension of the work of Prof.

I. Uchida at Tohoku University, Japan, who published semi-

nal papers in the area of single microparticle electro-

chemistry.2,3 Extensive usewasmadeof Ramanmicroscopy,

a technique that allows analysis of small sample areas or

volumes down to the micrometer scale.4

Experimental Considerations
Critical to the characterization of single μ-particle electrodes

and the assembly of single particle μ-batteries is the ability of

placing μ-particles in contact with an electronic conducting

support. A few illustrations of the strategies we have devel-

oped to manipulate μ-particles include5 a glass capillary

attached to a syringe (not shown), which allows fragile

particles to be captured by suction and then delivered to

the substrate surface (panel A, Figure 1), a sharp spear of a

hard metal, that can be inserted into a softer malleable

material (panel B), and a μ-disk electrode made out of a soft

metal, into which hard particles can be embedded by

FIGURE 1. Micrographs (left) and schematic diagrams (right) of single
microparticles attached to the micropipet (panel A), the W spear
(panel B), and embedded in a microelectrode (panel C).

FIGURE 3. Image of a collection of s-Ni(OH)2 particles.

FIGURE 2. Schematic diagram of a spectroelectrochemical cell for
acquisition of simultaneous in situ Raman and cyclic voltammetric
measurements of single particle microelectrodes.
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applying pressure (panel C). In addition, the substrate should

exhibit a low and featureless capacitance within the poten-

tial range in which the charge storage material undergoes

changes in redox state. Because of the small size of the

materials involved, all manipulation and assembly operations

mustbeperformedunderamicroscope (or,at times,a telescope).

Most of the Raman spectra were collected with a Raman

2000 system (Chromex, Inc.), using a Verdi laser (532 nm)

focused through an Olympus microscope as the excitation

source. An all-glass, airtight, spectroelectrochemical cell

(see Figure 2)6 was constructed for studies in nonaqueous

electrolytes.

A. Single Microparticle Electrode Studies. 1. Aqueous

Systems. a. Spherical Ni(OH)2. Nickel hydroxide is a charge

storage cathodematerial for rechargeable batteries that power

the vast majority of hybrid vehicles on the road today. In its

pristine form, this material consists of transparent spheres of

diameters in themicrometer range (see Figure 3), which can be

easilycaptured inairusingaμ-pipet (see inset,panelA, Figure1).

A glass truncated cone is used to apply pressure on the

particle|μ-disk assembly to keep the μ-particle in place (see

Figure 4, upper panel).7 Prior to the experiments, the tool|μ-

particle|μ-electrode assembly was immersed in a Petri dish

FIGURE 4. Images obtained in sequence at the specified times/potentials during a video session in which the optical properties of the s-Ni(OH)2
particle ca. 34 μm in diameter weremonitored during the first voltammetric cycle at 1mV/s. Video recordingwas started at 0.410 V vs SCE during the
positive going scan.

FIGURE 5. Series of consecutive voltammetric cycles for a single
s-Ni(OH)2 particle 30 μm in diameter. The rather featureless trace in red
was obtained for a Au microelectrode under the same conditions.
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filledwith aqueous 1MKOH together with a Pt wire as counter

and a saturated calomel (SCE) as reference electrodes.

Shown in Figure 5 are a series of consecutive voltam-

metric curves obtained for a single s-Ni(OH)2 μ-particle and

that of the featureless bare substrate (see red curve). As

evident from these data, a potential E > 0.55 V vs SCE was

required during the first scan in the positive direction for any

measurable current to flow, abehavior attributed to thehighly

resistive character of pristine Ni(OH)2. In contrast, clear peaks

associated with the formal Ni(OH)2|NiOOH redox transition

centered at 0.38 (oxidation) and 0.21 V (reduction) vs SCE

could be observed during the second and subsequent cycles.

In addition, Ni hydroxide exhibits electrochromic proper-

ties; that is, its color changes from transparent (reduced

state) to deep blue (oxidized state). Shown in the lower

panels in Figure 4 are images collected at the specified

potentials during a video session for a pristine s-Ni(OH)2
particle while it was being scanned from 0.0 to ca. 0.53 V vs

SCE and back. As indicated, continuous oxidation of the

μ-particle was accompanied by the gradual emergence of a

dark section next to the μ-electrode which advanced toward

FIGURE 6. Schematic drawing (panel A) andmicrophotograph (panel B)
of the assembly developed for in situ resistancemeasurements of single
particle microelectrodes as a function of their state of charge.

FIGURE 7. Current�time (upper curves) and voltage�time (lower
curves) profiles obtained for a S�Ni(OH)2microparticle (30μmdiameter)
in 9 M KOH polarized at 0.22 V (curve A reduced) and subsequently
at 0.45 V (oxidized) following application of a pulse drain voltage of
ca. 1.7 mV. Inset: Same as A (upper curve) in an expanded scale.

FIGURE 8. Plot of the current through themicroparticle as a function of
the applied potential while the microparticle was cycled between the
specified limits. The continuous lines are best fits to the experimental data
points. Inset: Sphere of radius r0, with opposite flattened ends at x = r.

FIGURE9. First (solid line) and second (dash line) cyclic voltammograms
(v = 50 mV/s) of a Zn microparticle attached to a polymer-coated W tip
in nondeareated 1 M KOH. Inset: Cyclic voltammogram of a bare
(uncoated) W tip recorded under otherwise identical conditions.
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the holding tool until the whole particle acquired a homo-

geneously dark appearance.

Measurements of the resistance of a single microparticle

of s-Ni(OH)2 were performed in situ as a function of the state

of charge using an arrangement similar to that shown in the

upper panel Figure 4, in which the holding tool was replaced

by a secondAu μ-disk electrode trapping themicroparticle in

between (see Figure 6).8 Shown in Figure 7 are current versus

time (upper curves) obtained for a s-Ni(OH)2 μ-particle in a

9MKOH, followingapplicationof a voltagepulseof ca. 1.7mV

across (lower curves) the μ-particle, while the latter was

being polarized at 0.22 V (reduced state) and 0.45 V

(oxidized state) vs Hg/HgO,OH�. Much smaller currents were

observed for the reduced compared to the oxidized states,

indicating that the resistance of the former is higher than

that of the latter, as has been reported fromdata collected ex

situ by other techniques. The conductivity, σ, of a flat ended

solid sphere (see insert Figure 8) of radius r0 and resistance

R can be expressed as

σ ¼ 1
πr0R

ln
r0 þ r
r0 � r

� �
(1)

where r is the distance between the center of the sphere

and the center of the flat disks, r < r0. Based on the results

displayed in Figure7,R(reduced) =10MΩandR(oxidized) =

60 kΩ; hence, assuming, r0 = 15 μm and r = 1 μm,

eq 1 would predict values of σ of 7 � 10�5 and 1.2 �
10�2 S 3 cm

�1, respectively, which are well within values

reported elsewhere.9

b. Metallic Zinc. Zinc electrodes in Zn|MnO2 batteries

consist of particles tens of micrometers in characteristic

dimensions dispersed in a concentrated aqueous KOH solu-

tion mixed with a polymer.10 In situ Raman spectra were

recorded by inserting an electrochemically sharpened

FIGURE 10. Panel A: Set of water-band normalized in situ Raman for a fresh (not cycled) Zn particle ca. 120 μm in diameter (φ) polarized at E0 =�1.55 V
(curve a), following passivation at Epas = �0.8 V after passing a total charge Qpas = 2.88 mC/cm2 (curve b), after subsequent polarization at E0 for
15�20 min (curve c), and following repassivation at Epas

0
= �0.8 V after passing the same Qpas. Panel B: Ex situ Raman spectra for ZnO and Zn(OH)2

powders.
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tungsten tip coated with a thin and polymer layer exposing

only its tip (see panel B, Figure 1) into a single Zn particle

harvested from a Zn/MnO2 battery. Tungsten displays a

featureless voltammogram in 1 M KOH (see inset, Figure 9)

within the potential range in which Zn undergoes active

dissolution (see Figure 9) and, as such, is an ideal substrate

for studies of this type. In situ Raman measurements were

performed in a shallow Petri dish under the microscope.11

Prior to the spectroelectrochemical experiments, the fresh

Znmicroparticle was polarized at a potential E0 =�1.55 V vs

SCE to reduce the native surface oxide. Shown in Figure 10

are in situ Raman spectra collected for a fresh Zn micro-

particle in 1 M KOH at E0 (curve a) and after stepping to

Epas = �0.8 V (curve b, passive region), allowing a charge of

2 mC/cm2 to flow. The spectrum at �0.8 V displayed a broad

shoulder andapeak in the regionbetween350and610 cm�1,

and thus quite different from that of crystalline ZnOor Zn(OH)2
acquired ex situ (see panel B, Figure 10). The unusually high

intensity of the peak at ca. 565 cm�1, ascribed to a special kind

of collective vibrational mode of excitation of atoms or mole-

cules in condensed matter, that is, E1 longitudinal optical

phonon in this case, is consistent with the presence of inter-

stitial Zn and oxygen deficiencies in ZnO.12

The electrode was then polarized at E0 to reduce the

oxide and subsequently repassivated using the same proto-

col above and in situ Raman spectra recorded at each step

(see curves c and d in Figure 10, respectively). As shown, the

spectrum of the repassivated electrode was very similar to

that found following the first passivation, except for a new

rather sharp peak at 440 cm�1 characteristic of crystalline

ZnO.

2. Nonaqueous Systems. Our initial studies in the non-

aqueous electrolyte area focused on the development of

techniques for the electrochemical and Raman characteriza-

tion of microparticles of lithiated transition metals oxides

and carbonaceousmaterials, used, respectively, as cathodes

and anodes in commercial Li-ion batteries, in the absence of

binders or conductivity enhancers. The strategy we em-

ployed involved embedding a small number of μ-particles

into Au for the cathodes and thermally softened Ni, for the

anodes, using high pressure. Ni is particularly suited for the

FIGURE 11. Sequence of cyclic voltammetric scans for the LiCoO2

(panelA) LiMn2O4 (panel B) recorded in1MLiPF6 in2:1 EC|DMCat a scan
rate ν = 0.04 mV/s. The thin solid line in panel A represents the cyclic
voltammetric response of the Au foil current collector after dissolving
the LiCoO2 particles in HCl and further drying.

FIGURE 12. Optical images obtained with the Raman microscope of
areas of a Au foil electrode with embedded LiMn2O4 particles with the
electrode polarized at 4.4 V vs Li[C/R]. The lighter spot in the center of
the circle (not clearly seen in panel d) represents the area of the
electrode being illuminated by the laser beam. Panels a�c show the
laser beam impinging on particles of a φ = 30 μm (a), 8 μm (b), and 4 μm
(c). The circle in panel d represents an area of the electrode devoid of
particles.

FIGURE13. Ramanspectraof embeddedparticles shown inpanels a�d
in Figure 12,while holding electrode potential at 4.4 V vs Li[C/R], i.e. fully
charged state.
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study of anodes as it does not form alloys with Li at room

temperature. Shown in Figure 11 are a series of sequential

voltammetric curves for embedded particles of LiCoO2 |Au

(panel A) and LiMn2O4|Ni (panel B), recorded in 1 M LiPF6 in

2:1 ethylene carbonate (EC)|dimethyl carbonate (DMC), a

common base electrolyte used in commercial Liþ batteries.13

The two oxide materials displayed characteristic features

associated with the release (charge) and intercalation

(discharge) of Liþ from and into the oxide lattice during the

scans in the positive and negative direction, respectively.14,15

Cycling of the material in the case of LiCoO2 (panel A) gave

FIGURE 14. Panel A: First (solid line) and second (dotted line) cyclic
voltammogram of KS-44 graphite particles embedded into a thermally
annealedNi foil in 1MLiClO4 in EC/DEC (1:1 v/v) solutions. The first scan
was initiated at the measured open circuit potential of the pristine
material, i.e., 2.8V, at ν=0.3mV/s. As the potential reached ca. 1Vvs Li/
Liþ, the rate was decreased to 0.1 mV/s for the rest of the experiments.
Panel B: Series of in situ Raman spectra acquired during the first linear
scan in the negative (2.8 down to 0.054 V) and subsequent positive
directions (up to 0.68 V) (panel A) with the microscope focused onto a
single KS-44 particle φ ca. 14 μm recorded while scanning the potential.

FIGURE 15. In situ, time-resolved Raman spectra collected every 5 s
immediately following application of a potential step (PS) for a single
22 μmKS-44 particle, PS 0.05 Vf 0.5 V (panel a) and PS 0.5 Vf 0.05 V,
respectively (panel b).

FIGURE 16. Amount of Liþ in the graphite lattice in dilute stage 1 phase
as a function of time after application of a potential step for a single
particle φ ca. 22 μm, and best fit based on a diffusional model assuming
the particle to be a perfect sphere.
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rise to changes in the amplitudes of the peaks resulting from

modifications in the lattice structure induced by Liþ insertion

and deintercalation. In contrast, hardly any changes were

observed in the case of LiMn2O4 (panel B) upon cycling. Plots

of the peak current vs ν1/2 were found to be linear with slopes

consistent with an effective “average” diffusion coefficient for

Liþ in the oxide lattice of ca. 5 � 10�10 cm2/s which is in line

with those measured by other means.16

Shown in Figure 12 are optical images of areas of a Au

electrode with embedded LiMn2O4 particles (dark regions),17

where the bright spot, φfp ca. 5 μm, is the laser footprint

on the sample. The ability of Ramanmicroscopy to focus the

light over a very small area enables situ Raman spectra of

individual particles to be recorded as a function of the

applied potential. Shown in Figure 13 is the Raman spectrum

obtained for a single embedded LiMn2O4 particle, φ, ca.

30 μm, in the same electrolyte specified above using a cell

similar to that in Figure 2. Spectra collected at 4.4 V vs Liþ|Li,

that is, fully charged state, yielding a well-defined Raman

peak centered 590 cm�1 characteristic of this material (vide

infra).

The sameoverall techniquewas utilized for in situ Raman

studies of carbonaceous micromaterials embedded in soft-

ened Ni in 1 M LiClO4 in 2:1 EC|DEC solutions.18,19 Excellent

agreement with literature data collected by other means14

was obtained for in situ Raman spectra as a function of the

applied potential for a single particle of KS-44 (φ ca. 14 μm), a

commercially available graphitic powder, while scanning

the potential at ν = 0.3 mV/s first in the negative direction

from 2.8 down to 0.054 V, and, subsequently, in the positive

direction up to 0.68 V (see panel A, Figure 14). The spectro-

scopic data are displayed in panel B in the same figure,

where the potential next to each of the spectra represents

average values during spectral acquisition. As has been

documented,20 insertion of Liþ in the lattice brings about

changes in the spectral features observed. In particular, a

direct correlation was found between the position of the G

band in the range 1581�1590 cm�1, and the amount of Liþ

within the so-called dilute stage 1 phase, using as a basis the

X-ray diffraction (XRD) data reported by Dahn,21 who mon-

itored current and voltage during galvanostatic charging in

similar electrolytes. This correspondence was used to deter-

mine the rates of insertion and release of Liþ from the

graphite lattice as a function of the applied potential.18 For

these experiments, a potential step was applied between

0.05 V (nominally full Liþ intercalation and 0.5 V (full Liþ

deintercalation) while recording in situ Raman spectra yield-

ing data of the type shown in Figure 15. Statistical analysis of

these spectra enabled determination of the average transi-

ent concentration of Liþ in a volume within a very thin shell

of the particle probed by the laser. The latter were then fit to

a diffusional model assuming the particle to be a perfect

sphere yielding an effective diffusion coefficient of ca. 2 �
10�9 cm2/s (see Figure 16), and thus similar tothatmeasured

by other means.16

a. Single Particle MicroRaman Spectroelectrochemistry.

Methods of the type described in previous sections were

implemented to attach a single microparticle to the surface

of a microelectrode and thus allow correlations between

the current and the spectral features associatedwith that single

microparticle.The following subsections summarize the results

weobtained fora singlegraphitemicroflakeand forparticlesof

LiMn2O4 both in polycrystalline (poly) and single crystal forms.

Lithium Mn Oxide. Shown in Figure 17 are capacitance

versus E data derived from the voltammogram of a single

LiMn2O4(poly) microparticle recorded in a 1 M LiClO4 solu-

tion in a mixture of EC|DEC (1:1 by volume) in the spectro-

electrochemical cell in Figure 1 during acquisition of in situ

Raman spectra (see Figure 18).6 The focused laser beamwas

turned ON and OFF at the potentials specified by the arrows

in the curve. The labels next to each of the spectra are the

average potentials during the spectral acquisition, whereas

SOD represent the state of discharge of the particle in

percent, that is, 0, for E = 4.30 V (fully charged) and 100,

for E = 3.60 V (fully discharged). Based on the use of

chemometric techniques, the broad, and markedly asym-

metric feature centered at ca. 600 cm�1 found for 4.021 <

E<4.118V (panels C andD, Figure18) can beascribed to two

T2 and two A1 modes of Li0.5Mn2O4,
22,23 whereas the two

FIGURE 17. Capacity vs E data extracted from the third cyclic voltam-
mogram (CV) of a single LiMn2O4 microparticle recorded at ν
ca. 0.11mV/s (see text for details) in a 1MLiClO4 solution in amixture of
ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume) in
the spectroelectrochemical cell during acquisition of Raman spectra. The
focused laser beam was turned ON and OFF as indicated.
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prominent peaks centered at 495 and 588 cm�1, attributed

to the T2g(2) and A1g modes of λ-MnO2, respectively, could

be discerned in the spectra for E > 4.131 V (see panels A and

B, Figure 18). The increase in scattering intensity in the

region of 450�700 cm�1 for E > 4.172 V (up to 4.29 V, see

panel C) has been attributed to resonance enhancement

effects associated with λ-MnO2.
22

In situ XRD measurements reported by Eriksson et al. for

LixMn2O4,
24 afforded strong evidence for the presence of a

single phase over the range 0 < SOD < 11% (phase 1), and a

different single phase, 2, over 35 < SOD< 100%, and for the

coexistence these two phases in the intermediate range

11 < SOD < 35%, for which their respective lattice parameters

remained fixed at 8.805 and 8.145 Å. As shown in Figure 18,

large drops in intensity were found in the Raman spectra

recorded during the initial stages of discharge of the fully

charged microparticle in which the only phase present (phase 1)

undergoes a linear lattice expansion as a function of the SOD.

More amenable to a rigorous analysis, however, are

spectral data acquired in the intermediate SOD range, where

the lattice parameters of the two phases are independent of

the SOD. To this end, the Raman spectra collected at SOD =

ca. 16% and ca. 43% were assumed to represent the pure

phases 1 and 2, respectively, and no restrictions were imposed

FIGURE 18. Series of Raman spectra recorded while acquiring the cyclic voltammetry data for the single LiMn2O4 microparticle in Figure 17 for the
scan in the negative (panels A�C) and positive (panels D�F) directions. The average potential, E, during each spectral collection is indicated on the
right, whereas selected values of the state of discharge (SOD,%) are shownon the left side of the curves. The spectra in thicker blue lineswere used for
quantitative analyses of phase composition (see Figure 19).
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while fitting the data on the sum of the constituent phases for

each SOD. Spectra used for analysis are indicated by thicker

lines and pure phases by a star in panels B and E in Figure 18.

In analogy with the conclusions made by Eriksson et al.24

based on their in situ XRD studies, the results derived from

the statistical treatment of the Raman data for the micro-

particle yielded good linear correlations (R > 0.99) between

the fraction of each constituent phase and the SOD

(see Figure 19). Furthermore, the unrestricted sum of the

components correctly predicts (within 2%) values very close

to 1, lending strong support to the validity of the method

implemented. Similar resultswere also obtainedusing single

crystal LiMn2O4.
25

Graphite Flake. Shown in panels A through E in Figure 20

are a series of in situ Raman spectra recorded continuously

for a KS-44 graphite microflake φ ca. 50 μm and ca. 1 μm

thick 1 M LiClO4 solution in a DEC/EC mixture (1:1 by

volume) during the fourth linear voltammetric scan in the

negative direction (see Figure 21).26 Both the Raman and

electrochemical data were found to be in excellent agree-

ment with results reported by other groups using more

conventional electrodes.20,27 In particular,

(i) The Raman spectra of the KS-44 microflake down to

ca. 0.22 V (see panels A�C), exhibit a single prominent

peak at 1580 cm�1 ascribed (primarily) to the E2g2
mode of graphite.

FIGURE 19. Plots of the fraction of the spectral component of phase 1
(solid symbols) and phase 2 (open symbols) for data collected during the
scan in the negative (circles) and positive (squares) scans based on a
statistical analysis of the spectra shown in blue thick lines in Figure 18.

FIGURE20. Series of in situ Raman spectra for a KS-44 graphitemicroflake recorded in 1MLiClO4 solution in aDEC/ECmixture (1:1 by volume)while
acquiring the fourth linear voltammetric scan in the negative direction at a scan rate of 0.1 mV/s shown in Figure 21. The difference in average
potential between two adjacent spectra is 6 mV. The arrows on the right-hand side of each panel indicate the direction of the scan.

FIGURE 21. Fourth linear voltammetric scan recorded in the negative
direction at a scan rate of 0.1 mV/s while acquiring the in situ Raman
data in Figure 20.
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(ii) At potentials between 0.25 and 0.20 V, the E2g2
feature (see panelD, Figure 20)was found to gradually

disappear, leading to the simultaneous emergence of

two peaks centered at around 1601 and 1577 cm�1

(see below) attributed, respectively, to bounding and

interior modes of stage 4 of the Li-graphite system.27

Strong evidence for a quantitative interconversion be-

tween stage 1 and stage 4 was obtained from the presence

of two clearly defined isosbestic points at 1597 and 1580

cm�1 for spectra collected in the range 0.215e Ee 0.157 V,

(see Figure 22). Stage 1 in this context refers to Liþ occupying

randomly available sites between graphene layers, whereas

stage 4 is a phase which contains four graphene planes per

unit cell or, equivalently, Liþ is present only between every

fourth pair of graphene planes. It becomes then possible to

extract by statistical means the amounts of each of the

phases as a function of the applied potential, assuming the

FIGURE22. In situ Raman spectra in the potential region inwhich dilute
stage 1 and stage 4 coexist, i.e., 0.215�0.174 V vs Li/Liþ displayed in
overlapping form to illustrate the presence of two clear isosbestic points
at ca. 1580 and 1598 cm�1.

FIGURE 23. Plots of amount of the fraction of dilute stage 1 (left
ordinate) and stage 4 (right ordinate) determined independently based
on the statistical analysis of spectral data as shown in Figure 22. Stage 1
and stage 4 phases are given by the spectra recorded at E = 0.215 and
0.157, respectively. The solid lines are best fits the data using arbitrary
nonlinear functions.

FIGURE 24. Expanded plot of the voltammetric data in Figure 21 in the
range ca. 0.175 < E < 0.25 V (scattered points) and normalized
voltammetric peak as deduced from the statistical analyses of the
spectroscopic data in Figure 22 (solid line). See text for details.

FIGURE 25. Micrographs of assembled Zn|MnO2 (panel A) and Ni|MH
(panel B) microbatteries. The separator in panel B was not included for
clarity.
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curves at E=0.215 and 0.157V represent the spectra of pure

stage 1 and pure stage 4, respectively.

Plots of the fractions of dilute stage 1 (left ordinate) and

stage 4 (right ordinate) determined independently based on

the statistical analysis of spectral data shown in Figure 20are

given in Figure 23. As has been pointed out in the literature,

the stage 1f stage 4 transition corresponds to peak A in the

linear scan given in Figure 21.

A direct correlation between spectral and electrochemical

data can be drawn by first fitting the experimental points in

Figure 23 to an arbitrary nonlinear function and then taking

the derivative. The results of such an analysis yielded two

virtually identical peaks of different polarity derived either

from stage 1 or independently from stage 4. The full width at

half height (fwhh) of either one of these derivatives renor-

malized so as to match the current maximum in peak A in

the voltammogram (see solid curve in Figure 24), were found

to be in excellent agreement to that of the voltammetric

peak (see scattered points in Figure 24). The peak position

extracted from the spectral data, however, is about 10 mV

more negative than that in the actual voltammogram. This

phenomenon is caused by a diffusional delay; that is, the

scan rate is too fast compared to the time constant for mass

transport of Liþ within the graphite lattice.

More recently, Dokko et al.28 reported closely related

experiments using single particles of mesocarbon microbe-

ads (MCMB) and found very high rate capabilities and good

charge storage reversibility.

Single Particle Electrode Microbatteries. The same stra-

tegies developed for the manipulation of charge storage

μ-particleswereused toassemble singleparticleμ-batteries.5,29

Shown in Figure 25 are photographs of a Zn|MnO2 (panel A)

and Ni(OH)2|MH (panel B), where the separator was omitted

for clarity. Electrochemical tests were carried out by immers-

ing the entire assembly into a 9 M KOH solution. A perfor-

mance assessment of commercial batteries usually involves

applying a constant current to the battery while monitoring

the potential across it. The rates of discharge are given in

terms of C units, where 1 C corresponds to a full discharge in

one hour.

FIGURE 26. Discharge curve for a Zn|MnO2microbattery incorporating
single particles of Zn (ca. 150 μm diameter) and MnO2 (ca. 30 μm mean
diameter) (see thick line and text for details) in 9 M KOH recorded upon
application of a constant current of 48 nA (ca. 2 C). Shown in thin line in
the same figure is a discharge curve for a commercial AA Energizer
battery at a rate of ca. C/330.

FIGURE 27. Charge�discharge curves for a Ni|MH microbattery
(S�Ni(OH)2 ca. 30 μm in diameter; Mm ca. 75 μm mean diameter) at
threedifferentC rates: 1.6 (A), 3.5 (B) ,and6.2 (C). Thedotted lines in panelA
aredischarge curves for a commercialAAAEnergizerbatteryata rateof1C.

FIGURE 28. Schematic diagram of the dual Pt/Ni microelectrode ar-
rangement involved in the assembly and electrochemical characteri-
zation of single microparticle Liþ batteries.
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Aqueous. Shown in Figure 26 (thick line) is a voltage

versus time discharge curve for a Zn|MnO2 μ-battery incor-

porating single particles of Zn ca. 150 μm diameter, and

MnO2, ca. 30 μmmean diameter, in 9MKOH recorded upon

application of a constant current of 48 nA, which based on

the limiting electrode, would correspond to a discharge rate

of ca. 2 C. Corresponding curves for a Ni(OH)2|MH incorpor-

ating a spherical Ni(OH)2 particle ca. 30 μm in diameter and a

MH particle ca. 75 μm in diameter, recorded at three C rates,

1.6 (A), 3.5 (B), and 6.2 (C), are shown in Figure 27. The dotted

lines in panel A represent discharge curves obtained from

commercial batteries and support the view that data col-

lected from these single particle μ-batteries closely mimic

those found for technical devices.

Nonaqueous. Single μ-particle LiMn2O4/carbon batteries

were assembled by placing individual cathode and anode

particles onto two isolated microelectrodes encased in a

single glass rod (see Figure 28), which was inserted into the

cell in Figure 2 filled with 1 M LiPF6 in EC/DEC (1:1) electro-

lytes. The self-discharge of the battery was monitored by

measuring its potential as a function of time after the two

microparticles in the battery had been fully charged inde-

pendently. As shown in Figure 29, the potential was very

stable for about 10 h, that is, 3.9 V average, dropping

significantly thereafter, a phenomenon associated in all

likelihood with the carbon electrode.

Concluding Remarks and Future Prospects
Much of the initial impetus of the work highlighted in this

Account was aimed at developing means of correlating the

stateof chargeofbatterymicroparticleswith their spectroscopic

characteristics, as a first step toward monitoring the flow of

charge within electrodes in actual operating batteries in real

time. An intriguing approach being pursed in our laboratories

involves the use of Raman microscopy to raster the edge

surface of an operating battery during charge and discharge.

Despite our initial success,30 further refinements will be re-

quired before the results of such experiments could be com-

pared with theoretical models proposed in the literature to

simulate the macroscopic behavior of actual devices.

This work was supported by DOE, NASA and Eveready Battery
Company.
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